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Preface

I am a Materials Designer. During my long-term professional career, from the
early 1970s till date, my particular job is to invent, explore and develop novel
types and compositions of special materials for technical applications at high and
ultra-high temperatures. My customers and consumers are numerous enterprises in
the aerospace industry, nuclear engineering, machinery and metallurgy. With my
assistance they would like to overcome the troubles, which are directly connected
with the deleterious effect of high and ultra-high temperatures on various
machines, mechanisms, devices and installations. In this way I have been involved
in several materials design projects focused, for example, upon leading edges of
anti-ballistic missiles, critical cross-sections of nozzles in rocket and torpedo
motors, nuclear fuels for spacecraft power stations, thermo-electrical insulation for
Hall thrusters (ion engines), refractory diaphragms for continuing casting of metals
and alloys and many other apparatuses affected by the intensive thermo-
mechanical and/or thermo-chemical loading, which results in fracture or severe
erosion (corrosion) of the main parts. From the beginning of my career I have
collected all the information about physical and chemical properties of high and
ultra-high temperature substances: elements, chemical compounds, alloys and
composites, which are extremely necessary for the selection of known materials as
well as for the design of new ones. I believe, now it is the time to share this
collection with all the specialists who are just working in the area of the ultra-high
temperature applications of carbons, metals, ceramics and composites, or intend to
do similar projects in the future. During the last three years I have updated con-
siderably all my previous records on the ultra-high temperature materials and
accommodated new experimental and calculated data recently obtained for these
types of materials, including some last achievements of nanotechnology in this
area. Thus, I would like to offer my readers and users a reference book containing
the comprehensive physico-chemical description of all the substances and
materials with melting (sublimation or decomposition) points around or above
2500 �C. The first volume of the book contains data on the elemental materials
(carbon and refractory metals); the next volumes will include the information on
chemical compounds (carbides, nitrides, oxides, borides, silicides) and complex
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materials (refractory alloys, carbon and ceramics containing composites). I hope
that the book will be of interest to many researchers, engineers, postgraduate and
undergraduate students working or studying in the different engineering and
technological areas connected with high and ultra-high temperature environments.

Also, I would like to ask everybody, who has any remarks, observations, or
possibly corrections and personal opinions, concerning the book and its contents,
to send them directly to my e-mail. It will be very useful for the author to take into
account all these responses before publishing the next volumes.

Like any author of a scientific book, I am indebted to previous researchers and
writers on ultra-high temperature materials from USA, UK, Ukraine, Russia and
many other countries. However, first of all I have to acknowledge the encour-
agement of my colleagues and friends from Manchester and UK, who helped me to
adapt to the British Academy conditions since I immigrated to the UK in 2003.
I am absolutely sure that this book had no chance to appear without their kind
assistance to me in continuing my career here. Since 2005 I have been supported
by Prof. Keith Ross, former Director of Institute for Materials Research
(University of Salford, Manchester) in all my undertaking activities in the university.
Also, I would like to express my sincere gratitude to other Mancunians, my friends
and colleagues: Prof. Alan Oates, Dr. Daniel Roach, Dr. Olga Umnova, Ms. Vera
Barron, all from the University of Salford; Prof. Frank Sale and Prof. Kostya
Novoselov from the University of Manchester; Dr. Vlad Vishnyakov and
Prof. John Colligon from the Manchester Metropolitan University, as well as
Oxbridge and London representatives: Prof. Richard Brook and Prof. Richard
Todd from the University of Oxford; Dr. Kevin Knowles from the University of
Cambridge; Prof. Xiao Guo and Prof. Mohan Edirisinghe from the University
College of London; Prof. Mike Reece from Queen Mary, University of London,
and finally my special thankfulness to Prof. Julie Yeomans from the University of
Surrey and all our colleagues from the SCERN project.

During the preparation of the book I obtained invaluable assistance and support
from my Russian and Ukrainian colleagues. So, I owe many thanks to
Dr. Alexander Savvatimskiy (Joint Institute for High Temperatures, Russian
Academy of Sciences, Moscow), Dr. Andrey Basharin (Institute of High Energy
Density, IVTAN Scientific Association, Russian Academy of Sciences, Moscow),
Prof. Rostislav Andrievski (Institute of Problems of Chemical Physics, Russian
Academy of Sciences, Chernogolovka, Moscow Region), Dr. Andrey Enyashin
and Dr. Irina Nikolaenko (Institute of Solid State Chemistry, Ural Branch of the
Russian Academy of Sciences, Yekaterinburg), Prof. Leonid Yamshchikov and
Prof. Ivan Kashcheev (Ural Federal University, Yekaterinburg), Dr. Valeriy
Churkin (Samara State Aerospace University, Togliatti Branch, Samara Region),
Prof. Vasily Lutsyk (Buryat State University, Ulan-Ude), Prof. George Gnesin,
Dr. Anatoliy Bondar, Dr. Miron Luchka and Dr. Dmitry Schur (Institute for
Problems of Materials Science, National Academy of Science of Ukraine, Kyiv),
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Prof. Mikhail Turchanin (Kramatorsk Industrial Institute, Donetsk Region). I also
acknowledge the permanent encouragement of my friends Prof. Yury Gogotsi
(Drexel University, Philadelphia, USA), Prof. László Gömze and Dr. Ludmila
Gömze (University of Miscolc, Hungary), Dr. Djamila Hourlier (Institut d’Elect-
ronique, de Microélectronique et de Nanotechnologie, Villeneuve d’Ascq, France)
and Prof. Shiro Shimado (Hokkaido University, Japan).

Manchester, UK, July 2013 Igor L. Shabalin
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Abstract

This work represents a thorough treatment of ultra-high temperature materials with
melting points over 2500 �C. In the first volume are included physical (structural,
thermal, electro-magnetic, optical, mechanical, nuclear) and chemical (binary,
ternary and multi-component systems, solid-state diffusion, wettability, interaction
with chemicals, gases and aqueous solutions) properties of elemental materials:
carbon (graphene/graphite) C and refractory metals (tungsten W, rhenium Re,
osmium Os, tantalum Ta, molybdenum Mo, niobium Nb and iridium Ir). It will be
of interest to researchers, engineers, postgraduate, graduate and undergraduate
students alike. The reader is provided with the full qualitative and quantitative
assessment for the materials, which could be applied in various engineering
devices and environmental conditions at ultra-high temperatures, on the basis of
the latest updates in the fields of physics, chemistry, materials science, engineering
and nanotechnology.
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Chapter 1
Introduction

From the dawn of human existence materials have been fundamental to the
development of any civilization and determined its level as a whole; that is why
specialists in anthropology, archaeology and sociology define the historical epochs
by the materials used by the different civilizations such as Stone, Copper, Bronze
and Iron ages [1]. However, during all this historical way, the ‘‘main stream’’ in
materials development and design has been directly connected with continuing
exploration of higher and higher temperatures in the practice of human society [2].
Step-by-step due to the advancement of materials humanity has been moving from
primitive aids and appliances for heating food and water up to the first wall of
thermonuclear fusion reactor, from the ambient temperatures of 250–300 K to the
ultra-high and super-high temperatures, which are being measured by thousands
and millions of kelvins. Thus, a physical parameter such as temperature or better to
say, the temperature range of materials application and exploitation has become an
actual measure of the technical progress of all of human society; that was also a
good reason to term high-temperature materials as strategic ones.

Certainly, whilst a ‘‘record bar’’ in the ‘‘competition for temperatures’’ has been
rising, the definition of ‘‘high-temperature’’ has changed considerably. On the
basis of the currently achieved level in our knowledge and engineering practice,
the most appropriate terms for the scaled temperature ranges in materials science
and engineering could be arranged as follows:

0–200 K—cryogenic (additionally sectioned) temperatures;
200–300 K—ambient temperatures;
300–700 K—moderate (or middle) temperatures;
700–1500 K—elevated temperatures;
1500–2700 K—high temperatures;
2700–5000 K—ultra-high temperatures;
[5000 K—super-high temperatures.

Thus the purpose of the book you have just opened is to give a comprehensive
answer (with analysis) to the question of what materials or constituents of materials
we have to use in machines, mechanisms, installations and devices, which are

I. L. Shabalin, Ultra-High Temperature Materials I,
DOI: 10.1007/978-94-007-7587-9_1, � Springer Science+Business Media Dordrecht 2014
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exploiting in stationary or non-stationary conditions at temperatures of around
2500 �C and higher, up to the edge of the existence area of solid substances.

If you look at the periodic table (Table 1.1), you will find only eight chemical
elements with the melting points met the requirements mentioned above; so, only
the atoms of carbon (C) and termed as refractory metals tungsten (W), rhenium
(Re), osmium (Os), tantalum (Ta), molybdenum (Mo), niobium (Nb) and iridium
(Ir) can form the elemental substances and materials, which are solid at the
temperature of 2700 K or around 2500 �C.

However, the chemical bonding between heterogeneous atoms can realize the
structures, which are ‘‘energetically’’ much stronger than elemental substances.
Such chemical compounds as carbides, nitrides, oxides, borides, silicides and
phosphides (Table 1.2) have often higher melting points than pure elements that
have been proved out by the variety of persuasive examples:

tantalum carbide (TaC1-x) and hafnium carbide (HfC1-x) have higher melting
points than that of carbon, these chemical compounds are the actual ‘‘champi-
ons’’ in this property among all the solids;
niobium carbide (NbC1-x) and zirconium carbide (ZrC1-x) have higher melting
points than those of all the refractory metals including W, Re, Os and others;
hafnium nitride (HfN1±x), hafnium diboride (HfB2±x) and some hafnium
intermetallides (e.g. Hf5Re24±x, HfRe2±x, HfW2±x) have considerably higher
melting points than that of hafnium metal (Hf);
refractory oxides of thorium, hafnium, uranium, magnesium, cerium, zirconium,
beryllium, calcium (ThO2–x, c-HfO2–x, UO2+x, MgO, CeO2–x, c-ZrO2–x, BeO,
CaO) have considerably higher melting points than those of corresponding
metals (elements).

Table 1.1 Melting points Tm (�C) of chemical elements in the periodic table [3, 4]

2 1 Introduction



The distribution of ultra-high and high temperature (Tm [*2000 K) phases
(chemical elements and compounds) in accordance with their types and melting
points is given in Table 1.3 [4].

Knowledge of the general totality of properties in a wide range of temperatures
is very important for the preliminary selection and/or subsequent technical
application of ultra-high temperature materials in practice. In this reference book
for each individual material being considered, a section devoted to its structural
features forestalls the description of its physical and chemical properties. The
physical properties of all the ultra-high temperature materials (elements, chemical
compounds, alloys and composites) are presented in four sections: thermal,

Table 1.2 Ultra-high temperature phases: chemical elements and compounds [4–8]

1 Introduction 3
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electro-magnetic and optical, physico-mechanical and nuclear physical properties.
The chemical behaviour of the materials is demonstrated in a special section
mainly by the analysis of binary, ternary and multicomponent systems with its
participation. All these sections on structural features and physical and chemical
properties form a chapter or sub-chapter to describe each of individual ultra-high
temperature materials comprehensively. Some data on materials are grouped under
general table headings in the Addendum where you can also find the summarized
data on all the materials included in the book, which are mainly based on the
information given in the main chapters. This order allows making all the kinds of
comparison, which are extremely necessary for solving materials selection
problems.

The full amount of data on the structures and properties of ultra-high temper-
ature materials collected in this reference book is quite large, so it has been
decided to divide all the information into three parts (volumes). The first volume is
devoted to the elemental materials, which are listed in order of decreasing melting
points of elements—from carbon to iridium. The next volumes will include data on
ultra-high temperature chemical compounds (carbides, nitrides, oxides, borides,
silicides) listed in the same order and complex materials (refractory alloys, carbon
and ceramics containing composites).

For better understanding the nature of ultra-high temperature materials, level of
our knowledge in this area and perfect systematization of this type of engineering
materials some novel approaches to the description of the materials have been
applied in the reference book:

the intervals of temperatures and compositions for the melting and invariant
equilibria points, homogeneity ranges and thermal stability regions of constit-
uent phases in binary, ternary, quaternary and multicomponent systems con-
taining ultra-high temperature materials are given taking into account the
minimal and maximal values (data spread) available in the literature;
all the constituent phases considered in the book in the systems containing ultra-
high temperature materials are provided with the chemical formulae, which
always (!) contain stoichiometry indices (in spite of the fact that sometimes
these indices are only approximate) with some kind of the indication of devi-
ation (plus, or minus, or plus-minus) from the strict stoichiometric ratio, but
sometimes these phase significations are also provided with ancient Greek
letters earlier applied in materials science for the identification of phase
modifications or rarely for the only (unique) identification of the phase (more
often the unique phase identification was established for intermetallic phases;
however, in this reference book, for example, instead of simple ‘‘v’’ the formula
‘‘v-WRe3-x’’ is applied in the text everywhere, and so on in accordance with
this approach);
all the data on ultra-high temperature materials, which are not accurate enough,
or sometimes doubtful in author’s opinion, have been provided with tilde (*) or
question mark (?).

1 Introduction 5



The author hopes that these approaches would be judged by readers and users only
positively.

As the requirements to the properties and behaviour of ultra-high temperature
materials in practice spread within the whole area from cryogenic to ultra-high
temperatures, some systems containing these materials, which are related actually
to lower temperature ranges, have been included for the thorough consideration in
the reference book too. The reason for this is explained by the fact that knowledge
of these systems became often very important for the foundation of efficient
technologies in the production and manufacture of ultra-high temperature mate-
rials in the industry.
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Chapter 2
Carbon (Graphene/Graphite)

2.1 Structures

Carbon is the sixth element of the periodic table with the ground state level 3P0 and
electron configuration 1s22s22p2, which is hybridized to form sp1, sp2 and sp3

chemical bonds between atoms. The general oxidation states (numbers) of carbon
in numerous inorganic compounds are (-4) (+4) and (+2); the radii of carbon are:

atomic (metallic, CN = 12)—0.091 nm,
atomic (van der Waals)—0.170 nm,
atomic (covalent)—various, see Table 2.1,
ionic (+4)—0.015 nm (CN = 4) or 0.016 nm (CN = 6);

its electronegativity is 2.55 in Pauling scale, or 2.50 in Allred–Rochow scale. The
hybridized spn-bonding (1 B n B 3) differs considerably from common s- or
p-bonds inherent to other chemical elements of the basic periods. The values of
energy characteristics, in particular, specific bond energies (average bond energy
per bond order) of carbon–carbon spn-bonds occupy a wide area of intermediate
positions between those characteristics of s- and p-elements, depending substan-
tially on the hybridisation type of bonding: s [ sp3 [ sp2 [ sp1 [ p (Table 2.1).
The electron hybridization predetermines the ability of carbon atoms to arrange
numerous compounds with other elements of the periodic table, but also the various
allotropes, such as carbyne/carbyte, graphene/graphite and diamond (Table 2.2),
which are structured with linear, planar and tetrahedral symmetry, coordination
numbers of 2, 3 and 4 and the bond angles of 180�, 120� and 109.47�, respectively
for sp1-, sp2- and sp3-hybridized forms. According to Mendeleev ‘‘none of the
elements can compete with carbon in ability to form complex structures’’ [1, 540].

There has been a new wave of interest in carbon materials caused by the recent
discoveries in the nanoscience [2, 9–14, 31, 42, 45–53], which has affected all
science and engineering fields. Some points of view are developed in literature to
classify carbon macro- and nanostructures. In this way, schemes based on
hybridization characteristics were suggested by McEnaney [9], Heimann et al. [10],

I. L. Shabalin, Ultra-High Temperature Materials I,
DOI: 10.1007/978-94-007-7587-9_2, � Springer Science+Business Media Dordrecht 2014
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Inagaki [11], Belenkov [12], Shenderova et al. [13, 78] and Falcao and Wudl [14].
The systematic classification of all the experimentally confirmed and theoretically
predicted carbon structures, which is given in Table 2.2, is based mainly on the
relative values of the specific bond energies of spn-hybridized carbons as well as
carbon phase transformation diagram (see Sect. 2.2). This approach, employing
within the overall hierarchy of classified carbon structures from submolecular to
macroscopic scales, in accordance to the bonding energy criteria, allows marking
out among the variety of carbon structures three general families (with integer
degree of hybridisation index n):

carbyne general family (n = 1), including sp1-hybridized (r-sp1 ? 2p) carbons
from nanostructured carbyne to its macrostructural crystalline form ‘‘carbyte’’
(the existence of carbyne (or carbolite) has not been universally accepted; the
proposed term for a macrostructural form is given on the basis of analogy with
graphene–graphite and fullerene–fullerite correlations);
graphene general family (n = 2), including sp2-hybridized (r-sp2 ? p) carbons
from nanostructured graphene to macrostructural crystalline graphite with its
polytypic (hexagonal and rhombohedral) forms;
diamond general family (n = 3), including sp3-hybridized (r-sp3) carbons from
various nanostructured diamonds to macrostructural crystalline diamond with its
polytypic (cubic and hexagonal) forms.

and two intermediate (or transitional) families (with non-integer degree of
hybridisation index n):

graphyne intermediate family (1 \ n \ 2), including sp1\n\2-hybridized
(r-sp1\n\2 ? (3 - n)p) carbons from nanostructured graphyne (analogue of
graphene modified by triple bonds) to macrostructural ‘‘graphyte’’ with various
polytypes, which are characterized by the intermediate between carbyne and
graphene hybridisation type (currently, hypothetical structures calculated and pre-
dicted only theoretically; the proposed term for a macrostructural form is given on
the basis of analogy with graphene–graphite and fullerene–fullerite correlations);
fullerene intermediate family (2 \ n \ 3), including sp2\n\3-hybridized
(r-sp2\n\3 ? (3 - n)p) carbons from numerous species of nanostructured
fullerenes and hyperfullerenes, single-walled and multi-walled nanotubes,
nanoscrolls, nanobarrels, nanocones and other nanostructures to macrostruc-
tural forms, such as fullerites, nanotubular crystals, hypothetical structures of
haeckelites and schwarzites, as well as plenty of carbon/carbonaceous products,
such as soot, carbon black, so-called ‘‘amorphous’’ carbon, pyrolitic carbon,
coke, charcoal, activated carbon, molecular-sieve carbons, glassy carbon, car-
bide derived carbons, intermediate graphite-to-diamond transition phases, dia-
mond-like carbon films and others, which are characterized by the intermediate
between graphene and diamond hybridisation type (mainly, the fullerene family
structures can be considered as distorted graphene related structures, where
deviation from planarity is occured because of the partial heptagons and/or
pentagons substitution for hexagons in graphene networks; special measures
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termed pyramidalization angle and/or curvature are used for evaluation of
nonplanarity (deviation from graphene plane geometry) in fullerene family
structures),

which differ in the spn-hybridisation (1 B n B 3) types of carbon structures.
The main structural characteristics, including crystal lattice parameters and

densities, and relative thermal stabilities of the various carbon allotropic, polymor-
phic and polytypic forms, grouped under family headings within the overall hier-
archy from submolecular to macrostructural scales, are summarized in Table 2.3.

2.2 Thermal Properties

2H-graphite (or a-graphite) is the most stable thermodynamically form of carbon
under standard conditions, so its standard enthalpy of formation (at 298.15 K)
DH�f,298 is zero, similar to those characteristics for all other chemical elements.
The generalized phase and transition diagram of carbon based on several main
sources [28, 176–190, 535–538] is given in Fig. 2.1. In the region of moderate
pressures, this variant of carbon phase diagram assumes the sequence of trans-
formations with temperature (energy) increase from sp3 (diamond) through sp2

(graphite/graphene) to sp1 (carbyte/carbyne), which is corresponding to the spe-
cific bond energy approach established for the carbon structures classification
previously (see Sect. 2.1). The general thermodynamic properties of carbon
(graphite) are summarized in Table 2.4.
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Fig. 2.1 The generalized phase and transformation diagram of carbon according to the several
main sources [28, 176–190, 535–538]
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Table 2.4 General thermodynamic properties of graphite

Characteristics Symbol Unit Value References

Standard molar entropy (at 298.15 K
and 100 kPa)

S�298 J mol-1 K-1 5.74
5.697–5.743

[4]
[42]

Molar enthalpy difference H298 – H0 kJ mol-1 1.054 [540]
Standard molar heat capacity (at
298.15 K and 100 kPa)

c�p,298 J mol-1 K-1 8.517
8.544
8.033–8.635

[4]
[227]
[42]

Specific heat capacity (at 298.15 K) c J kg-1 K-1 690–719 [42]
651 [138]

Molar enthalpy (heat) of melting DHm kJ mol-1 117 (for triple
point)

[3–4]

146 [138]
Specific enthalpy (heat) of melting MJ kg-1 12.2 [138]

10 (for melt.
point)

[180]

Molar enthalpy (heat) of vaporization DHv MJ mol-1 0.717 (for 298 K) [6]
0.71 [138]

Specific enthalpy (heat) of
vaporization

MJ kg-1 59.1 [138]

Sublimation point (at 0.1013 MPa) Tsub K (�C) 4000 (3730)a [42]
4100 (3825) [3]

Melting point (at 10 MPa)b Tm K (�C) 4020 (3750) [6, 138]
4200 (3930) [42]

Melting point (at 12 MPa)b 4160 ± 50
(3890 ± 50)

[186]

Melting point (at 10–100 MPa)b 4800 ± 100
(4530 ± 100)

[180]

Melting point (at 300 MPa)b 4750 (4480) [138]
Boiling point Tb K (�C) 4200 (3930) [6]

4560 (4290)a [42]
Triple point (graphite-liquid-vapour)b Ttr, p K (�C), MPa 3800 (3530), 0.02 [28]

4000 (3730), 0.1 [179]
4200 (3930), 10 [42]
4500 (4230), 10 [178]
4760 (4490), 10,3 [3]

Triple point (graphite-diamond-
liquid)b

K (�C), GPa 4100 (3830), 12.5
4250 (3980), 16.4c

[6]
[190]

4300 (4030), 9.4d [188]
4500 (4230), 10 [178]

(continued)
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For the molar heat capacity cp = f(T, K), J mol-1 K-1, the following rela-
tionship for the range of temperatures from 298 to 2500 K is recommended [227]:

cp ¼ 17:17þ 4:27� 10�3
� �

T � 8:79� 105
� �

T�2: ð2:1Þ

The heat capacity of carbon (graphite) materials increases rapidly with tem-
perature up to 1000 �C, where it levels off at approximately 2 kJ kg-1 K-1 with
the subsequent increase beginning at 2800-3000 �C (Fig. 2.2). The important
remark, which should be made in regard to the thermal behaviour of carbon at
ultra-high temperatures, is connected with its vaporization (especially, in vacuum).
At moderate pressures carbon (graphite) does not melt but sublimates very
intensively with vaporization rate exceeding 0.01 kg m-2 s-1 when temperature
reaches more than 3000 �C. The values of standard molar entropy S�298, molar cp

and specific c heat capacities, enthalpies (heats) of melting and vaporization, molar
and specific enthalpy differences HT – H298, vapour pressures and mass/linear
vaporization rates are given in Addendum in comparison with other ultra-high
temperature elements (refractory metals) in the wide ranges of temperatures.

All vector-defined thermal properties of carbon (graphite) reflect extremely
high anisotropy inherent to graphite crystals. The properties can vary considerably
depending on geometrical directions in carbon (graphite) structures. The main
anisotropy coefficient

f ¼ apara

�
aperp; ð2:2Þ

where apara, aperp are, respectively, the values of a physical property in parallel and
perpendicular directions to the graphene basal plane (or axis of symmetry), for
thermal conductivity of quasi-single crystalline graphite material, such as highly
oriented pyrolytic graphite, reaches up to 200.

Table 2.4 (continued)

Characteristics Symbol Unit Value References

Triple point (diamond—octacarbon
(BC8)—liquid)e

K (�C), GPa 7400 (7130), 850f [189]

Critical pointg K (�C), GPa 6810 (6540), 0.22 [911]

a Estimated values (for practical application approximate values are recommended: total pressure
of carbon over graphite surface at 3790 K (3520 �C) -0.1 MPa, mass vaporization rate of
graphite at 3300 K (3030 �C)-10-2 kg m-2 s-1, linear vaporization rate of graphite at 3100 K
(2830 �C)—*10-6 m s-1 [138])
b The main divergences in the experimental results available in literature [178–186] are in the
values of the true melting temperature and triple point of graphite in the range of 4000 or 5000 K
c Determined using a semi-empirical long-range carbon bond-order potential partly based on
ab initio data
d Calculated within the framework of the statistical model
e Melting point of carbon (diamond) at 12.4 GPa–4710 K (4440 �C)
f Predicted from first-principles calculations based on density functional theory
g Critical density—0.64 g cm-3 [911]
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Around the hierarchy of graphene/graphite structures from nano- to macro-
scales all the materials are characterized by highly anisotropic properties; e.g.,
carbon nanotubes are very good thermal conductors along the tube, but good
insulators laterally to the tube axis (Table 2.5). Some kind of similar particularities
are also common for the variety of carbon (graphite) products, including the
graphite containing bulk materials, which are very different in structure and
composition. The variation of thermal conductivity in the different directions of
graphite crystals with temperature is shown in Fig. 2.3.

For bulk carbon (graphite) materials produced in industry, thermal conductivity
depends strongly on the various defects of their structures. The values of thermal
heat capacity and thermal conductivity of various carbon products: industrial
graphitized carbon materials, pyrolitic (pyrographite) and vitreous (glass-like)
carbons, thermally expanded (exfoliated) graphite materials and carbon (graphite)
filaments in commercial carbon fibres are given in Tables 2.6, 2.7, 2.8, 2.9, 2.10.
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Fig. 2.2 Relative variations of some physical properties of common industrial graphite materials
with temperature: c—heat capacity, a—thermal expansion, r—mechanical strength, E—Young’s
modulus, q—electrical resistivity and k—thermal conductivity (based on several sources [41–43,
136, 138, 194, 209, 223–224])
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The thermal expansion–contraction behaviour of carbon (graphite) is very
complicated (Fig. 2.4). To take into account this aspect is a question of vital
importance in the materials design for ultra-high temperature applications. The
magnitudes of linear thermal expansion coefficients for various industrial carbon
(graphite) products are also presented in Tables 2.6–2.10.

Table 2.5 Some physical properties of graphitic nanostructured carbons and quasi-single crys-
talline graphite at room temperature

Nanostructure Thermal
conductivity,
W m-1 K-1

Electrical
resistivity,
X m

Young’s
modulus,
TPa

Tensile
strength,
GPa

References

Graphene 4800–5300 *1 9 10-8 0.67–0.91a 130a [191, 197–
200]

Single-walled
nanotubes

3500 (axial
direction),
1.5 (radial
direction)

*3 9 10-10

(for metal-like
nanotubes,
axial direction)

*1 (axial
direction)

13–53b,
94.5–126.2a

(axial direction)

[91, 195,
196, 201–
204]

Multi-walled
nanotubes (in
axial direction)

*1500 *1 9 10-9 0.27–0.95a 11–150a [91, 205–
206]

Nanoscrolls
(whiskers, in
axial direction)

*1300 – 0.7–0.8 3–20 [91, 208,
221]

Nanofiber
(nanowire, in
axial direction)

20–1300 (0.6–1.4) 9

10-6
0.01–0.7 up to 4.5b [91, 130]

Quasi-single
crystalline
graphite (highly
oriented
pyrolytic
graphite)b,c

*1500 (in
basal plane)
*7.5
(perpendicular
to basal plane)

3.85 9 10-7

(in basal
plane)
5.2 9 10-5

(perpendicular
to basal plane)

*1 (in
basal plane)

*100 (in basal
plane)

[91, 136,
209]

a Theoretical prediction
b Experimental observation
c Linear coefficient of thermal expansion (20–200 �C): (–1.1) 9 10-6 and (25–27) 9 10-6

K-1 (in basal plane and perpendicular to basal plane, respectively) [138, 209, 214]
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For averaged highly oriented graphite and quasi-isotropic carbon (graphite),
compared with other ultra-high temperature elements (refractory metals), the
values of thermal conductivity and thermal expansion in the wide range of tem-
peratures are summarized in Addendum.

2.3 Electro-Magnetic and Optical Properties

Together with thermal properties, electrical resistivity of carbon (graphite) mate-
rials and its property-temperature relationship are also extremely anisotropic and
sensitive to the order/disorder of carbon atoms in graphitic materials structures.
For well-ordered crystals (highly oriented pyrolytic graphite), the variations of
specific electrical resistance in the general crystallographic directions and in the
wide range of temperatures are presented in Fig. 2.5.

Indeed, the character of these plots differs essentially from the electrical
resistivity—temperature relationships observed for the common graphite materials
(see Fig. 2.2), which are far from the ideal structure. The values of electrical
resistance of graphitic nanostructured carbons, various industrial graphitized car-
bon materials, pyrolitic (pyrographite) and vitreous (glass-like) carbons, thermally
expanded (exfoliated) graphite materials and carbon (graphite) filaments in com-
mercial carbon fibres are given in Tables 2.5–2.10.

Carbon (graphite) is highly diamagnetic with molar magnetic susceptibility vmol

(SI) = -75.4 9 10-6 cm3 mol-1 in parallel direction to the basal graphene planes

Fig. 2.3 Variation of the thermal conductivity in the different directions of graphite crystals with
temperature [41–43, 138, 209]
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Table 2.7 General physical properties of pyrolytic carbon (graphite) materialsa

Property Unit T, �C Direction to deposition plane References

perpendicular parallel

Density g cm-3 20 1.4–2.24 [138, 194,
208–209]

Specific heat capacity kJ kg-1 K-1 20 0.962–1.00 [138, 194]
250 1.25
500 1.55
750 1.8
1000 2.0
1500 2.05
2000 2.08
2500 2.1

Thermal conductivity W m-1 K-1 20
200
700
1200
1700
2200

1–6.5
1.5–5.4
1.2–4.6
0.96–3.9
0.7–3.8
0.5–2.0
15–25

190–1100
290–500
150–310
120–210
97–170
70–140

[42, 136, 138,
194, 209,
539]

Coefficient of linear
thermal expansionb

10-6 K-1 20–100
20–500
20–800

15–25
20–24
–

(–1.3)–(+1.0)
(–0.4)–(+2.1)
0.5–2.6

[42, 136, 138,
194, 209,
539]

20–1000 22–25.5 0.7–1.1
20–1500 22–26.5 1.2–1.6
20–2000 24–26.5 1.2–1.9
20–2500 24–27 2

Electrical resistivity lX m 20
500
700
1700
2200

(0.25–10) 9 103

3.4 9 103

(2.8–3.5) 9 103

1.25 9 103

0.7 9 103

0.5–10
2.6
2.5–2.7
3.5
4.0

[42, 136, 138,
194, 208–
209, 539]

Young’s modulus GPa 20
600

3–11
–

7.5–41
10.3–28

[42, 138, 194,
207–208]

1650 – 23.3–24.0
2200 – 18.5–20.6
2700 – 9.6–17.8

Coulomb’s (shear)
modulus

GPa 20 – 14.5–15.5 [209]

(continued)

2.3 Electro-Magnetic and Optical Properties 53



at room temperature [3, 539–540], the vmol versus temperature relationships for
both main directions in the graphite crystals are shown in Fig. 2.6.

The general optical properties of carbon (graphite) for wavelength k = 0.620 lm
are following: index of refraction (single crystal)—2.6, index of absorptance (single
crystal)—1.4, reflective index under normal incidence—0.24 (polished graphite)
and 0.35 (cleaned single crystal surface) [6]. In visible-light spectrum the mono-
chromatic emittance (spectral emissivity) ek of graphite is near to that of a grey body
and varies for k = 0.65 lm from 0.77 (well-polished surfaces) to 0.95 (roughened
surfaces). The integral emittance eT of graphite ranges from 0.6 to 0.9. The tem-
perature variations for the both coefficients of emittance are linear:

e ¼ e0 � aT ; ð2:3Þ

with the positive values of a for integral emittance eT and negative value—for
spectral emittance ek (k = 0.665) [138]. The recommended values of electrical
resistivity, magnetic susceptibility, integral and spectral emittances and thermoionic
emission characteristics for carbon (graphite) materials are given in comparison
with other ultra-high temperature elements (refractory metals) in Addendum.

2.4 Physico-Mechanical Properties

Hardness of carbon (graphite) materials ranges widely depending on their macro-
and microstructures and bulk densities. To compare this property for the various
graphitic products or with other ultra-high temperature materials is often

Table 2.7 (continued)

Property Unit T, �C Direction to deposition plane References

perpendicular parallel

Tensile strength MPa 20
1650

4.8
–

21–170
116–125

[42, 138, 194,
207–209]

2200 – 152–188
2500 – 180–240
2800 – 316–415

Flexural (bending)
strength

MPa 20
1000
2200

80–250
180–206
100–213

10–20
–
–

[42, 136, 138,
194, 207–
209]

Compressive strength 20 56–100 282–480 [208–209]
Hardness, Mohs HM 20 4.5 1.0 [194]
a For isotropic pyrolytic carbon: density—2.1 g cm-3, Young’s modulus—28 GPa and flexural
(bending) strength—350 MPa (at 25 �C) [42, 136]; for isotropic ‘‘pyroceramic’’ carbon: density—
1.8–2.1 g cm-3, specific electrical resistivity—12–18 lX m, Young’s modulus—16–21 GPa,
tensile strength—87–123 MPa, flexural (bending) strength—45–250 MPa, compressive strength—
380–550 MPa (at 20 �C), coefficient of thermal expansion (20–500 �C)—(2.6–6.0) 9 10-6 K-1,
thermal conductivity (1000–2000 �C)—14–17 W m-1 K-1 [207, 209]
b Coefficient of volumetric thermal expansion, 10-6 K-1—19–25 (20–100 �C), 21–26.5 (20–500 �C),
24–27 (20–1000 �C), 26–27.5 (20–1500 �C) and 28–29 (20–2000 �C) [539]
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Fig. 2.5 Variations of specific electrical resistance in the different directions of graphite crystals
with temperature (Inset–for the parallel direction to the basal planes in temperature (T, K)
logarithm scale) [41, 209]

Fig. 2.4 Variations of linear thermal expansion coefficients in the different directions of graphite
crystals with temperature [41–42, 209]
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connected with certain difficulties because the hardness measurements have been
made in practice by differing methods (Shore HS, Vickers HV, Rockwell HR,
Brinell HB, Knoop HK, Mohs HM scales [192]). For the main types of carbon
(graphite) materials approximate hardness values are following:

industrial structural and electrode graphitized (molded) products—HV 30-100
kgf mm-2 (0.3–1 GPa) [42], HM 1, HR 70-110 or HS 50-80 hardness
numbers [192];
vitreous carbon (graphite)—HV 150–340 kgf mm-2 (1.5–3.4 GPa);
pyrolytic carbon (graphite)—HV 140–370 kgf mm-2 (1.4–3.7 GPa) [42, 136,
192].

At ambient temperatures, because of pores, flaws and microstructural defects
concentrating the applied mechanical stresses, carbon (graphite) polycrystalline
materials fails at much lower level than the theoretical strength of the graphite
crystal, and mechanical failure occurs by absolutely brittle fracture. The flaws and
defects are gradually annealed, stresses are relieved and plastic deformation
becomes more probable with increasing temperature [42]. This evolution results in
the general increase of the mechanical properties of graphite, so at the temperature
range of about 2500 �C the strength of graphitized carbon materials is almost
twice the value corresponding to room temperature. Theoretical predictions and
experimental observations of tensile strength of graphitic nanostructured carbons
are shown in Table 2.5. The values of strength characteristics of structural,
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Fig. 2.6 Variations of molar magnetic susceptibility in the different directions of graphite
crystals with temperature [539]
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electrode and nuclear graphite materials for the different types of mechanical
loading (tension, flexure and compression) are given in Table 2.6. Commonly, the
physico-mechanical properties of graphitized materials, because of the preferential
orientation of graphite grains (microcrystallites), vary with parallel and perpen-
dicular directions to the axis of processing (extrusion, molding, pressing etc.).
However, in spite of the fact that the individual crystals of graphite always perform
super-high grade of anisotropy, special technological routes are elaborated for the
industrial production of quasi-isotropic graphite materials [11]. The ratios between
tensile rt, flexural (bending) rf and compressive rc strength characteristics for
structural graphite materials

rf =rt � 2 ð2:4Þ

ranges from 1.5 to 2.1, and

rc=rf � 2 ð2:5Þ

ranges from 1.6 to 2.9 [194]. The various strength properties of pyrolytic carbon
(graphite) materials are presented in Table 2.7. The flexural (bending) and com-
pressive strengths of vitreous (glass-like) carbon materials are given in Table 2.8
and tensile strength of thermally expanded (exfoliated) graphite materials is
included in Table 2.9. The tensile strength and strain to failure (elongation) of
carbon (graphite) fibres are given in Table 2.10. Data on the fracture toughness
(critical stress intensity factor) of some nuclear graphites are included in Table 2.6.

Although the strength of graphite rises with temperature increase, at the same
time creep resistance of graphitized materials falls. Commonly, the creep char-
acteristics of carbon (graphite) materials are higher in parallel direction to the
preferential orientation of the normals to the basal planes of graphite grains (or in
parallel direction to molding axis) than analogous characteristics in perpendicular
directions. The strain rate of graphitized materials during steady-state stage of
creep is defined by general relationship

_e ¼ C
r
rb

� �n

exp � Q

RT

� �
ð2:6Þ

where _e ¼ oe=ot ¼ ol=lot is the creep rate in s-1, C & 40 is the constant inde-
pendent of applied stress r and temperature T in K, rb ultimate strength, n & 4 is
the creep exponent constant, Q & 210 kJ mol-1 is the activation energy of creep
and R is the gas constant [194, 908]. At the same temperature the creep rate of
graphitized materials is higher in vacuum and reduces with inert gas pressure
increase.

Quasi-single crystalline graphite (e.g. highly oriented pyrolytic graphite) is a
typical transversely isotropic material, and most graphitic and graphite containing
materials applied in practice possess the infinite order axis of symmetry as well. In
the expression for the elastic constants of graphite crystals

Ri ¼ cijNj i; j ¼ 1; 2; . . .; 6ð Þ; ð2:7Þ
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linking the stresses Ri and the strains Nj in the low strain limit, only 12 parameters
(stiffness coefficients or modules) cij are non-zero: c11 = c22, c12 = c21,
c13 = c31 = c23 = c32, c33, c44 = c55 and c66 = (c11–c12)/2.

Thus, the elasticity tensor for single crystal graphite material is symmetrical,
and the stress–strain relationship (representation of Hooke’s law) expressed by the
matrix notations is read [217, 229, 231]:

rxx

ryy

rzz

ryz

rxz

rxy

8
>>>>>><

>>>>>>:

9
>>>>>>=

>>>>>>;

¼

c11 c12 c13 0 0 0
c12 c11 c13 0 0 0
c13 c13 c33 0 0 0
0 0 0 c44 0 0
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>>>>>>;

ð2:8Þ

or in the inverse form with compliances sij:
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>>>>>>=

>>>>>>;

¼

s11 s12 s13 0 0 0
s12 s11 s13 0 0 0
s13 s13 s33 0 0 0
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>>>>>><

>>>>>>:

9
>>>>>>=

>>>>>>;

: ð2:9Þ

The compliance coefficients are readily expressed in terms of the stiffness
coefficients:

2s11 ¼
c33

c2
þ 1

c11 � c12
; ð2:10Þ

2s12 ¼
c33

c2
� 1

c11 � c12
; ð2:11Þ

s13 ¼ �
c13

c2
; ð2:12Þ

s33 ¼
c11 þ c12

c2
; ð2:13Þ

s44 ¼
1

c44
; ð2:14Þ

c2 � c33ðc11 þ c12Þ � 2c2
13 ¼

1
s2

[ 0; ð2:15Þ

s2 � s33ðs11 þ s12Þ � 2s2
13: ð2:16Þ

The reciprocal expressions of stiffness coefficients in terms of compliance coef-
ficients have the same form if c2 is replaced with s2.
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In particular, there are seven elastic characteristics of graphitic materials, which
can be defined and measured (various designations of them applied in the literature
are given in brackets) [217, 226, 229, 231]:

E1 (E, Ex, Ea or E11)—in-plane Young’s modulus (for directions within the
isotropic (isometric) plane, or in the parallel directions to the basal graphene
planes; for carbon (graphite) high-modulus fiber filament—longitudinal mod-
ulus, commonly);
E2 (E0, Ez, Ec or E33)—out-of-plane Young’s modulus (for the direction per-
pendicular to the isotropic (isometric) plane, or in the perpendicular direction to
the basal graphene planes; for carbon (graphite) high-modulus fiber filament—
transversal modulus, commonly);
G12 (G or Gxy)—Coulomb’s (shear) modulus for the isotropic (isometric) plane,
or in the parallel planes to the basal graphene planes;
G13 (G0 or Gyz = Gzx,)—Coulomb’s (shear) modulus for planes normal to the
isotropic (isometric) plane, or in the perpendicular planes to the basal graphene
planes;
m12 (m or mxy)—Poisson’s ratio (major), which characterizes the contraction
within the isotropic (isometric) plane due to forces applied within this plane;
m13 (m0 or mxz)—Poisson’s ratio, which characterizes the contraction within the
isotropic (isometric) plane due to forces applied in the direction perpendicular
to it;
m23 (m00 or mzx)—Poisson’s ratio, which characterizes the contraction in the
direction perpendicular to the isotropic (isometric) plane due to forces applied
within this plane.

However, only five from seven characteristics mentioned above are independent.
The equality E1m13 = E2m23 exists because of the symmetry of the elasticity tensor.

Young’s and Coulomb’s (shear) moduli and Poisson’s ratios are associated with
the stiffness coefficients cij in the following forms:

1=E1 �m12=E1 �m13=E2 0 0 0

�m12=E1 1=E1 �m13=E2 0 0 0

�m13=E2 �m13=E2 1=E2 0 0 0

0 0 0 1=G13 0 0

0 0 0 0 1=G13 0

0 0 0 0 0 1=G12

0

BBBBBBBB@

1

CCCCCCCCA

¼

c11 c12 c13 0 0 0

c12 c11 c13 0 0 0

c13 c13 c33 0 0 0

0 0 0 c44 0 0

0 0 0 0 c44 0

0 0 0 0 0 1
2 ðc11 � c12Þ

0

BBBBBBBB@

1

CCCCCCCCA

�1 ð2:17Þ
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The experimental estimates of the elastic properties of 2H-graphite crystals
were based on rather indirect data on the ensembles of small pyrolytic graphite
crystals with close orientations along the hexagonal axis of symmetry (axis c) and
with a wide orientation scatter in perpendicular directions [232, 234]; later more
direct experimental data on 2H-graphite single crystals were extracted using the
method of inelastic x-ray scattering [233]. These experimental data together with
some theoretical estimates for 2H- and 3R-graphites are shown in Table 2.11.

The condition for the isotropic character of media is

2c44= c11 � c12ð Þ ¼ 1; ð2:18Þ

so substituting the values for these elastic constants of graphite, this ratio becomes
0.0004 [136], which means that the Young’s modulus varies appreciably with
orientation and graphite materials are extremely anisotropic. The Young’s mod-
ulus of graphite crystals as a function of angle h with c axis (perpendicular to the
basal graphene planes) is symmetric for 2H-graphite (or near-symmetric for
3R-graphite) reaching in both cases the highest values (E [ 1 TPa) with sharp
maximum at h = p/2 and the lowest values (E \ 5 GPa) with low-grade minimum
at h & 0.2p. For the analogous angular dependence of Poisson’s ratio mxy, the
asymmetry about h = p/2 for 3R-graphite is somewhat larger; mxy is limited by the
value 0.16 reached in the neighborhood of h = p/2 and is rapidly reduced for both
graphite polytypes. In the range of angles h = (0.13-0.38)p Poisson’s ratio mxy

becomes negligible (less than 0.01) and even negative. In the transverse direction,
orthogonal to the previous one, the behaviour of Poisson’s ratio mzx is quite dif-
ferent, since its value can be higher than the upper limit of Poisson’s ratio for a

Table 2.11 Elastic properties of graphite crystals at room temperature

Property Methods of determination

Ultrasonic, sonic resonance
and static testinga [232]

Inelastic x-ray
scattering [233]

Theoretical estimation [229, 235]

2H-graphiteb 3R-graphite

c11 (Ex), GPa 1060 ± 20 1109 ± 16 1020 1020
c12, GPa 180 ± 20 139 ± 36 – –
c13, GPa 15 ± 5 *0 – –
c33 (Ez), GPa 36.5 ± 1.0 38.7 ± 0.7 36.1 36.4
c44, (Gzx), GPa 0.18–0.35c 5.0 ± 0.3 – –
c66

d (Gxy), GPa 440 ± 20 485 ± 10 – –
m12 (mxy) 0.16 0.12 0.16 0.16
m13 (mxz) 0.012 *0 0.012 0.0065
m23 (mzx) 0.34 *0 0.34 0.18
a Compliance coefficients sij = Nj/Ri: 1/s11 = 1.02 ± 0.03 TPa, s12 = 0.16 ± 0.06 TPa-1, s13 = 0.33
± 0.08 TPa-1, 1/s33 = 36.5 ± 1.0 GPa, s66 = 2.3 ± 0.2 TPa-1 [232]
b Ab initio calculations: c11 + c12 = 1280 GPa, c13 = –0.5 GPa, c33 = 40.8 GPa [236]
c The spread in the value for c44 is due to the presence of dislocations and the value is C4.0 GPa
for dislocation-free graphite [136, 234]
d c66 = (c11–c12)/2
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elastic isotropic medium (its thermodynamic limits are -1 \ m\ 0.5) [229]. The
values of Young’s modules for graphitic nanostructured carbon forms are sum-
marized in Table 2.5. For large stresses in reality, the stress-strain relationship for
polycrystalline graphite materials is non-linear and approximated by the equation
of Jenkins [237]

e ¼ Arþ Br2; ð2:19Þ

where A is equal to s33 for specimens cut off in parallel direction to the preferential
orientation of the normals to the basal planes of graphite flake-like grains (against-
grain specimens) or s11 for specimens cut off in perpendicular direction to the
preferential orientation of the same normals (with-grain specimens), and in
accordance to Jenkins’ model

B ¼ 2e0

�
r2

m; ð2:20Þ

where e0 is the longitudinal residual strain after the graphite has been subjected to
a maximum stress rm. For various industrial graphitized carbon products (for
specimens cut off in different directions), the values of A range from 0.044 to 0.207
GPa-1 and B range from 0.232 to 3.262 GPa-2 [237]. The elasticity of com-
mercially available graphitic products is considerably different from those values
of the ideal crystals since they are controlled by the preferential crystallite ori-
entation, porosity and structural defects. The elastic properties of various industrial
graphitized carbon materials, pyrolitic (pyrographite) and vitreous (glass-like)
carbons and carbon (graphite) fibres are given in Tables 2.6–2.8 and 2.10. The
temperature variation of Young’s modulus and strength characteristics of averaged
industrial graphitized materials is presented in Fig. 2.2.

For averaged highly oriented graphite and quasi-isotropic carbon (graphite),
compared with other ultra-high temperature elements (refractory metals), the
values of physico-mechanical (strength, elasticity) properties in the wide range of
temperatures are summarized in Addendum.

2.5 Nuclear Physical Properties

The isotopes of carbon (standard atomic mass—12.0107 u) from 8C to 22C and
their general characteristics are summarized in Table 2.12; the naturally occurring
isotopes are listed in order of decreasing abundance, and unstable radioactive
isotopes—in order of decreasing half-life period of decay.

Nuclear physical properties of carbon (isotopic mass range, total number of
isotopes, thermal neutron macroscopic cross sections, moderating ability and
capture resonance integral), compared with other ultra-high temperature elements
(refractory metals), are given in Addendum.
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2.6 Chemical Properties

The specific electron configuration of carbon atoms has been proved in the num-
berless variety of carbon containing compounds formed by the chemical interaction
between carbon and other elements of the periodic table. Organic chemistry as a
special discipline is devoted directly to the carbon compounds with hydrogen,
oxygen and nitrogen and their multi-component derivatives, which are termed
organic compounds and, correspondingly, differed from inorganic compounds. The
various inorganic compounds of carbon are classified in the following types:

simple molecular compounds (with p-elements of groups 15–17: halogens
(F, Cl, Br, I), chalcogens (O, S, Se) and pnictogens (N, P)), covalent bonded;
salt-like carbides (or acetylenides, compounds with s-elements of groups 1–2:
alkali metals (Li, Na, K, Rb, Cs) and alkaline earth metals (Be, Mg, Ca, Sr, Ba)
and d-elements of groups 11–12: Cu, Ag, Au, Zn, Cd, Hg), mainly ionic or
covalent-ionic (e.g. Be and Mg carbides) bonded;
interstitial carbides (or metal-like carbides, compounds with d-elements of
groups 4–6: Ti, Zr, Hf, V, Nb, Ta, Cr, Mo, W), mainly metallic bonded;
intermediate carbides (compounds with d- and f-elements of group 3: Sc, Y,
lanthanoides (La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu) and
actinoids (Th, Pa, U, Np, Pu, Am) and light d-elements of groups 7–10: Mn, Fe,
Co, Ni), ionic-metallic or covalent-metallic bonding;
covalent carbides (compounds with p-elements of groups 13–14: B, Al, Si),
mainly covalent or covalent-ionic (e.g. Al carbides) bonded;

Table 2.12 General characteristics of the isotopes of carbon [3, 6, 576–578]

Isotope Mass, u Abundance,
%

Half-life
period

Decay mode, excitation (radiation)
energy, MeV

12C 12.000000 98.93a – –
13C 13.003355 1.07b – –
14C 14.003242 \10-10 5.70 9 103 y b-, 0.155
11C 11.011434 – 20.33 min b+, 0.99
10C 10.016853 – 19.29 s b+, 2.2; c, 0.72, 1.05
15C 15.010599 – 2.45 s b-, 4.3 (80 %), 9.8 (20 %)
16C 16.014701 – 0.75 s b-, n (97.9 %), b- (2.1 %)
17C 17.022586 – 0.19 s b- (71.59 %), b-, n (28.41 %)
9C 9.0310367 – 0.127 s b+ (60 %); b+, p (23 %); b+, a (17 %)
18C 18.02676 – 92 ms b- (68.5 %), b-, n (31.5 %)
19C 19.03481 – 46.2 ms b-, n (47.0 %), b- (46.0 %), b-, 2n

(7.0 %)
20C 20.04032 – 16 ms b-, n (72.0 %), b- (28.0 %)
22C 22.05720 (?) – 6.2 ms b-

21C 21.04934 (?) – \30 ns n
8C 8.037675 – 2.0 9 10-21 s 2p, 0.230
a Range of natural variation—98.853–99.037 at.%
b Range of natural variation—0.963–1.147 at.%
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graphitic/graphene and fullerene compounds (or intercalation (lamellar) com-
pounds, with some elements, ions and molecules), mainly molecular bonded;
carbon containing complex compounds (ternary, quaternary and higher order
compounds) with the combination of the different types of chemical bonding.

The comprehensive information on the chemical interaction of carbon with all
the elements of the periodic table is given in Table 2.13. The carbon containing
systems and corresponding binary compounds are considered there in accordance
to the groups of elements from 1 to 17.

Table 2.13 Chemical interaction of carbon (graphite) with elements of the periodic table (binary
systems in accordance to the groups of elements)a

System Type of phase diagram
(constituent phases,
temperatures
and compositions of
transformations)

Character of chemical interaction References

Group 1
C–H H, variety of hydrocarbon

compounds (e.g. CH4, C2H2

etc.), C

No interaction with H2 at normal
conditions. At temp. B600–800 �C
and p & 0.1 MPa, the interaction
is extremely slow. Practically
graphite is highly resistant to H2 at
800–2200 �C. With catalyst (Ni) at
900–1000 �C CH4 is formed, at
temp. [1730 �C C2H2 and other
hydrocarbons are produced. The
corrosion rate of commercial
graphite in H2 gas flow
(56 kg m-2 s-1) at 1400 �C–0.13,
1580 �C–0.3 2230 �C–3.3 and
2730 �C–33 kg m-2 s-1.

[5, 138, 238]

C–Li a-Li, b-Li, c-Li, a-Li2C2

(\*410–800 �C, invariable
compos.), b-Li2C2

(*410–440 �C, ?), c-Li2C2

(*440–560 �C, ?), d-Li2C2

(at least at 560 �C, ?), layered
compounds (LiC6±x, LiC12±x,
LiC18±x, LiC24±x, LiC36±x,
LiC72±x), C
Eutectic c-Li–a-Li2C2

(175 �C, \1 at.% C)

The solubility of C in liquid Li: at
200 �C–*2 9 10-4 at.% and at
735 �C–*0.4 at.%. The presence
of *0.26 wt.% N2 does not affect
the solubility of C in Li at temp.
[*350 �C, but at lower temp. it
increases the solubility of C
considerably. At 600 �C the
corrosion resistance of graphite in
liquid Li is low. The mixture of Li
and C reacts at 800 �C with the
formation of carbide (acetylenide)
Li2C2. A number of C-rich
lamellar or intercalate compounds
are formed by the reaction of Li
vapour with graphite. The wetting
angle of molten pure Li: 115�
(Ar, 200 �C), 110� (Ar, 400 �C).

[138, 238–241,
530, 905,
1004]

(continued)
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Table 2.13 (continued)

System Type of phase diagram
(constituent phases,
temperatures
and compositions of
transformations)

Character of chemical interaction References

C–Na a-Na, b-Na, NaC (?), a-Na2C2,
b-Na2C2, layered compounds
(NaC8±x, NaC16±x, NaC56±x,
NaC64±x), intercalated full-
erenes (Na2(C60), Na3(C60),
Na4(C60), Na6(C60), Na9.7(C60)
and other), C
No diagram plot

The solubility of C in liquid Na:
with O = 0.004 wt.%, at 300 �C–
0.90, 500 �C–1.22, 700 �C–1.44,
and with O = 0.026 wt.%, at
300 �C–2.70, 500 �C–3.22,
700 �C–3.56, 10-2 at.%. At
300 �C the corrosion resistance of
graphite in liquid Na is low. Na2C2

is synthesized by the interaction of
Na with C2H2 at 300–400 �C.

[138, 238, 241,
290, 916–918,
920, 1003]

C–K K, KC (?), K2C2, layered
compounds (KC8±x, KC16±x,
KC24±x, KC36±x, KC40±x,
KC48±x, KC60±x, KC72±x and
some other), intercalated full-
erenes (a-K(C60), b-K(C60),
c-K(C60), d-K(C60), K3(C60),
a-K4(C60), b-K4(C60), K6(C60),
K(C70), K4(C70), K9(C70),
K(C72) and other), C
No diagram plot

Binary compounds are synthesized
by the interaction of K melt or
vapour with graphite or C2H2 at
300–400 �C.

[138, 238, 241,
290, 919–921,
923]

C–Rb Rb, RbC (?), Rb2C2 (?), layered
compounds (RbC8±x, RbC16±x,
a-RbC24±x, b-RbC24±x,
RbC36±x, RbC48±x, RbC60±x

and some other), intercalated
fullerenes (a-Rb(C60), b-Rb(C60),
c-Rb(C60), Rb3(C60), Rb4(C60),
Rb6(C60), Rb8.8(C84) and
other), C
Order–disorder or structural
transformations a-RbCn ?
b-RbCn (?)
No diagram plot

Binary compounds are synthesized
by the interaction of Rb melt or
vapour with graphite or C2H2 at
300–450 �C.

[138, 238, 241,
922–923, 925]

C–Cs Cs, CsC (?), Cs2C2 (?), layered
compounds (CsC8±x, CsC10±x,
CsC16±x, a-CsC24±x, b-CsC24±x,
CsC36±x, CsC48±x, CsC60±x,
CsC84±x and some other),
intercalated fullerenes
(a-Cs(C60), b-Cs(C60), Cs3(C60),
a-Cs4(C60), b-Cs4(C60),
Cs6(C60) and other), C
Order–disorder or structural
transformations a-CsCn ?
b-CsCn (?)
No diagram plot

Binary compounds are synthesized
by the interaction of Cs melt or
vapour with graphite or C2H2 at
300–400 �C.

[138, 238, 241,
922, 924]

C–Fr No data – –

(continued)
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Table 2.13 (continued)

System Type of phase diagram
(constituent phases,
temperatures
and compositions of
transformations)

Character of chemical interaction References

Group 2
C–Be a-Be, b-Be, Be2C

(\*2100–2200 �C), BeC2, C
No diagram plot

Be2C is formed directly from the
elements, BeC2—by the inter-
action of Be with dry C2H2. The
max. solid solubility of C in Be
is \0.1 at.% (?). For diffusion rate
in the system at various temp. see
Addendum.

[138, 238,
241–242]

C–Mg Mg, MgC (\2625 �C,
invariable compos., ?), Mg2C3

(\*600–760 �C), MgC2 (\at
least *2200 �C, invariable
compos., ?), C

Carbides are formed by the
interaction of Mg with hydro-
carbons at elevated temp. For
diffusion rate in the system at
various temp. see Addendum.

[138, 238, 241,
700, 926]

C–Ca a-Ca, b-Ca, a-CaC2

(\*25 �C, ?), b-CaC2

(*25–450 �C), c-CaC2

(*350–435 �C), d-CaC2

(from *435–500 �C to
*2160–2980 �C, invariable
compos.), layered compounds
(CaC6±x and other), inter-
calated fullerenes (Ca3+x(C60),
Ca5(C60), Ca7(C60) and other),
C
Eutectic d-CaC2–Ca (820 �C,
2 at.% C)
Eutectic d-CaC2–C (2100 �C,
75 at.% C)

CaC2 is formed directly from the
elements at 1250 �C in Ar
atmosphere. For diffusion rate in
the system at various temp. see
Addendum.

[138, 238,
241–243, 701,
927–928]

C–Sr a-Sr, b-Sr, a-SrC2 (\–30 �C,
?), b-SrC2 (from –30 �C
to *370 �C), c-SrC2

(*370–1800 �C, invariable
compos., ?), layered com-
pounds (SrC6±x, SrC12±x,
SrC18±x, SrC24±x SrC30±x,
SrC36±x), intercalated
fullerenes (Sr2.08(C60),
Sr3(C60), Sr6(C60) and other), C
Eutectic c-SrC2–C (?)

SrC2 is formed directly from the
elements at 1250 �C in Ar
atmosphere.

[138, 238,
241–243, 702,
929, 930]
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Table 2.13 (continued)

System Type of phase diagram
(constituent phases,
temperatures
and compositions of
transformations)

Character of chemical interaction References

C–Ba Ba, a-BaC2 (\*25 �C),
b-BaC2 (*25–2000 �C,
invariable compos., ?), layered
compounds (BaC6±x, BaC8±x,
BaC12±x, BaC18±x, BaC24±x,
BaC30±x, BaC36±x), inter-
calated fullerenes (Ba6(C60),
Ba3(C70) and other), C
Eutectic b-BaC2–Ba (?)

Carbides are synthesized directly
from the elements at 575–700 �C
in vacuum (*10-3 Pa).

[138, 238,
241–243, 703,
930, 937]

C–Ra No data – –
Group 3
C–Sc a-Sc, b-Sc, ScC1–x (or

Sc2±xC, \*2255–2285 �C,
congruent melt. point corresp.
to *ScC0.46, homog. range—
21.5–38.5 at.% C at
1860–1865 �C and 23.5–34.5
at.% C at 20–30 �C), Sc3C (?),
a-Sc4C3 (from *950 �C to
*1500–1510 �C, invariable
compos.), b-Sc4C3+x (or
Sc13C10±x, from *1500–
1510 �C to *1860–1865 �C,
incongruent melt. point,
homog. range—42.8–48.5 at.%
C), Sc3C4–x (or Sc15C19±x,
\*1790–1800 �C,
incongruent melt. point,
homog. range—54.1–55.9 at.%
C), intercalated fullerenes
(Sc2(C84) and other), C
Eutectic Sc3C4–x–C
(*1720–1725 �C, 62 at.% C)

The presence of C increases the
melt. point of Sc from 1541 �C to
1579 �C and temp. of polymorphic
transformation a-Sc ? b-Sc from
1337 �C to 1543 �C. The max.
solubility of C in a-Sc is *4.5
at.% (at 1540–1545 �C) and in
b-Sc is *2.5 at.% (at
1575–1580 �C). The elemental Sc
and C interact at 1800–2000 �C in
vacuum (or reductive conditions)
with the formation of ScC1–x and
Sc4C3–x. For diffusion rate in the
system at various temp. see
Addendum.

[138, 238,
241–245, 602,
931]
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Table 2.13 (continued)

System Type of phase diagram
(constituent phases,
temperatures
and compositions of
transformations)

Character of chemical interaction References

C–Y a-Y, b-Y, Y3C (or YC0.2570.40,
?), Y2±xC (\*905–990 �C,
homog. range—28.5–36.0 at.%
C at 900 �C, ?), YC1±x (or
YC0.33, c-phase, continuous
solid solution with b-YC2±x,
from *905–1325 �C (?) to
*1805–2360 �C, with
congruent melt. points
corresp. to *YC0.3870.43,
at *2000–2020 �C and
*YC1.9472.17 at
*2360–2415 �C and with
min. melt. point corresp.
to *YC0.9071.17 at
*1805–1810 �C, homog.
range—from *61.5 to
*69–72 at.% C at 2020 �C,
*18.0–67.5 at.% C at
1660 �C, *17–49.5 at.% C
and *63–67.5 at.% C at
1560 �C, *17–42 at.% C at
1300 �C and *18–37 at.%
C at 1000 �C), a-Y4C5

(\*1305 �C, invariable
compos.), b-Y4C5

(*1305–1530 �C, invariable
compos.), a-Y3C4–x (or
a-Y15C19±x,\*1185–1325 �C,
homog. range—*54–59 at.%
C, ?), b-Y3C4–x (or b-Y15C19±x,
from *1185–1325 �C to
*1525–1655 �C, homog.
range—*54–59 at.% C, ?),
a-Y2C3–x (\*1185 �C, homog.
range—*58–60 at.% C, ?),
b-Y2C3–x (\*1185–1645 �C,
homog. range—*56–60 at.%
C, ?), a-YC2 (\*1320–
1325 �C, invariable compos.),
b-YC2±x (or c-phase,
continuous solid solution with
YC1±x, see YC1±x above),
intercalated fullerenes (Y(C82)
and other), C

The presence of C increases the
melt. point of Y from 1522 �C to
1560 �C and temp. of polymorphic
transformation a-Y ? b-Y from
1478 �C to 1520 �C. The max.
solubility of C in a-Y is 8.8 at.%
(at 1520 �C) and in b-Y is *7.0
at.% (at 1560 �C). Y carbides are
formed directly from the elements
at 1560–1600 �C in vacuum (or
reductive conditions). For
diffusion rate in the system at
various temp. see Addendum.

[238, 241–242,
244, 246, 932–
934]
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Table 2.13 (continued)

System Type of phase diagram
(constituent phases,
temperatures
and compositions of
transformations)

Character of chemical interaction References

Continuous solid solution
YC1–x–b-YC2+x (or c phase,
see YC1±x above, miscibility
gap: critical point—*57–58
at.% C at *1645–1655 �C,
from *40–42 to *66–67 at.%
C at 1325 �C)
Eutectic b-YC2±x–C (2290 �C,
74 at.% C)

Lanthanides
C–La a-La, b-La, c-La, La2C3–x

(\1415 �C, incongruent melt.
point, homog. range—*54–60
at.% C at 800 �C), a-LaC2

(\*1060–1080 �C, invariable
compos. at low temp. and
restricted homog. range (*1
at.% C) at 1060 �C), b-LaC2±x

(from *1060–1080 �C to
*2440–2360 �C, congruent
melt. point corresp. to
*LaC2.0, homog. range—
*65.5–68 at.% C at 2250 �C
and *63–67 at.% C at
1415 �C), e-LaC2 (?),
intercalated fullerenes (La(C82)
and other), C
Eutectic b-La–La2C3–x

(*800–805 �C, *20.6–20.8
at.% C)
Eutectic b-LaC2±x–C
(*2235–2270 �C,
*69.5–71.5 at.% C)

At 800–875 �C the solubility of C
in b-La is *3.4–4.3 at.%. La
carbides are formed directly from
the elements at 920–1000 �C in
vacuum (or reductive conditions).
For diffusion rate in the system at
various temp. see Addendum.

[138, 241–242,
244, 247, 935]
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Table 2.13 (continued)

System Type of phase diagram
(constituent phases,
temperatures
and compositions of
transformations)

Character of chemical interaction References

C–Ce a-Ce, b-Ce, c-Ce, d-Ce, Ce2C
(?), CeC (?), Ce2C3

(\*1535–1900 �C,
incongruent melt. point,
invariable compos.), a-CeC2

(\*1050–1110 �C with
invariable compos. at low
temp. and restricted homog.
range (*1.5 at.% C) at
1050–1110 �C), b-CeC2±x

(from *1050–1110 �C to
*2250–2340 �C, congruent
melt. point corresp. to
*CeC2.0, homog. range
width—*1.5–2 at.% C), CeC3

(?), intercalated fullerenes
(Ce(C82) and other), C
Eutectic d-Ce–Ce2C3

(*660–700 �C, *19.5–20
at.% C)
Eutectic b-CeC2±x–C
(*2220–2250 �C, *69.0–69.5
at.% C)

The presence of C decreases the
melt. point of Ce from 798 �C
to *700–705 �C and temp. of
polymorphic c-Ce ? d-Ce
transformation from 726 �C to
630 �C (corresp. to content *6
at.% C). At elevated temp. the
substantial solubility of C in d-Ce
and c-Ce is observed. The max.
solubility is *10 at.% C at
650–700 �C. Ce carbides are
formed directly from the elements
at 800–900 �C in vacuum (or
reductive conditions).

[138, 241–242,
244, 391, 936]

C–Pr a-Pr, b-Pr, Pr2C3–x

(\*1540–1555 �C,
incongruent melt. point,
homog. range *55–60 at.% C
at 800 �C), a-PrC2

(\*1130–1150 �C, invariable
compos. at low temp. and
restricted homog. range
(*1 at.% C) at
1130–1150 �C), b-PrC2±x

(from *1130–1150 �C to
2320 �C, congruent melt.
point, homog. range width–
*1.5–2 at.% C), C
Eutectic b-Pr–Pr2C3–x

(*795–805 �C, *15 at.% C)
Eutectic b-PrC2±x–C
(*2250–2260 �C, 71.5 at.%
C)

The presence of C decreases the
melt. point of Pr from 931 �C
to *795–805 �C and temp. of
polymorphic a-Pr ? b-Pr
transformation from 795 �C
to *670–680 �C. At elevated
temp. the substantial solubility of
C in b-Pr and a-Pr is observed. The
max. solubility achieves *8 at.%
in b-Pr and *5 at.% in a-Pr. Pr
carbides are formed directly from
the elements at 900–1000 �C in
vacuum (or reductive conditions).

[238, 241–242,
244]
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Table 2.13 (continued)

System Type of phase diagram
(constituent phases,
temperatures
and compositions of
transformations)

Character of chemical interaction References

C–Nd a-Nd, b-Nd, Nd2C3–x

(\*1570–1670 �C, melt.
point, homog. range—*54–60
at.% C), a-NdC2

(\*1130–1170 �C), b-NdC2

(from *1130–1170 �C to
*2180–2340 �C, melt.
point, ?), C
Eutectic b-NdC2–C
(*2255–2295 �C)
No diagram plot

No solubility of C in Nd at room
temp. Nd carbides are formed
directly from the elements at
1000–1100 �C in vacuum (or
reductive conditions).

[238, 241–
242]

C–Pm No data – –
C–Sm a-Sm, b-Sm, c-Sm, Sm3–xC

(or SmC1–x, homog. range—
*25–33 at.% C), Sm2C3–x

(\at least 1325 �C, melt.
point, homog. range—
*54–60 at.% C), a-SmC2

(\*1150–1190 �C, invariable
compos.), b-SmC2

(\*2200–2300 �C, melt.
point), layered compounds
(SmC6±x, SmC12±x, SmC18±x,
SmC24±x, SmC30±x, SmC36±x

and other), intercalated
fullerenes (Sm3(C60),
Sm6(C60), Sm3(C70) and
other), C
Eutectic b-SmC2–C
(*2210–2270 �C)
No diagram plot

Sm carbides are formed directly
from the elements at
1075–1150 �C in vacuum (or
reductive conditions). For
diffusion rate in the system at
various temp. see Addendum.

[238, 241–242,
929, 937]

C–Eu Eu, Eu3–xC (or EuC1–x, homog.
range—*25–33 at.% C),
Eu2C3, a-EuC2

(\*345–375 �C, invariable
compos.), b-EuC2 (from
*345–375 �C to at least
1700 �C, melt. point), layered
compounds (EuC6±x, EuC12±x,
EuC18±x, EuC24±x, EuC30±x,
EuC36±x and other),
intercalated fullerenes
(Eu2.82(C60), Eu6(C60),
Eu3(C70), Eu9(C70) and
other), C
No diagram plot

Eu carbides are formed directly
from the elements at 800–900 �C
in vacuum (or reductive
conditions).

[238, 241,
938–939]
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Table 2.13 (continued)

System Type of phase diagram
(constituent phases,
temperatures
and compositions of
transformations)

Character of chemical interaction References

C–Gd a-Gd, b-Gd, b-Gd3–xC (or
GdC1–x, homog. range—
*25–33 at.% C), a-Gd2C,
Gd4C5 (?), Gd2C3–x (homog.
range—*54–60 at.% C),
a-GdC2 (\*1220–1290 �C,
invariable compos.), b-GdC2

(from *1220–1290 �C to
*2340–2400 �C, melt. point),
GdC6±x (layered compound, ?),
C
Eutectic b-GdC2–C
(*2280–2345 �C)
No diagram plot

Gd carbides are formed directly
from the elements at
1300–1400 �C in vacuum (or
reductive conditions).

[238, 241,
616]

C–Tb a0-Tb, a-Tb, b-Tb, Tb3–xC (or
TbC1–x, homog. range—
*25–33 at.% C), a-Tb2C (?),
b-Tb2C (?), Tb4C5 (?), Tb15C19

(?), Tb2C3–x (homog. range—
*54–60 at.% C), a-TbC2

(\*1100–1305 �C), b-TbC2

(from *1100–1305 �C to
*2040–2280 �C, melt.
point, ?), C
Eutectic b-TbC2–C
(*2255–2295 �C)
No diagram plot

Tb carbides are formed directly
from the elements at
1350–1400 �C in vacuum (or
reductive conditions).

[238, 241]

C–Dy a0-Dy, a-Dy, b-Dy, Dy3–xC
(or DyC1–x, homog. range—
*25–33 at.% C), a-Dy2C,
b-Dy2C (?), Dy4C5 (?),
Dy15C19 (?), Dy2C3–x (homog.
range—*54–60 at.% C),
a-DyC2 (\*1275–1315 �C),
a0-DyC2 (?), b-DyC2

(from *1275–1315 �C to
at least 2250 �C, melt.
point, ?), C
Eutectic b-DyC2–C
(*2265–2315 �C)
No diagram plot

Dy carbides are formed directly
from the elements at
1400–1500 �C in vacuum (or
reductive conditions).

[238, 241]
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System Type of phase diagram
(constituent phases,
temperatures
and compositions of
transformations)

Character of chemical interaction References

C–Ho a-Ho, b-Ho, Ho3–xC (or HoC1–x,
homog. range—*25–33 at.% C),
a-Ho2C, b-Ho2C (?), Ho4C5 (?),
Ho15C19 (or Ho5C6, ?), Ho3C4 (?),
Ho4C7 (?), Ho2C3–x (homog.
range—*54–60 at.% C),
a-HoC2 (\*1280–1330 �C),
a0-HoC2 (at least 1145–1165 �C,
?), b-HoC2 (from *1280–
1330 �C to at least 2250–
2290 �C, melt. point), C
Eutectic b-HoC2–C
(*2250–2290 �C)
No diagram plot

The solubility of C in Ho at
*1300 �C is negligible. Ho
carbides are formed directly from
the elements at 1480–1550 �C in
vacuum (or reductive conditions).
For diffusion rate in the system at
various temp. see Addendum.

[238, 241]

C–Er a-Er, b-Er, Er3–xC (or ErC1–x,
homog. range—*25–33 at.%
C), Er15C19, Er3C4 (?), Er4C7

(?), Er2C3 (metastable, ?),
a-ErC2 (\1330 �C), a0-ErC2 (at
least at 1145–1165 �C, ?),
b-ErC2 (from 1330 �C to at
least 2230–2280 �C, melt.
point), C
Eutectic b-ErC2–C
(*2220–2290 �C)
No diagram plot

Er carbides are formed directly
from the elements at
1500–1600 �C in vacuum (or
reductive conditions). For
diffusion rate in the system at
various temp. see Addendum.

[238, 241]

C–Tm a-Tm, b-Tm, Tm3–xC (or
TmC1–x, homog. range—
*25–33 at.% C), Tm15C19,
Tm3C4 (?), Tm4C7 (?), Tm2C3

(metastable, ?), a-TmC2

(\*1120–1370 �C), a0-TmC2

(?), b-TmC2 (from
*1120–1370 �C to *2130–
2230 �C, melt. point, ?), TmC3,
intercalated fullerenes
(Tm(C82) and other), C
Eutectic b-TmC2–C
(*2225–2265 �C)
No diagram plot

Tm carbides are formed directly
from the elements at
1550–1600 �C in vacuum (or
reductive conditions).

[238, 241,
940]
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System Type of phase diagram
(constituent phases,
temperatures
and compositions of
transformations)

Character of chemical interaction References

C–Yb a-Yb, b-Yb, c-Yb, Yb3–xC
(YbC1–x, homog. range—
*25–39 at.% C, at least
\1500 �C, ?), YbC0.95 (?),
a-YbC1–x (at least \1500 �C,
?), YbC1.25+y (homog. range—
*56.9–58.8 at.% C, ?),
Yb15C19, Yb3C4±x (at least
\1500 �C), Yb2C3 (meta-
stable, ?), a-YbC2 (at least
\1500 �C), b-YbC2 (?),
layered compounds (YbC6±x,
YbC12±x and other),
intercalated fullerenes
(Yb2.75(C60) and other), C
Eutectic b-YbC2–C
(*2175–2255 �C)

Yb carbides are formed directly
from the elements at 800–900 �C
in vacuum (or reductive
conditions).

[238, 241, 938,
941–942]

C–Lu a-Lu, b-Lu, Lu3–xC (or LuC1–x,
?), Lu15C19, Lu3C4 (?), Lu4C7

(?), Lu2C3 (metastable, ?),
a-LuC2 (\*1390–1520 �C),
b-LuC2 (from *1390–
1520 �C to melt. point, ?), C
Eutectic b-LuC2–C
(*2210–2250 �C)
No diagram plot

Lu carbides are formed directly
from the elements at
1650–1750 �C in vacuum (or
reductive conditions).

[238, 241]

Actinides
C–Ac No data – –
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Table 2.13 (continued)

System Type of phase diagram
(constituent phases,
temperatures
and compositions of
transformations)

Character of chemical interaction References

C–Th a-Th, b-Th, ThC1±x (a-Th–
ThC1±x and ThC1±x–c-ThC2–x

continuous solid solutions
(with miscibility gaps),
\2500–2625 �C, congruent melt.
point corresp. to *ThC1.0,
homog. ranges—*0–7 at.% C
and *40–50 at.% C at
720–920 �C, *22–66 at.% C at
2000 �C), Th2C3 (metastable, ?),
a-ThC2–x (\1255–1440 �C,
homog. range—*64–66 at.% C),
b-ThC2–x (from 1255–1440 �C
up to 1470–1495 �C, homog.
range—*62.5–66.0 at.% C at
1440–1450 �C), c–ThC2–x

(from 1470–1495 �C up to
*2550–2670 �C,congruent melt.
point corresp. to *ThC1.9), C
Continuous solid solution
a-Th–ThC1±x (homog. range—
from *8 at.% C up to *51 at.%
C at 1570 �C; miscibility gap in
the solid state: critical point—
*1140–1570 �C at *30 at.% C,
ranges from *6 at.% C to *40
at.% C at 900 �C)
Continuous solid solution
ThC1±x–c-ThC2–x (min. melt
point 2430 �C corresp. to
*ThC1.2, homog. range—
from *15 at.% C up to *66
at.% C at 1800 �C, miscibility gap
in the solid state: critical point—
1850 �C at *55 at.% C, ranges
from *50 at.% C to
*62 at.% C at 1470 �C)
ThC1±x ? b-ThC2–x miscibility
gap in the solid state
(1255–1470 �C, ranges from
*50 at.% C to *63 at.% C at
1255 �C)
ThC1±x ? a-ThC2–x miscibility
gap in the solid state (\1255 �C,
ranges from *50 at.% C to *67
at.% C at 1000 �C)
Eutectic c-ThC2–x–C
(*2445–2500 �C, *70 at.% C)

Max. solid solubilities of C in Th
are *66.0 at.% (a-Th) at
1500–2400 �C and *9.2 at.%
(b-Th) at 1710 �C. Th carbides are
formed directly from the elements
at 1700–1900 �C in vacuum (or
reductive conditions). For
diffusion rate in the system at
various temp. see Addendum.

[138, 238,
241–244, 248,
492]
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System Type of phase diagram
(constituent phases,
temperatures
and compositions of
transformations)

Character of chemical interaction References

C–Pa a-Pa, b-Pa, PaC, PaC2, C
No diagram plot

– [241]

C–U a-U, b-U, c-U, UC1±x (or
d-phase, \*2490–2590 �C,
congruent melt. point corresp.
to *UC0.99, invariable
compos.—*50 at.% C at
temp. \*1000 �C, homog.
range—*47–56.5 at.% C at
2050 �C), f-U2C3 (from
*860 �C (?) to
*1730–1825 �C, invariable
compos.), a-UC2–x (from
*1475–1515 �C to
*1760–1795 �C, homog.
range—63.9–65.0 at.% C at
1755–1775 �C, max. C
content corresp. to UC1.94),
b-UC2–x (or d-phase,
\*2435–2585 �C, congruent
melt. point corresp. to
*UC1.9471.96, represents the
UC1±x phase in equilibrium
with graphite), C
Continuous solid solution
UC1±x–b-UC2–x (min. melt
point *2405 �C corresp. to
*UC1.5, homog. range—from
*47 at.% C to 66.7 at.% C at
2200 �C; miscibility gap in the
solid state: critical point—
*2050–2105 �C at *56.5
at.% C, ranges—from 52.8
at.% C to 62.3 at.% C at
1820 �C)
Eutectic c-U–UC1±x

(*1115–1120 �C, *1 at.% C)
Eutectic b-UC2–x–C
(*2400–2555 �C, *67 at.%
C)

The solubility of C in a-U at
660 �C is \0.006 at.%, in b-U at
770 �C–0.02 at.% and in c-U at
1115–1120 �C–0.22–0.37 at.% C.
The solubility of C in molten U is
obeyed the rule:
lgx (in at.% C) = 2.87–4000/T
(in K).
UC1±x and UC2–x are formed
directly from the elements at
1700–1900 �C in vacuum (or
reductive conditions). The
UC1±x–b-UC2–x continuous solid
solution alloys cannot be fixed by
tempering, in the contrast to the
U–UC1±x solid solution alloys. At
the temp. range of 1300–1600 �C
molten U wets UC1±x perfectly,
the wetting contact angles in the
U–UC1±x are close to 40–60�. For
diffusion rate in the system at
various temp. see Addendum.

[138, 238,
241–244, 248,
492, 910]
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Table 2.13 (continued)

System Type of phase diagram
(constituent phases,
temperatures
and compositions of
transformations)

Character of chemical interaction References

C–Np a-Np, b-Np, c-Np, NpC1–x

(homog. range—*45–49 at.%
C at 950 �C), Np2C3, NpC2, C
No diagram plot

Np carbides are formed directly
from the elements at
1700–1900 �C in vacuum (or
reductive conditions).

[238, 241]

C–Pu a-Pu, b-Pu, c-Pu, d-Pu, d0-Pu,
e-Pu, Pu3C2 (\575 �C,
incongruent melt. point,
invariable compos.), PuC1–x

(\*1655 �C, incongruent
melt. point corresp. to PuC0.89,
homog. range—*44.5–47.5
at.% C at 400–600 �C and—
*38–47.5 at.% C at
630–640 �C), Pu2C3–x

(\2020–2050 �C, incongruent
melt. point, homog. range—
58.5–60 at.% C at 610 �C
and *57–61 at.% C at
1660 �C), a-PuC2

(\*1660 �C, invariable
compos., metastable, ?),
b-PuC2 (from *1660 �C
to *2200–2250 �C,
incongruent melt. point,
invariable compos.), C
Eutectic (degenerative)
e-Pu–PuC1–x (*634 �C, ?)

The presence of C decreases the
melt. point of Pu from 640 �C to
634 �C, but slightly affects the
temp. of polymorphic transitions.
At 700–900 �C the solubility of C
in molten Pu is obeyed the rule:
lgx (in at.% C) = 2.5–2300/T
(in K).
Pu carbides are formed directly
from the elements at
1500–1700 �C in vacuum (or
reductive conditions).

[138, 238,
241–242, 244,
248, 492, 998]

C–Am a-Am, b-Am, c-Am, Am2C3,
AmC2, C
No diagram plot

– [241]

C–Cm No data – –
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2.6 Chemical Properties 85



Table 2.13 (continued)

System Type of phase diagram
(constituent phases,
temperatures
and compositions of
transformations)

Character of chemical interaction References

Group 4
C–Ti a-Ti, b-Ti, Ti2±xC

(\*1900 �C, ?), Ti3C2±x (?),
Ti6C5±x (?), TiC1–x

(\*3065–3080 �C, congruent
melt. point corresp. to
*TiC0.7770.80, homog.
range—*38–50 at.% C at
2780 �C, *28.5–49.0 at.% C
at 1650 �C and *34.0–48.5
at.% C at 920 �C), C
Order–disorder transformations
(*590–785 �C (?), in TiC1–x

homog. range *31.5–39.0
at.% C (?); Ti2±xC, Ti3C2±x

and Ti6C5±x–the ordered
phases of TiC1–x, ?)
Eutectic b-Ti–TiC1–x

(*1640–1655 �C, *1.5–4.4
at.% C)
Eutectic TiC1–x–C
(*2775–2785 �C, *63 at.%
C)

The presence of C decreases the
melt. point of Ti from 1670 �C
to *1640–1655 �C and increases
the temp. of a-Ti ? b-Ti
transition from 882 –920 �C. At
the b-Ti–TiC1–x eutectic temp. the
solubility of C in b-Ti is 0.55 at.%
C. At 920 �C the solubility of C in
b-Ti is 0.5 at.% C and in a-Ti–2
at.% C. In the wide ranges of temp.
the solubility of C is obeyed the
rules:
lgx (in at.% C) = 1.74–1800/T
(in K) for a-Ti (600–900 �C)
and
lgx (in at.% C) = 1.40–2100/T
(in K) for b-Ti (920–1645 �C).
TiC1–x is formed directly from the
elements at 1700–2100 �C in
vacuum (or reductive conditions).
The reaction between C and Ti (in
powdered mixtures) relates to the
gasless combustion or solid flame
phenomena, which are termed the
self-propagating high temp.
synthesis (SHS). The reaction is
passing in the narrow layer called
the combustion zone, which travels
through the initial mixture by a
wave spreading mechanism due to
the great exothermic heat effect of
the reaction and heat transfer of
reagents. The reaction converts C
and Ti to the carbide phase
(products) after the only local
initial ignition of the reaction.

[138, 238,
241–244, 248–
252, 411, 530,
579, 594, 600,
606, 904,
1018]
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Table 2.13 (continued)

System Type of phase diagram
(constituent phases,
temperatures
and compositions of
transformations)

Character of chemical interaction References

During the SHS extremely high
temp. of heating are reached, so
the necessary condition for its
realisation is the high thermal
stability of products. 2D-nano-
sheets TixCy (graphene-like
nanocrystals) is synthesized by the
exfoliation of Ti3AlC2 in
hydrofluoric acid. The wetting
angle of molten pure Ti: 0�
(vacuum, 1725 �C); for Ti
containing alloys, see Table 2.16.
For diffusion rate in the system at
various temp. see Addendum.

C–Zr a-Zr, b-Zr, Zr2±xC (?), Zr3C2±x

(?), Zr6C5±x (?), ZrC1–x

(\*3420–3540 �C, congruent
melt. point corresp. to
*ZrC0.8070.86, homog.
range—*38.5–49.0 at.% C at
2910 �C, *36–50 at.% C at
1820 �C and *37–50 at.% C
at 870 �C), C
Order–disorder transformations
(max. temp. *900–945 �C, in
ZrC1–x homog. range *26–49
at.% C (?), Zr2±xC, Zr3C2±x,
Zr6C5±x–the ordered phases of
ZrC1–x, ?)
Eutectic b-Zr–ZrC1–x

(*1805–1835 �C, *1.4–3.0
at.% C)
Eutectic ZrC1–x–C
(*2850–2930 �C,
*64.5–65.0 at.% C)

The presence of C decreases the
melt. point of Zr from 1855 �C
to *1805–1835 �C and increases
the temp. of a-Zr ? b-Zr
transition from 863 �C to
*870–885 �C. At this temp. the
solubility of C in a-Zr is *3 at.%.
At the b-Zr–ZrC1–x eutectic temp.
the solubility of C in b-Zr is *1
at.% C. At lower temp. the
solubility of C in b-Zr decreases
to *0.8 at.% at 1400 �C, *0.5
at.% at 1330 �C and *0.3 at.% at
1175 �C. At 1000–1800 �C the
solubility of C in b-Zr is obeyed
the rule:
lgx (in at.% C) = 2.2–3800/T
(in K)
ZrC1–x is formed directly from the
elements at 1800–2200 �C in
vacuum (or reductive conditions).
The reaction between C and Zr (in
powdered mixtures) relates to the
SHS type (see special notes for the
C–Ti system). The wetting angle
of molten pure Zr: 0� (vacuum,
1900 �C). For diffusion rate in the
system at various temp. see
Addendum.

[138, 238,
241–244, 248–
256, 530, 579,
1017]
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System Type of phase diagram
(constituent phases,
temperatures
and compositions of
transformations)

Character of chemical interaction References

C–Hf a-Hf, b-Hf, Hf3C2±x (?), Hf6C5±x

(?), HfC1–x (\*3930–3960 �C,
congruent melt. point corresp. to
*HfC0.8970.94, homog. range—
*37.0–49.5 at.% C at 3180 �C,
*34.0–49.5 at.% C at 2360 �C
and *38.0–49.5 at.% C at
1200 �C), C
Order–disorder transformations
(max. temp. *505–535 �C, in
HfC1–x homog. range *38–49
at.% C (?), Hf3C2±x, Hf6C5±x—
the ordered phases of HfC1–x, ?)
Eutectic a-Hf–b-Hf
(*2180–2220 �C, *1.5 at.% C)
Peritectic a-Hf (*2240–2360 �C,
*14–15 at.% C)
Eutectic HfC1–x–C
(*3150–3185 �C, *65–68 at.%
C)

The presence of C decreases the
melt. point of Hf from 2231 �C
to *2180–2220 �C. C stabilizes
a-Hf and increases the temp. of
a-Hf ? b-Hf transition from
1743 �C to *2240–2360 �C. In
a-(Hf,C)–b-(Hf,C) eutectic alloy
the solubility of C in b-Hf is
*0.6–1.0 at.% and in a-Hf–*2–3
at.%. The max. solid solubility of
C in a-Hf is *14–15 at.% (at
2240–2360 �C). HfC1–x is formed
directly from the elements at
1900–2300 �C in vacuum (or
reductive conditions). The reaction
between C and Hf (in powdered
mixtures) relates to the SHS type
(see special notes for the C–Ti
system). For diffusion rate in the
system at various temp. see
Addendum.

[138, 238,
241–244, 248–
252, 254, 257,
579, 1006]

Group 5
C–V V, V64C (?), V5C (?), a-V2+xC

(\*800–850 �C, homog.
range—*31–33 at.% C),
b-V2±xC (from *800–850 �C
to *2185–2190 �C, incongruent
melt. point, homog. range—
*26.5–36.5 at.% C at 1650 �C),
b0-V2+xC (\*1500–1610 �C,
homog. range—27.5–32.0 at.%
C), f-V4C3–x (or V3C2, or
n-phase,\*1320–1700 �C,
*37.7–42.8 at.% C), V6C5±x

(\*1180–1260 �C, homog.
range—*43–45.5 at.% C),
V8C7±x (\*1080–1160 �C,
homog. range—*46.3–48.1
at.% C), VC1–x (\*2625–
2800 �C, congruent melt. point
corresp. to *VC0.7570.86,
homog. range—*42.5–46.0
at.% C at 2650–2670 �C,
*37–47 at.% C at 2185 �C
and *40.5–48.0 at.% C at
1320 �C, max. C content corresp.
to *VC0.8870.89), C

The solubility of C in V: 0.13 at.%
at 700 �C, 0.5 at.% at 1100 �C and
2.3–2.6 at.% at 1600 �C. At
1500–1600 �C the solubility of C
in V is obeyed the rule:
lgx (in at.% C) = 7.4–12,800/T
(in K)
The max. solubility of C in V is
*4.3–5.5 at.% (at V–b-V2±xC
eutectic temp.). V carbides are
formed directly from the elements
at 1100–1200 �C in vacuum (or
reductive conditions). The reaction
between C and V (in powdered
mixtures) relates to the SHS type
(see special notes for the C–Ti
system). For diffusion rate in the
system at various temp. see
Addendum.

[241–244,
248–251, 258–
260, 579, 720,
723, 1000,
1020]
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System Type of phase diagram
(constituent phases,
temperatures
and compositions of
transformations)

Character of chemical interaction References

Eutectic V–b-V2±xC (1650 �C,
15 at.% C)
Eutectic VC1–x–C
(*2625–2670 �C,
*49.5–53.5 at.% C)

C–Nb Nb, a-Nb2C
(\*1200–1230 �C, invariable
compos.), b-Nb2+xC
(from *1200–1230 �C to
*2450–2575 �C, homog.
range—*28–33 at.% C at
2350 �C), c-Nb2±xC
(from *2450–2575 �C to
*3035–3090 �C, incongruent
melt. point, homog. range—
*27–35 at.% C), f-Nb4C3–x

(or Nb3C2+x,
\*1575–1750 �C, homog.
range—*40.0–41.5 at.% C),
Nb6C5±x (ordered,
\*1050–1320 �C, homog.
range—*42–49 at.% C),
NbC1–x (\*3600–3615 �C,
congruent melt. point corresp.
to *NbC0.7970.84, homog.
range—*38–49 at.% C at
3300 �C, 29.2–49.6 at.% C at
2600 �C, 37.6–49.8 at.% C at
2350 �C and *41–50 at.% C
at 1200 �C, max. C content
corresp. to *NbC0.99), C
Eutectic Nb–b-Nb2+xC
(*2335–2355 �C,
*10.5–10.7 at.% C)
Eutectic NbC1–x–C
(*3250–3305 �C, *58–60
at.% C)

The solubility of C in Nb: 0.1 at.%
at 1200 �C, 0.26 at.% at 1500 �C
and *5.5–7.2 at.% at
2230–2350 �C. At 1500–2200 �C
the solid solubility of C in Nb is
obeyed the rule:
lgx (in at.% C) = 3.65–7600/T
(in K)
The solubility of Nb in graphite
is B0.001 at.% C. Nb carbides are
formed directly from the elements
at 1300–1400 �C in vacuum (or
reductive conditions). The reaction
between C and Nb (in powdered
mixtures) relates to the SHS type
(see special notes for the C–Ti
system). The limiting wetting
angle of molten pure Nb: 60�
(vacuum, 2700 �C); for Nb
containing alloys, see Table 2.16.
For diffusion rate in the system at
various temp. see Addendum.

[138, 241–244,
248–251, 254,
258, 260–262,
530, 579, 719–
720]
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System Type of phase diagram
(constituent phases,
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transformations)

Character of chemical interaction References

C–Ta Ta, Ta64C (?), a-Ta2+xC
(\*1930–2270 �C, homog.
range—*31.0–32.5 at.% C at
1930 �C), b-Ta2±xC
(from *1930–2270 �C to
*3330–3400 �C, incongruent
melt. point, homog. range—
*26–35 at.% C at 2830–
2850 �C), e-Ta3C2±x

(*2000 �C, invariable
compos., ?), f-Ta4C3–x

(0.44 B x B 0.53, or f-TaC1–x,
\*2170–2800 �C, homog.
range—*38.0–42.8 at.% C),
Ta6C5±x (ordered, \1160 �C),
TaC1–x (\3985–4000 �C,
congruent melt. point corresp.
to *TaC0.8870.89, homog.
range—37.9–49.9 at.% C at
3450 �C, 36.5–49.9 at.% C at
3340 �C, 39.6–49.9 at.% C at
2850 �C and 41.5–49.9 at.% C
at 1930 �C, max. C content
corresp. to *TaC0.99), C
Eutectic Ta–b-Ta2±xC
(*2800–2860 �C,
*12.0–12.3 at.% C)
Eutectic TaC1–x–C
(*3400–3450 �C, *61 at.%
C)

The max. solubility of C in Ta
is *7.0–7.5 at.% (at Ta–b-Ta2±xC
eutectic temp.). The solid solu-
bility of C in Ta is obeyed the
rules:
lnx (in at.% C) = 8.23–16,700/T
(in K) at 1500–1950 �C
and
lnx (in at.% C) = 5.18–9900/T
(in K) at 1950–2640 �C.
Ta carbides are formed directly
from the elements at
1300–1500 �C in vacuum (or
reductive conditions). The reaction
between C and Ta (in powdered
mixtures) relates to the SHS type
(see special notes for the C–Ti
system). For diffusion rate in the
system at various temp. see
Addendum.

[138, 241–244,
248–251, 254,
260, 579, 720,
722–723]

Group 6
C–Cr Cr, Cr23C6±x

(\*1575–1610 �C,
incongruent melt. point
corresp. to CrC0.27, homog.
range—*20–21 at.% C at
1530 �C, *20–22 at.% C at
1200 �C), Cr3C (metastable, ?),
Cr7C3±x (\*1765–1790 �C,
congruent melt. point corresp.
to CrC0.43, homog. range—
*29.5–31.5 at.% C at 1730 �C
and *28.5–31 at.% C at
1575 �C), Cr2C (?), Cr3C2–x

(\1810–1830 �C, incongruent
melt. point corresp. to CrC0.67,

The max. solid solubility of C in
Cr is *0.3–1.9 at.% C (?) at
1530–1580 �C. Cr carbides are
formed directly from the elements
at 1400–1800 �C in vacuum (or
reductive conditions). For
diffusion rate in the system at
various temp. see Addendum.

[138, 241–242,
244, 248–250,
394, 417, 579,
841]
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homog. range—*39.7–40.0
at.% C at 1730 �C and
*39.8–40.0 at.% C at 1400 �C),
CrC (metastable, ?), C
Eutectic Cr–Cr23C6±x

(*1530–1580 �C, *14–14.5
at.% C)
Eutectic Cr7C3±x–Cr3C2–x

(*1725–1740 �C, 32.6 at.% C)

The max. solid solubility of C in
Cr is *0.3–1.9 at.% C (?) at
1530–1580 �C. Cr carbides are
formed directly from the elements
at 1400–1800 �C in vacuum (or
reductive conditions). For
diffusion rate in the system at
various temp. see Addendum.

C–Mo Mo, a-Mo2+xC (or b0-Mo2+xC,
\1430–1440 �C, homog.
range—*31.3–33.3 at.% C at
1230 �C), a0-Mo2+xC (or
e-Mo2+xC, ordered), b-Mo2±xC
(from *1200–1650 �C to
*2520–2540 �C, congruent
melt. point corresp. to MoC0.52,
homog. range—26.0–35.7 at.%
C at 2205 �C, *30.0–35.5
at.% C at 1655 �C and
*31–34 at.% C at 1430 �C),
g-MoC1–x (or Mo3C2–x,
from *1650–1655 �C to
*2530–2560 �C, congruent
melt. point corresp. to MoC0.61,
homog. range—36.5–39.2 at.%
C at 2510 �C and *38.5–39.5
at.% C at 1960 �C, invariable
compos. *39 at.% C at
temp. \1800 �C), a-MoC1–x

(from *1950–1960 �C to
*2530–2650 �C, congruent
melt. point corresp. to MoC0.72,
homog. range—*41.0–43.1
at.% C at 2585 �C,
*39.6–43.0 at.% C at 2545 �C
and *39.8–42.2 at.% C at
2200 �C), c-MoC
(\1200–1220 �C, invariable
compos. *50 at.% C), C
Eutectic Mo–b-Mo2±xC
(*2200–2205 �C,
*16.7–18.0 at.% C)
Eutectic b-Mo2±xC–g-MoC1–x

(*2510 �C, *36 at.% C, ?)
Eutectic a-MoC1–x–C
(*2584–2589 �C, 45 at.% C)

The max. solubility of C in Mo
is *1.1–1.3 at.% C at
2200–2205 �C. At 1330–2205 �C
the solubility of C in Mo is obeyed
the rule:
lnx (in at.% C) = 3.97–21,000/T
(in K)
Mo carbides are formed directly
from the elements at
1200–1400 �C in vacuum (or
reductive conditions). Under
specific pressure 5 MPa the
diffusion welded joint between
b-Mo2±xC and Mo is produced at
1600 �C (5–15 min exposure). For
diffusion rate in the system at
various temp. see Addendum.

[138, 241–244,
248–250, 260,
579, 723]
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C–W W, a-W2+xC (or b0 0-W2+xC,
from 1250 �C to
*2100–2140 �C, homog.
range—*30–33 at.% C),
b-W2+xC (or b0-W2+xC,
from *2100–2140 �C to
*2320–2490 �C, homog.
range—*29.6–33.4 at.% C),
c-W2±xC (or b-W2±xC,
from *2320–2490 �C to
*2775–2795 �C, congruent
melt. point corresp. to
WC0.4370.45, homog. range—
*27.5–35.5 at.% C at
2735 �C, *26–35 at.% C at
2710 �C and *28–34 at.% C
at 2530 �C), c-WC1–x (or
a-WC1–x, b-WC1–x, from
*2530–2535 �C to *2745–
2785 �C, congruent melt. point
corresp. to WC0.64, homog.
range—*37.4–40.0 at.% C at
2720 �C), d-WC1±x (or
a-WC1±x, \*2745–2785 �C,
incongruent melt. point
corresp. to WC1.0071.01,
homog. range—*49.6–50.6
at.% C at 2720 �C, *49.9–
50.6 at.% C at 2530 �C
and *50.1–50.6 at.% C at
2000 �C, invariable compos. at
temp. \2000 �C), C
Eutectic W–c-W2±xC
(*2710–2715 �C, *22–25
at.% C)
Eutectic c-W2±xC–c-WC1–x

(*2735–2760 �C,
*36.0–36.5 at.% C)
Eutectic c-WC1–x–d-WC1±x

(*2720–2760 �C, *36–41
at.% C)
Phase diagram data available in
literature are controversial

The max. solubility of C in W
is \1 at.% C (at 2710–2715 �C).
At 1400–2600 �C the solubility of
C in W is obeyed the rule:
lnx (in at.% C) = 4.67–15,000/T
(in K)
W carbides are formed directly from
the elements at 1400–1600 �C in
vacuum (or reductive conditions).
For diffusion rate in the system at
various temp. see Addendum.

[138, 241–242,
244, 248–250,
263, 419, 579,
603, 721,
1001, 1005]
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Group 7
C–Mn a-Mn, b-Mn, c-Mn, d-Mn,

e-Mn4±xC (from *990 �C
to *1305–1310 �C,
incongruent melt. point
corresp. to MnC0.3270.39,
homog. range—*13–28 at.%
C), Mn23C6 (\*1020–
1035 �C, invariable compos.),
Mn15C4 (or Mn11C3 (?),
from *850 �C to 1020 �C,
invariable compos.
*21.1–21.5 at.% C, ?), Mn3C
(from *970 �C to *1050–
1060 �C, invariable compos.),
Mn5C2 (from *425 �C (?) to
*1090–1170 �C, invariable
compos. *28.5–28.6 at.% C),
Mn7C3 (\*1330–1340 �C,
incongruent melt. point
corresp. to MnC0.43, invariable
compos. B30 at.% C), C

The max. solid solubility of C in
Mn modifications: a-Mn–
*6.5–7.0 at.%
(at *770–900 �C), b-Mn–
*1.0–2.5 at.%
(at *820–900 �C), c-Mn–
*13–16 at.%
(at *990–1240 �C), and d-Mn–
*1–2 at.% (at *1220–1240 �C).
Mn carbides are formed directly
from the elements at
1200–1300 �C in non-oxidative
conditions.

[138, 238, 241,
244, 264]

C–Tc Tc, TcC1–x (or Tc3±xC, ?), C
Eutectic TcC1–x–C
(*1650–1885 �C, *25–33
at.% C, ?)
Eutectic Tc–C (1660 �C, *30
at.% C, ?)
Phase diagram data available in
literature are controversial

At 910 �C the solubility of C in Tc
is *1 at.% C.

[241, 391, 840,
943]

C–Re Re, metastable carbides (?), C
Eutectic Re–C
(*2480–2505 �C, *16.5–23
at.% C)

The max. solubility of C in Re
is *11–17 at.% C at the Re–C
eutectic temp. The solubility
decreases with temp. decline and
amounts *4.2 at.% C at 1800 �C.
Metastable Re carbides are
synthesized at ultra-high pressures
(6–18 GPa).

[138, 241,
265–266]

(continued)

2.6 Chemical Properties 93



Table 2.13 (continued)

System Type of phase diagram
(constituent phases,
temperatures
and compositions of
transformations)

Character of chemical interaction References

Group 8
C–Fe a-Fe, c-Fe, d-Fe, metastable

compounds Fe4C, h-Fe3C
(\*1207–1252 �C), v-Fe5C2,
a-Fe7C3, b-Fe7C3, g-Fe2C,
e-Fe2C and a-Fe2C, C (see refs.
for details)
Eutectic c-Fe–C (1153 �C, 17.1
at.% C)
Metastable eutectic c-Fe–Fe3C
(1147 �C, 17.3 at.% C)

The max. solid solubility of C in
Fe modifications: a-Fe–
*0.090–0.096 at.% (at
727–740 �C), c-Fe–*8.9–9.1 at.%
(at 1147–1153 �C) and d-Fe–
*0.4–0.5 at.% (at 1493–1499 �C).
The presence of various
contaminations decreases the
c-Fe–C eutectic temp. (see refs. for
details). Molten Fe dissolves
considerable amounts of C; the
solubility of C increases with
increasing temp. linearly and
reaches [24 at.% C at 2000 �C. Fe
carbides are not formed directly
from the elements. The limiting
wetting angle of molten pure Fe is
60� (vacuum, 1425–1540 �C), 0�
(vacuum, C1550 �C), 37� (H2,
1550 �C); for Fe–4.3 at.% C alloy:
90� (vacuum, 1540 �C); for Fe–5
at.% C alloy: 130� (vacuum,
1540 �C). For diffusion rate in the
system at various temp. see
Addendum.

[138, 238, 241,
244, 267–268,
530, 907]

C–Ru Ru, metastable carbides (?), C
Eutectic Ru–C
(*1940–1965 �C, *18 at.%
C)

The max. solubility of C in solid
Ru is *3–4 at.% C (at eutectic
temp.). At 1000 �C the solubility
amounts *0.4 at.% C. At
800–1200 �C the solubility of C in
Ru is obeyed the rule:
lgx (in at.% C) = 3.02–4438/T
(in K)
The solubility of C in liquid Ru at
boil. point (4150 �C) is *30 at.%
C.

[238, 241, 244,
945]

C–Os Os, metastable carbides (?), C
Eutectic Os–C
(*2730 �C, *10–17 at.% C)

The max. solubility of C in solid
Os is *2 at.% C (*2730 �C); in
liquid Os at boil. point (5010 �C) it
is 39.1–39.7 at.% C.

[138, 238, 241,
244]
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Table 2.13 (continued)

System Type of phase diagram
(constituent phases,
temperatures
and compositions of
transformations)

Character of chemical interaction References

Group 9
C–Co e-Co, a-Co, metastable

compounds Co3C and Co2C, C
Eutectic a-Co–C
(*1310–1320 �C,
*11.2–12.5 at.% C)
Metastable eutectic
a-Co–Co3C (*1190 �C,
*17.4–21.0 at.% C)
Gas-eutectic Co–C (gas–liquid-
graphite non-variant equi-
librium, *2415 �C, *38–39
at.% C)

The presence of C decreases the
e-Co ? a-Co transition temp. up
to *400–420 �C and magnetic
(paramagnetic-ferromagnetic)
phase transition up to 1035 �C.
The max. solubility of C is
*4.1–4.3 at.% (in a-Co at the
a-Co–C eutectic temp.) At room
temp. the solubility of C in e-Co–
0.49 at.% C. Molten Co dissolves
considerable amounts of C
(from *12 at.% at 1320 �C to
*28 at.% C at 2400–2415 �C).
Practically, no solubility of Co in
graphite. Co carbides are not
formed directly from the elements.
The limiting wetting angle of
molten pure Co is 82� (vacuum,
1425 �C); for Co–2.7 at.% C alloy:
130� (vacuum, 1495 �C). For
diffusion rate in the system at
various temp. see Addendum.

[138, 238, 241,
244, 269, 530,
1021]

C–Rh Rh, metastable carbides (?), C
Eutectic Rh–C
(*1670–1700 �C, *15 at.%
C)

The max. solubility of C in solid
Rh is *1.5–4.0 at.% C (at eutectic
temp.). At 1000 �C the solubility
amounts *0.2 at.% C. At
800–1250 �C the solubility of C in
Rh is obeyed the rule:
lgx (in at.% C) = 3.05–4013/T
(in K).
The solubility of C in liquid Rh at
boil. point (3700 �C) is *16 at.%
C.

[238, 241, 244,
945]

C–Ir Ir, metastable carbides (?), C
Eutectic Ir–C
(*2280–2310 �C, *21–29
at.% C)

The solubility of C in solid Ir is
*3 at.% at the eutectic temp.
and *0.01 at.% C at 1000 �C. At
800–1250 �C the solubility of C in
Ir is obeyed the rule:
lgx (in at.% C) = 1.45–3244/T
(in K).
The solubility of C in liquid Ir at
boil. point (4400 �C) is *31.5
at.% C.

[138, 238, 241,
244]
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Table 2.13 (continued)

System Type of phase diagram
(constituent phases,
temperatures
and compositions of
transformations)

Character of chemical interaction References

Group 10
C–Ni Ni, Ni3C (metastable), C

Eutectic Ni–C
(*1317–1327 �C, *8.5–10
at.% C)
Metastable eutectic Ni–Ni3C
(*1050–1120 �C, *20–23
at.% C)
Gas-eutectic Ni–C (gas–liquid-
graphite non-variant equi-
librium, *2490 �C, *33–34
at.% C)

The solubility of C in solid Ni–
2.5–2.7 at.% at the eutectic temp.
and 0.2–0.4 at.% C at 700 �C. It is
obeyed the rule:
lgx (in at.% C) = 0.2–2600/T
(in K)
at the range of temp. from 500 �C
to 1300 �C. The max. C content in
Ni metastable solid solution
reaches *7.4 at.% C. Molten Ni
dissolves considerable amounts of
C (from 10.9 at.% at 1450 �C to 25
at.% C at 2490 �C). The solubility
of C in liquid Ni is obeyed the
rule:
lgx (in at.% C) = 1.55–896/T
(in K)
at the range of temp. from 1400 �C
to 1700 �C. Practically, no
solubility of Ni in graphite. Ni
carbide is not formed directly from
the elements. The wetting angle of
molten pure Ni: 50� (vacuum,
1455 �C), 68� (H2, 1500 �C);
Ni–2.3 at.% C alloy: 145�
(vacuum, 1455 �C); for other Ni
containing alloys, see Table 2.16.
For diffusion rate in the system at
various temp. see Addendum.

[138, 238, 241,
244, 269–271,
530, 848]

C–Pd Pd, no binary compounds, C
Eutectic Pd–C
(*1505–1515 �C, *8–19
at.% C, ?)

The max. solubility of C in solid
Pd is *7–9 at.% C (at eutectic
temp.). At 900 �C the solubility
amounts *3 at.% C. At
900–1500 �C the solubility of C in
Pd is obeyed the rule:
lgx (in at.% C) = 3.58–1262/T
(in K).
The solubility of C in liquid Pd at
boil. point (2965 �C) is *16–18
at.% C.

[138, 238, 241,
244, 944,
1022]
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Table 2.13 (continued)

System Type of phase diagram
(constituent phases,
temperatures
and compositions of
transformations)

Character of chemical interaction References

C–Pt Pt, metastable compounds Pt7C
(?) and Pt2C, C
Eutectic Pt–C
(*1705–1740 �C, 16.8 at.%
C)

The solubility of C in solid Pt
is *2.5–4.0 at.% at the eutectic
temp., *1.7 at.% C at 1245 �C
and *0.8 at.% C at 875 �C. At
870–1250 �C the solubility of C in
Pt is obeyed the rule:
lgx (in at.% C) = 1.4–1800/T
(in K)
The solubility of C in liquid Pt at
boil. point (3800 �C) is *19 at.%
C.

[138, 238, 241,
244]

Group 11
C–Cu Cu, unstable compounds (e.g.

Cu2C2 and CuC2), C
Peritectic Cu (*1100 �C,
*0.04 at.% C)

No interaction. At melt. point
(1084.87 �C) the solubility of C in
solid Cu is *100 times higher
than the similar value in liquid
Cu: *0.03 and *0.0003 at.% C,
respectively. The solubility of C in
liquid Cu is very low (*0.0027
at.% at 1500 �C and *0.016 at.%
C at 1700 �C). Chemical
compounds, e.g. Cu2C2 and CuC2,
are unstable and formed only
indirectly. The wetting angle of
molten pure Cu: 120–150� (high
vacuum, 1090–1100 �C),
139–145� (on vitreous carbon,
high vacuum, 1090–1100 �C),
157� (vacuum, 1100 �C), 150�
(H2, 1100 �C), 170� (vacuum,
1200 �C); for Cu containing
alloys, see Table 2.16.

[138, 238, 241,
244, 530, 910]
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Table 2.13 (continued)

System Type of phase diagram
(constituent phases,
temperatures
and compositions of
transformations)

Character of chemical interaction References

C–Ag Ag, unstable compounds, C
Peritectic Ag (962.23 �C,
0.036 at.% C)

No interaction. At melt. point
(961.93 �C) the solubility of C in
solid Ag is [105 times higher than
the similar value in liquid Ag
([0.035 and \*10-7 at.% C,
respectively). The solubility of C
in liquid Ag is very low (*0.01
at.% at 1660 �C and *0.02 at.% C
at 1940 �C). Chemical
compounds, e.g. Ag2C2, are
unstable and formed only
indirectly. The wetting angle of
molten pure Ag: 135–150� (high
vacuum, 970–1100 �C), 167�
(vacuum, 1000 �C); for Ag
containing alloys, see Table 2.16.

[138, 238, 241,
530, 910]

C–Au Au, unstable compounds (e.g.
Au2C2), C
Eutectic Au–C (*1040–
1050 �C, *4.7 at.% C, ?)

The max. solubility of C in solid
Au is *0.080–0.082 at.% C (at
eutectic temp.). The solubility of C
in liquid Au at boil. Point
(2860 �C) is *4.9 at.% C.
Chemical compounds, e.g. Au2C2,
are unstable and formed only
indirectly. The wetting angle of
molten pure Au on graphite single
crystal–119� (vacuum, 1100 �C)
and vitreous carbon—135–138�
(high vacuum, 1100 �C).

[138, 238, 241,
910]

Group 12
C–Zn Zn, unstable compounds (e.g.

ZnC2), C
No diagram plot

No interaction. The solubility of C
in liquid Zn at boil. point is
negligible (traces). Zn carbide
ZnC2 is unstable and formed only
indirectly. At 600–700 �C the
corrosion resistance of graphite in
liquid Zn is very high. For
diffusion rate in the system at
various temp. see Addendum.

[138, 238,
241]
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Table 2.13 (continued)

System Type of phase diagram
(constituent phases,
temperatures
and compositions of
transformations)

Character of chemical interaction References

C–Cd Cd, unstable compounds, C
No diagram plot

No interaction. The solubility of C
in liquid Cd at boil. point is
negligible (traces). For the range
of temp. from melt. point
(321.1 �C) to boil. point (767 �C),
theoretical estimation gives the
values of C solubility in molten Cd
from 3 9 10-14 to 2 9 10-7 at.%
C, respectively. Carbide CdC2 is
unstable and formed only
indirectly

[138, 238,
241]

C–Hg Hg, unstable (e.g. Hg2C2,
HgC2,) and lamellar (e.g.
HgC16, at least at 25–105 �C,
?) compounds, C
No diagram plot

No interaction. The solubility of C
in liquid Hg at boil. point is
negligible (traces). C is the least
soluble element in Hg. For the
range of temp. from melt. point
(–38.8 �C) to boil. point
(356.6 �C), theoretical estimation
gives the values of the C solubility
in molten Hg from *10-40 to
2 9 10-15 at.% C, respectively.
Carbides HgC2 and Hg2C2 are
metastable and formed only
indirectly. At 300–600 �C the
corrosion resistance of graphite in
liquid Hg is very high (30 days
exposure with circulating Hg). The
contact wetting angle of molten
pure Hg: 154� (air, 20 �C).

[138, 238, 241,
530, 913–914]

(continued)

2.6 Chemical Properties 99



Table 2.13 (continued)

System Type of phase diagram
(constituent phases,
temperatures
and compositions of
transformations)

Character of chemical interaction References

Group 13
C–B b-B, B51C (or B50C,\1280 �C,

metastable, ?), B56C2 (?),
B50C2 (or B25C, C2B2B48,
\1100–1245 �C, metastable,
?), B49C3 (?), B24C (?), B8C
(?), B13C2±x (\2450 �C,
congruent melt. point corresp.
to *B5.25C, homog. range—
*11.5–20.0 at.% C at
2350 �C, *9.5–19.7 at.% C at
1980 �C and *12.0–13.4 at.%
C at 1400 �C, ?), B13C3–x

(1200–1980 �C, homog.
range—18.0–18.5 at.% C at
1850 �C, ?), B4±xC
(\*2450 �C, congruent melt.
point corresp. to *B3.95–4.45C,
homog. range—*10.0–24.3
at.% C at 2375–2245 �C,
*9.3–22.3 at.% C at 2080 �C
and *9.2–21.6 at.% C at
1800 �C, ?), B11C4 (?), *BC2

(?), *BC3 (or BnCm, ?), C
Peritectic b-B (*2080–2105 �C,
*1.0–1.4 at.% C, ?)
Eutectic b-B–B4±xC
(*2075–2080 �C,\1 at.% C, ?)
Eutectic B4±xC–C
(*2245–2390 �C, *28.5–30.0
at.% C)
Phase diagram data available in
literature are controversial

The solubility of C in B is
negligible. The max. solubility of
B in graphite is 2.3 at.% at
2390 �C. It decreases with temp.
decreasing and amounts *1 at.%
C at 1700 �C. B carbides are
formed directly from the elements
at elevated temp. For diffusion rate
in the system at various temp. see
Addendum.

[138, 238, 241,
244, 252, 272–
279, 321, 359,
724, 1019]
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Table 2.13 (continued)

System Type of phase diagram
(constituent phases,
temperatures
and compositions of
transformations)

Character of chemical interaction References

C–Al Al, Al3C2 (\1730 �C, ?), Al4C3

(\*1970–2250 �C (?),
incongruent melt. point,
invariable compos.), C
Data on phase diagram
available in literature are
controversial.

Practically, no solubility of C in
solid Al. The solubility of C in
liquid Al is extremely low: 0.7
at.% at 1200 �C, 0.31 at.% at
1000 �C and 0.22 at.% at 800 �C.
Al carbide is formed directly from
the elements in H2 at
1200–1300 �C. The wetting angle
of molten pure Al in vacuum is
123� at 830 �C (initially, before
reaction), *145–160� at
875–1000 �C, *140� at 1100 �C,
*85� at 1200 �C (5 min
exposure), *50–70� at 1200 �C
(long-term exposure), 139� at
830 �C (on vitreous carbon, before
reaction); pure Al wets sintered
Al4C3 with a contact angle of 55�
at 1100 �C; for Al containing
alloys, see Table 2.16.

[138, 238, 241,
244, 277, 278–
280, 307, 530,
661, 910, 946–
947, 1016]

C–Ga Ga, no binary compounds, C
No diagram plot

No interaction. Ternary
compounds are formed by the
interaction of transition metal
carbides with Ga. At 600 �C the
corrosion resistance of graphite in
liquid Ga is very high. The wetting
angle of molten pure Ga on
vitreous carbon: 138� (high
vacuum, 30 �C), 125� (high
vacuum, 900 �C).

[138, 238, 278,
681, 910]

C–In In, no binary compounds, C No interaction. Ternary
compounds are formed by the
interaction of transition metal
carbides with In. The wetting
angle of molten pure In on graphite
or vitreous carbon: 135–150� (high
vacuum, 200–800 �C).

[238, 278, 681,
704, 910]

C–Tl a-Tl, b-Tl, TlCx (metastable,
?), C
No diagram plot

No solubility of C in liquid Tl.
Ternary carbides are formed by the
interaction of transition metal
carbides with Tl. For the range of
temp. from melt. point (304 �C) to
boil. point (1473 �C), theoretical
estimation gives the values of C
solubility in molten Tl from
4 9 10-17 to 1 9 10-4 at.% C,
respectively.

[238, 241, 278,
681]

(continued)

2.6 Chemical Properties 101



Table 2.13 (continued)

System Type of phase diagram
(constituent phases,
temperatures
and compositions of
transformations)

Character of chemical interaction References

Group 14
C–Si Si, Si5C3 (?), a-SiC (variety of

polytypes), b-SiC
(\*2500–2830 �C,
incongruent melt. point,
invariable compos.), SiC2 (?),
C
Eutectic Si–SiC
(*1400–1410 �C,
*0.03–1.25 at.% C, ?)
Data available in literature on
a-SiC $ b-SiC transformation
are controversial.

The solubility of C at eutectic
temp.: in liquid Si–5 9 10-3 at.%.
and in solid Si–(779) 9 10-4

at.% (?). At 1150–1350 �C the
solubility of C in Si is obeyed the
rule:
lgx (in at.% C) = 3.2–10,400/T
(in K)
Si carbides are formed directly
from the elements at elevated
temp. At temp. [2000 �C in
vacuum, SiC decomposes with the
formation of graphite. Data
available in literature on the
solubility of C in Si are
controversial. SiC is perfectly
wetted by molten Si, the contact
angle of Si on a-SiC is 30–40�.
The wetting kinetics of Si on C is
fast, the contact angle of 40–50� is
reached in less than 40–60 s; on
polycrystalline graphite the final
contact angle is 10–30�. For
diffusion rate in the system at
various temp. see Addendum.

[138, 238,
241–244, 252,
278–282, 359,
705–708,
1015]

C–Ge Ge, no binary compounds, C
Eutectic (degenerative) Ge–C
(*938 �C, ?)

No interaction. Ge ternary carbides
are formed by the interaction of
transition metal carbides with Ge.
Practically, no solubility of C in
solid Ge. Near the melt. point
(938 �C) the solubility of C in
liquid Ge is 0.23 at.%, but it
increases near the boil. point
(2834 �C) considerably. The
wetting angle of molten pure Ge
on graphite or vitreous carbon:
135–150� (high vacuum,
950–1100 �C).

[238, 241, 244,
681, 709, 910]
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Table 2.13 (continued)

System Type of phase diagram
(constituent phases,
temperatures
and compositions of
transformations)

Character of chemical interaction References

C–Sn a-Sn, b-Sn, intercalated
fullerenes (Sn(C60), Snx(C60)
and other), C
No diagram plot

For the range of temp. from melt.
point (232 �C) to boil. point
(2270 �C), theoretical estimation,
in accordance to
lgx (in at.% C) = –1.685–13,800/T
(in K),
gives the values of C solubility in
molten Sn from 1 9 10-25 to
8 9 10-4 at.% C, respectively. Sn
ternary carbides are formed by the
interaction of transition metal
carbides with Sn. The corrosion
resistance of graphite in liquid Sn is
very high. The wetting angle of
molten pure Sn on graphite or
vitreous carbon: *135–150� (high
vacuum, 250–800 �C).

[138, 238, 241,
681, 910, 948]

C–Pb Pb, PbC2 (metastable, ?), C Practically, no solubility of C in
solid Pb. The solubility of C in
liquid Pb is: 0.41 at.% at 1170 �C,
0.79 at.% at 1415 �C and 1.6 at.%
C at 1555 �C. Pb ternary carbides
are formed by the interaction of
transition metal carbides with Pb.
Data on C solubility available in
literature are controversial. At
300 �C the corrosion resistance of
graphite in liquid Pb is very high.
The wetting angle of molten pure
Pb on vitreous carbon: 142� (high
vacuum, *330 �C).

[138, 238, 241,
681, 710, 910]

Group 15
C–N N, variety of compounds (e.g.

C2N2, some polymorphs of
C3N4, azafullerenes (C59N)2,
C58N2, C57N3, C48N11,
cyanofullerenes (C60(CN)2n,
n = 179), percyanoalkynes
(-alkenes, -alkanes),
perazidoalkynes (-alkenes,
-alkanes),
percyanoheterocycles,
dicyanopolyynes, aromatic
cyanocarbons etc.), C

No direct interaction at high temp.
without any special activation (e.g.
microwave radiation, electrical
discharge etc.), so N2 is
recommended for graphite as a
protective atmosphere at
temp. B2500–3000 �C. At higher
temp. gas cyanogen (dicyan) C2N2

is formed. Several polymorphs of
C nitride (C3N4) and related
structures are prepared in the form
of films by employing special
technological routes.

[5, 138, 238,
283–284, 359,
531, 711–717]
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Table 2.13 (continued)

System Type of phase diagram
(constituent phases,
temperatures
and compositions of
transformations)

Character of chemical interaction References

C–P P, some unstable compounds
(e.g. C6P6), intercalated
fullerenes (P8(C60) and other),
C

No direct interaction. C6P6 is
formed by special reaction
pathways. Ternary carbides are
formed by the interaction of
transition metal carbides with P.

[238, 681, 718,
949, 1024]

C–As As, AsC3 (?), C
No diagram plot

The solubility of C in As near the
boil. point is extremely low. As
carbide has been prepared indirect
methods; ternary carbides are
formed by the interaction of
transition metal carbides with As.

[138, 238, 241,
681]

C–Sb Sb, no binary compounds, C
No diagram plot

At 1300 �C the solubility of C in
liquid Sb is *1 at.%. At 600 �C
the corrosion resistance of graphite
in liquid Sb is very high.

[138, 238,
241]

C–Bi Bi, no binary compounds, C
No diagram plot

No interaction. The solubility of C
in Bi near the boil. point (1565 �C)
is very low. At 600 �C the
corrosion resistance of graphite in
liquid Bi is very high. The wetting
angle of molten pure Bi on
vitreous carbon: 142� (high
vacuum, *300 �C).

[138, 238, 241,
910]

Group 16
C–O O, CO2, CO, C3O2

(metastable), fullerene
containing compounds
(O3)x(C60), (O3)x(C70) and
other, C

Graphite is in equilibrium with
CO2 (\400 �C), or CO ? CO2

(*400–1000 �C), or CO
(*1000–3200 �C). In common
conditions the oxidation of carbon
in air initiates from 450–500 �C.
The oxidation process is controlled
by the mechanisms of the chemical
reaction of gasification at
600–800 �C (Q = 170–200
kJ mol-1), or gas diffusion at
800–1000 �C (Q = 20–45
kJ mol-1). At temp. \600 �C the
main product of oxidation is CO2,
at higher temp.—CO. The average
oxidation rate of pyrolytic carbon
is *0.12 (\900 �C) and *1.2
([2000 �C) kg m-2 s-1. The
oxidation rate of graphitized
materials in air flow (150 cm3

s-1): at 350 �C–0.1, 400 �C–0.6,
500 �C–80 and 600 �C–800
kg m-2 s-1.

[5, 136, 238,
285–289, 531,
664, 996,
1025]
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System Type of phase diagram
(constituent phases,
temperatures
and compositions of
transformations)

Character of chemical interaction References

C–S a-S, b-S, S12CS2 (?), C3S8 (?),
CS2, a-C2S3 (?), b-C2S3 (?),
C3S4 (?), CS, C3S2, C2S (?),
fullerene containing com-
pounds (S8CS2(C60),
(S8)2(C60), S48(C70), S48(C76)
and other), C
No complete diagram plot

C sulfides are formed directly from
the elements at elevated temp. S
ternary carbides are formed by the
interaction of transition metal
carbides with S.

[5, 238, 681,
950, 997]

C–Se Se, CSe2, C
No diagram plot

No direct interaction. CSe2 is
synthesized by special reaction
pathways.

[5, 238, 241]

C–Te Te, no binary compounds, C
No diagram plot

No interaction [238, 850]

C–Po a-Po, b-Po, no binary
compounds, C
No diagram plot

No interaction with Po vapours at
temp. B700 �C.

[241]

Group 17
C–F F, variety of compounds,

including fullerene containing
(e.g. (C60)F18 and other), C

The intensive interaction of C with
F2 begins at 500–600 �C CF4,
C2F6 and other fluoro-carbons are
formed directly from the elements.
At 450 �C CFn (n B 1, variable
compos. from CF to C4F)
intercalation (lamellar) compounds
are synthesized.

[5, 238, 290,
953]

C–Cl Cl, variety of compounds,
including fullerene containing
(e.g. (C60)Cl5 and other), C

No direct interaction with Cl2 at
temp. \2300 �C. C8Cl and other
lamellar (intercalate) compounds
are synthesized by special reaction
pathways.

[138, 238, 290,
952, 999]

C–Br Br, CBr4, C8Br, (or C16Br2, or
C56Br�3Br2, lamellar com-
pound), fullerene containing
compounds ((C60)Br, a-(C60)
Br24�Br2, b-(C60)Br24�Br2,
(C70)Br14 and some other), C
No diagram plot

Intercalation (lamellar) and full-
erene containing compounds are
synthesized.

[5, 238, 290,
951]

C–I I, CI4, C2I4 (?), C2I2 (?),
fullerene containing com-
pounds ((C60)(I2), (C60)(I2)2

and some other), C
No diagram plot

– [238, 954]

C–At No data – –
a The intervals of temperatures and compositions for the melting and invariant equilibria points,
homogeneity ranges and thermal stability regions of constituent phases are given taking into
account the minimal and maximal values (data spread) available in literature
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The data on the selected ternary, quaternary, quasi-binary, quasi-ternary and
multi-component carbon containing systems, which are the most important for the
design, manufacture and application of ultra-high temperature materials, are
summarized in Table 2.14. The composition and temperature stability regions for
the main binary and ternary carbon containing high temperature phases are given
in Tables 2.13, 2.14 taking into account the spread of numerical magnitudes
available in literature currently.

Table 2.14 Chemical interaction of carbon (graphite) with elements and compounds at elevated,
high and ultra-high temperatures (selected ternary, quaternary, quasi-binary, quasi-ternary and
multi-component systems in alphabetical order)a

System Type of phase diagram (temperature and composition
sections, constituent phases or phase fields) and/or
character of interphase interaction and materials
compatibility

References

C–Al–B Plotted at 900, 1000 and 1400 �C: Al2+xB51C8 (x = 0.1),
AlB40C4 (eventually high-temp. phase of Al2+xB51C8, ?),
a-Al3B48C2 (\650 �C), b-Al3B48C2 (or Al3B44C2,
[650 �C), Al3BC3 (or Al8B4C7, 2Al4C3�B4C, \1835 �C),
Al3BC (\1100 �C), Al2B3 (B*955 �C, ?), AlB2

(B*955–980 �C), AlB10 (1660–1850 �C), a-AlB12

(B*1450–1550 �C), b-AlB12 (*1450–2150 �C, ?),
c-AlB12 (*1550–2150 �C, ?), B4±xC, Al4C3, Al, b-B, C

[241–242, 244, 277,
291, 313]

C–Al–B–N No diagram plot
Al1-xB24C4N1+y (or Al0.185B6CN0.256)
No interaction between B4±xC and AlN in powder mixtures
at 1500–1850 �C (hot pressing in graphite dies without
protective environment).

[892, 955]

C–Al–B–Si Al4C3–B4C–SiC is plotted at 1800 �C: Al8B4C7 (or
2Al4C3�B4C), Al4SiC4 (or Al4C3�SiC), Al4Si2C5 (or
Al4C3�2SiC), Al4C3, B4±xC, SiC

[292]

C–Al–Be–Si Al4C3–Be2C–SiC is plotted at 1860 �C: Al16Be2SiC14 (or
4Al4C3�Be2C�SiC), Al24Be2Si4C23 (or 6Al4C3�Be2C�4SiC,
?), Al16Be4SiC15 (or 4Al4C3�2Be2C�SiC), Al8Be2SiC8 (or
2Al4C3�Be2C�SiC), Al6BeC5 (or 3Al4C3�Be2C), Al2BeC2

(or Al4C3�Be2C), Al2Be3C3 (or Al4C3�3Be2C), Al4SiC4 (or
Al4C3�SiC), Al4C3, Be2C, SiC

[295–297]

C–Al–Cr–Ti No diagram plot
(Ti,Cr)2AlC (Mn+1AXn-phase solid solution)

[680–681, 860]

C–Al–Cr–V No diagram plot
(V,Cr)2AlC, (V,Cr)3AlC2 (Mn+1AXn-phase solid solutions),
(V,Cr)5Al2C3 (Mn+1AXn-phase solid solution, intergrown
structure, ?)

[680–681, 744–745,
860]

C–Al–Hf Plotted at 700 �C: Hf2Al3C4, Hf3Al3C5 (or HfAlC1.67),
Hf5Al3C, HfAl3 (\1590 �C), HfAl2 (\1650 �C), Hf2Al3
(\1640 �C), HfAl (\1800 �C), Hf4Al3 (\*1420 �C),
Hf3Al2 (\*1595 �C), Hf2Al (\*1145 �C), Al4C3. HfC1–x,
a-Hf, b-Hf, C
Depending on compos., graphite is in equilibrium with
Hf2Al3C4 ? HfC1–x, or Hf2Al3C4 ? Al4C3.
The interaction between HfC1–x and Al at temp. [1250 �C
leads to the formation of solid solutions (?).

[242, 896, 956, 965]
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Table 2.14 (continued)

System Type of phase diagram (temperature and composition
sections, constituent phases or phase fields) and/or
character of interphase interaction and materials
compatibility

References

C–Al–Ir Plotted partially at 1100 �C: no ternary compounds (at least
in the Ir rich part of the system), IrAl1±x (\2120 �C),
Ir2Al5±x (\*1615 �C), IrAl3 (\1450 �C), Ir4Al13

(\1015 �C), Ir2Al9 (\900 �C), Al4C3, Al, Ir, C
In the wide compos. range graphite is in equilibrium with
metal Ir based solid solution and IrAl1±x.

[241, 244, 593, 995]

C–Al–Mn–Si Mn5Si3Cx–Mn3AlCx–Mn15Si3C2–C and Mn5Si3Cx–
Mn3AlCx–Al4C3–C are plotted schematically.

[298–299]

C–Al–Mo Plotted at 1000 and 1450 �C: Mo3-xAl2+xC
(–0.12 B x B 0.24, or Mo0.4670.52Al0.3170.37C0.17),
(Al,Mo)4C3 (solid solution based on Al4C3; B 5 at.% Mo),
MoAl12 (\*690 �C), MoAl5 (\735 �C), MoAl4 (or
Mo4Al17, \1130 �C), Mo3Al8±x (\*1550 �C), MoAl2-x

(x = 0.3, *1490–1570 �C), MoAl1±x (*1470–1720 �C),
Mo3±xAl (\2150 �C), a-Mo2+xC, a0-Mo2+xC, b-Mo2±xC,
g-MoC1–x, a-MoC1–x, c-MoC, Al, Mo, C
The interaction between b-Mo2±xC and Al at
temp. [1250 �C leads to the formation of solid solutions
(?).

[242, 896, 957]

C–Al–Mo–Ni Plotted schematically and partially
General consideration of the system.

[851]

C–Al–N–Si Al4C3–AlN–SiC is plotted at 1860 �C: Al9+xSi1–xN1+xC7–x

(–0.04 B x B 0.04), Al5SiNC4 (or Al4C3�AlN�SiC),
Al8SiC7 (or 2Al4C3�SiC), Al4SiC4 (or Al4C3�SiC), Al4Si2C5

(or Al4C3�2SiC, ?), Al5NC3 (or Al4C3�AlN), Al3NC (?),
AlN (\2400–2450 �C), Al4C3, SiC
Si3N4–AlN–SiC and Al4C3–AlN–SiC are plotted at 1760
and 1860 �C, respectively: Al5–xSixN1–xC3+x (0 \ x B 0.4),
Al5–xSixN1–xC3+x (x & 0.5), Al5–xSixN1–xC3+x

(0.85 B x \ 1), Al5SiNC4 (or Al4C3�AlN�SiC), Al5NC3 (or
Al4C3�AlN), Al4SiC4 (or Al4C3�SiC), AlN
(\2400–2450 �C), b-Si3N4 (\*1800–1900 �C), Al4C3,
SiC

[280, 297, 300–302]

C–Al–N–Ti No diagram plot
Ti2AlCx–yNy (x = *0.8, 0 B y B*0.8), Ti3Al(C,N)2

(Mn+1AXn-phase solid solutions)

[680–681, 744–745,
860]

C–Al–Nb Plotted at 700 and 800 �C: Nb2AlC (Mn+1AXn-phase),
a-Nb4AlC3, b-Nb4AlC3 (Mn+1AXn-phases, ?), NbAl3-x

(\1680 �C), Nb2±xAl (\1940 �C), Nb3+xAl (\2060 �C),
Al4C3, a-Nb2C, b-Nb2+xC, c-Nb2±xC, f-Nb4C3–x, Nb6C5±x,
NbC1–x, Al, Nb, C
No solid solutions based on ternary and binary compounds.

[680–681, 744–745,
860, 896, 898, 958–
959, 965]

C–Al–Nb–Ti No diagram plot
(Ti,Nb)2AlC (Mn+1AXn-phase solid solution)

[680–681, 860]

C–Al–Nb–V No diagram plot
(V,Nb)2AlC (Mn+1AXn-phase solid solution)

[680–681, 860]
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Table 2.14 (continued)

System Type of phase diagram (temperature and composition
sections, constituent phases or phase fields) and/or
character of interphase interaction and materials
compatibility

References

C–Al–Nb–Zr No diagram plot
(Nb,Zr)2AlC (Mn+1AXn-phase solid solution)

[680–681, 860]

C–Al–O Plotted at 1000–2400 �C: Al2OC, Al4O4C, AlC9O10 (at
least at 2000–2050 �C), AlC2O2 (at least at 2100 �C),
Al4C7O9 (at least at 2100 �C), AlCO (at least at 2400 �C),
Al2O (?), c-Al2O3–x, a-Al2O3 (\*2030–2055 �C), Al4C3,
Al, O, C
Al2O3–Al4C3 is plotted: Al2OC (1650–2000 �C), Al4O4C
(\1890 �C), a-Al2O3, Al4C3

In vacuum, the interaction between C and a-Al2O3 initiates
in powdered mixtures from *1350 �C, on bulk materials
contacts—from *1800 �C, and is ruled by diffusion stage
(parabolic law) with formation of Al4C3.

[138, 194, 303–304,
382, 960]

C–Al–O–Si No diagram plot
At 2000 �C in powdered mixtures, the interaction between
SiC and Al2O3 in air leads to the formation of elemental Al,
Si and phases close to nonstoichiometric mullite
xAl2O3�ySiO2 (?).

[891]

C–Al–O–Ti No diagram plot
Ti2Al(C,O) (Mn+1AXn-phase oxycarbide solid solution)

[744–745]

C–Al–O–U No diagram plot
At 1900 �C the interaction between b-UC2–x and Al2O3 is
weak.

[242]

C–Al–Si Plotted at \580, 2000 and 2150 �C: Al8SiC7 (or
2Al4C3�SiC), Al4SiC4 (or Al4C3�SiC), Al4C3, SiC, Al, Si, C
Al4C3–SiC is plotted: Al8SiC7 (\2085 �C, incongruent
melt. point), a-Al4SiC4, b-Al4SiC4 (\2080 �C, congruent
melt. point), Al4Si2C5 (or Al4C3�2SiC, ?), Al4Si3C6 (or
Al4C3�3SiC, ?), Al4Si4C7 (or Al4C3�4SiC, ?), Al4C3, SiC
The presence of Si in Al alloys results in the predominant
formation of SiC and suppresses the formation of Al4C3

during the contact interaction of the Al–Si alloys with
graphite.

[242, 292–294, 661,
1002]

C–Al–Ta Plotted at 700 and 1000 �C: Ta2AlC, Ta3AlC2, Ta5Al3C1–x,
a-Ta4AlC3 (\*1600 �C), b-Ta4AlC3 (Mn+1AXn-phases),
Ta3Al2C (?), TaAl3 (\1550–1630 �C, ?), TaAl2
(\*1595 �C, ?), a-Ta2Al3 (\1225 �C, ?), b-Ta2Al3
(*1225–1550 �C, ?), TaAl (\1770 �C, ?), d-Ta2±xAl
(\*2000–2100 �C), Ta3Al (?), Al4C3, a-Ta2+xC,
b-Ta2±xC, f-Ta4C3–x, Ta6C5±x, TaC1–x, Al, Ta, C
The interaction between TaC1–x and Al at temp. C1250 �C
leads to the formation of solid solutions (?).

[242, 680–681, 744–
745, 860, 881, 896,
965]

C–Al–Ta–Ti Plotted at 1100 �C (for 9.1 and 25 at.% C): (Ti,Ta)2AlC
(Mn+1AXn-phase solid solution), (Ta,Ti)C1–x (TaC1–x–
TiC1–x monocarbide continuous solid solution with the
critical point of the miscibility gap calculated to be below
0 �C)

[680–681, 860, 881]

(continued)

108 2 Carbon (Graphene/Graphite)



Table 2.14 (continued)

System Type of phase diagram (temperature and composition
sections, constituent phases or phase fields) and/or
character of interphase interaction and materials
compatibility

References

C–Al–Ta–V No diagram plot
(V,Ta)2AlC (Mn+1AXn-phase solid solution)

[680–681, 860]

C–Al–Ti Plotted at 750–1300 �C: Ti3AlC1–x (x = 0.5,
\1570–1590 �C), Ti2AlC1–x (x = 0.2, \1615–1635 �C,
Mn+1AXn-phase), Ti3AlC2–x (at least at *1300 �C,
Mn+1AXn-phase), b-(Ti,Al) (ordered, *1105–1425 �C),
a2-Ti3±xAl (\*1180–1195 �C), a-Ti2±xAl (\*1500 �C,
?), c-TiAl1±x (\*1455–1480 �C), Ti1–xAl1+x (disordered,
1170–1480 �C), Ti3Al5 (\700–810 �C, ?), a-TiAl2±x

(\*1225–1240 �C), b-TiAl2±x (?), n-Ti5Al11 (from
990–995 �C to *1415 �C, ?), f-Ti2Al5±x (or d-Ti2Al5±x,
or Ti9Al23, from *975–1150 �C to *1385–1430 �C),
a-TiAl3 (\*600–930 �C), b-TiAl3 (from *600–930 to
1355–1395 �C), Al4C3 (no solubility for Ti), TiC1–x, a-Ti,
b-Ti, Al, C
TiC1–x–c-TiAl1±x is partially plotted: Ti2AlC1–x, TiC1–x,
c-TiAl1±x; the max. solubility of TiC1–x in c-TiAl1±x at
1530 �C is 0.9 mol.% and it decreases to \0.7 mol.% as
the temp. decreases to 600–1200 �C.
Non-stoichiometric TiC1–x (0.09 \ x \ 0.18) is resistant to
corrosion in molten Al at temp. \1000–1100 �C; the
interaction of near-stoichiometric TiC1–x (x \ 0.09) with Al
leads to the formation of Al4C3, whereas highly non-
stoichiometric TiC1–x (x [ 0.18) interacts with the
formation of b-TiAl3. At 1250–1400 �C weak interaction
between TiC1–x and Al with the formation of Al4C3 is
observed. At 1700 �C Al vapour penetrates into the porous
structure of TiC1–x without chemical interaction.
The Mn+1AXn-phase of Ti3AlC2 exfoliated in hydrofluoric
acid are employed for the fabrication of TixCy 2D-
nanosheets (graphene-like nanocrystals).

[241–242, 244, 305–
312, 605–606, 624,
680–681, 744–745,
830, 859–860, 881,
896, 903–904, 962]

C–Al–Ti–V No diagram plot
(Ti,V)2AlC (Mn+1AXn-phase solid solution)

[680–681, 860]

C–Al–U Plotted at 600 �C: UAl5C4, a-UAl3C3 (?), b-UAl3C3,
U2Al3C4 (?), a-UAl4+x (\*645 �C), b-UAl4+x

(*645–730 �C), UAl3 (\1350 �C), UAl2 (\1620 �C),
Al4C3, UC1±x, f-U2C3, a-UC2–x, b-UC2–x, a-U, b-U, c-U,
Al, C
UC1±x–UAl2 is plotted: eutectic—1540 �C, *10 mol.%
UC1±x (*3.5 at.% C)
No solid solutions based on ternary and binary compounds.
The interactions between UC1±x and Al at temp. C500 �C,
and between a-UC2–x and Al at temp. C600 �C are active;
and lead to the formation of C, UAl3 and UAl4+x.

[242, 961]
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Table 2.14 (continued)

System Type of phase diagram (temperature and composition
sections, constituent phases or phase fields) and/or
character of interphase interaction and materials
compatibility

References

C–Al–V Plotted at 800 and 1000 �C: V2AlC, V3AlC2 (Mn+1AXn-
phases), V4AlC3–x (x = 1/3, Mn+1AXn-phase, ?), V2Al21

(\*665 �C), V7Al45 (\*690 �C), V4Al23 (\*735 �C),
VAl3 (\1360 �C), V5Al8 (\1670 �C), Al4C3, a-V2+xC,
b-V2±xC, b0-V2+xC, f-V4C3–x, V6C5±x, V8C7±x, VC1–x,
V, Al, C
No solid solutions based on ternary and binary compounds.

[680–681, 744–745,
748, 860, 896, 898,
962]

C–Al–W Plotted at 900 �C: WAlC2–x (x = 071.0, or (W0.5Al0.5)C1–y

with y = 070.5, ?), WxAlyCz (ordered phase W2AlC, ?),
c-WAl12 (\697 �C), d-WAl5–x (\870–871 �C), e-WAl4±x

(\*1325 �C), f-WAl3±x (*1300–1345 �C), g-W3Al7±x

(*1325–1420 �C), h-WAl2±x (*1335–1650 �C), Al4C3,
a-W2+xC, b-W2+xC, c-W2±xC, c-WC1–x, d-WC1±x, W, Al, C
The interaction between d-WC1±x and Al at
temp. C1250 �C leads to the formation of solid solutions
(?).

[242, 541, 644, 896,
963]

C–Al–Zr Plotted at 600, 700 and 1000 �C: Zr3Al3C5, Zr2Al3C5,
Zr5Al3C, Zr2Al3C4 (?), ZrAlC2–x (?), ZrAl3 (\1580 �C),
ZrAl2 (\1645 �C), Zr2Al3 (\1595 �C), ZrAl (\1275 �C),
Zr5Al4 (*1000–1530 �C), Zr4Al3 (\*1035 �C), Zr3Al2
(\*1480 �C), Zr5Al3 (*1000–1400 �C), Zr2Al
(\1250 �C), Zr3Al (\*990 �C), Al4C3, ZrC1–x, a-Zr, b-Zr,
Al, C
The interaction between ZrC1–x and Al at temp. C1250 �C
leads to the formation of solid solutions (?).

[242, 744–745, 882–
883, 896, 964–965]

C–As–Nb No diagram plot
Nb2AsC (Mn+1AXn-phase)

[680–681, 744–745,
860]

C–As–V Plotted at 1100 �C: V2AsC (Mn+1AXn-phase), V3AsC (wide
homog. range), V5As3C1–x (x & 0.3), VAs2, VAs, a-V4As3,
b-V4As3, V3As2, a-V5As3, b-V5As3, c-V5As3,V2As, V3As,
a-V2+xC, b-V2±xC, b0-V2+xC, f-V4C3–x, V6C5±x, V8C7±x,
VC1–x, V, As, C

[680–681, 744–745,
860, 956–967 ]

C–Au–Th No diagram plot
At 850 �C, in vacuum the interaction between ThC1±x and
Au leads to the formation of C and Th14Au51 (or ThAu3).

[242]

C–Au–U No diagram plot
At 950–1100 �C, in vacuum the interaction between UC1±x

and Au leads to the formation of C and U14Au51 (or UAu3).

[242]

C–B–Be No diagram plot
BeB2C (?), BeB12C (?)
The interactions of C with Be4B (or Be5B) and BeB2 at
temp. C900 �C, with Be2B at temp. C1000 �C and with
BeB4 at temp. C1200 �C lead to the formation of Be2C.

[242]
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Table 2.14 (continued)

System Type of phase diagram (temperature and composition
sections, constituent phases or phase fields) and/or
character of interphase interaction and materials
compatibility

References

C–B–Ce Plotted at 1730 �C: Ce5B3C12, Ce5B2C6+x (0 B x B 0.2, ?),
Ce5B4C5 (?), a-CeB2C2 (?), b-CeB2C2 (?), CeB2C4 (?),
CeB2C (?), Ce10B9C12 (?), CeBC (?), CeB4 (\*2380–2390
�C), CeB6±x (\*2290–2550 �C), Ce2C3, a-CeC2,
b-CeC2±x, B4±xC, a-Ce, b-Ce, c-Ce, b-B, C

[241, 244, 391, 690,
958]

C–B–Co No equilibrium phase diagram plot
Co22B4C2

The interaction between B4±xC and Co leads to the
formation of eutectic alloy and solid solutions.

[242, 727]

C–B–Cr Plotted at 1100 and 1450 �C: Cr3(B,C)C1–x (or Cr3BxC1–x,
*1550–1710 �C), Cr3(BxC1–x)2 (or Cr3(C,B)2–x, Cr3BC,
\1810–1830 �C), Cr7(BxC1–x)3±x (or Cr7(C,B)3±x, Cr7BC4,
\1765–1780 �C), Cr23(BxC1–x)6±x (or Cr23(C,B)6±x,
\1575–1615 �C), Cr2±xB (\*1870 �C), Cr5B3±x

(\*1900 �C), a-CrB1±x (B1000 �C, ?), b-CrB1±x

(*1000–2150 �C, ?), Cr3B4±x (\2070–2075 �C), Cr2B3 (at
least at *1000–1500 �C), CrB2±x (\*2150–2250 �C),
CrB4 (\*1450–1500 �C), B4±xC, Cr, b-B, C
CrB2–B4±xC is plotted: eutectic—2150 �C, *40 mol.%
B4±xC (*7–8 at.% C)
CrB2–C is plotted: eutectic—*1875–1980 �C

[241–242, 244, 276,
314–317, 320, 322–
323, 394, 690, 725–
726]

C–B–Cr–N No diagram plot
At 1650 �C the interaction between a-BN and Cr3C2–x leads
to the formation of Cr and Cr2+xN.

[242]

C–B–Cr–Si SiC–CrB2 is plotted: eutectic—2030 �C, *25 mol.% SiC
(12.5 at.% C); the max. solid solubility of CrB2 in SiC
is *2 mol.% and that of SiC in CrB2 is *2.5 mol.% (at
the eutectic temp.)

[318, 566–567]

C–B–Dy No diagram plot
DyBC, DyB2C, DyB2C2, Dy5B2C5, Dy2B4C, Dy5B2C6, ?

[391, 690]

C–B–Eu Plotted at 1500 �C: EuB2C2, EuBxCy (or Eu2(C,B)3),
EuB6–xCx, (0 B x B 0.25, or Eu(C,B)6), EuB6±x

(\*2580–2710 �C), Eu3–xC, Eu2C3, a-EuC2, b-EuC2,
EuC6, B4±xC, Eu, b-B, C

[241, 319, 690]

C–B–Er No diagram plot
ErB2C, ErB2C2, Er5B2C5, Er2B4C, Er5B2C6, ErB28.5C4, ?

[391, 690]

C–B–Gd Plotted at 2000–3000 �C: GdBC, GdB2C2, GdB2C4,
Gd2B2C, Gd2B3C2, Gd3B2C3, Gd3B4C2, Gd3B4C3 (or
Gd0.3B0.4C0.3), Gd3B5C2, Gd4B3C3, Gd4B3C4, Gd5B2C5,
Gd5B2C6, Gd5B8C4, Gd6B9C4, Gd7B4C9 (or
Gd0.35B0.19C0.46, ?), Gd7B5C4 (or Gd0.35B0.45C0.2, ?),
Gd8B7C5 (or Gd0.4B0.35C0.25, ?), Gd8B8C9, Gd8B9C7,
Gd9B8C5 (or Gd10B9C5), Gd9B8C7, Gd9B10C6, Gd10B9C6,
Gd15B4C16, GdB2 (*1280–2050 �C), *Gd2B5

(\2100 �C), GdB4 (\*2650 �C), GdB6±x (\2510 �C),
GdB66 (or GdB100, \2150 �C), Gd3+xC, Gd2C, GdC1–x,
Gd2C3–x, a-GdC2, b-GdC2, GdC6, B4±xC, Gd, b-B, C
No solid solutions based on binary and ternary compounds.

[241, 391, 616–618,
690]
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Table 2.14 (continued)

System Type of phase diagram (temperature and composition
sections, constituent phases or phase fields) and/or
character of interphase interaction and materials
compatibility

References

C–B–Fe Plotted at 700–1080 �C: Fe3(BxC1–x) (or Fe3(C,B),
\*1190–1250 �C, 0.05 B x B 0.90 at 1050 �C),
Fe23(BxC1–x)6 (or Fe23(C,B)6, Fe23C3B3, \800–965 �C),
Fe2B (\*1405 �C), FeB (\*1590 �C), Fe3C, B4±xC,
a-Fe, c-Fe, d-Fe, b-B, C

[241–242, 244, 324–
327, 391]

C–B–Fe–Ti TiC1–x–TiB2±x–Fe is plotted: eutectic—1170 �C, 1 mol.%
TiC1–x, 7.5 mol.% TiB2±x (0.8 at.% C)

[834]

C–B–Hf Plotted at 1400–3200 �C: HfB1±x (\2100 �C), HfB2±x

(\*3250–3410 �C), HfC1–x, B4±xC, a-Hf, b-Hf, b-B, C
Eutectic HfB1±x–a-Hf–b-Hf (1850 �C)
Eutectic HfB2±x–B4±xC–b-B (1950 �C)
Eutectic HfB2±x–B4±xC–C (*2260–2320 �C, *6.5–9.0
at.% Hf, *25.0–28.5 at.% C)
Eutectic HfB2±x–HfC1–x–C (*2480–2515 �C, *21–24
at.% Hf, *38.0–39.7 at.% C)
HfB2±x–B4±xC is plotted: eutectic—*2330–2410 �C,
*68–78 mol.% B4±xC (*15.0–15.8 at.% C); the max.
solid solubility of HfB2±x in B4±xC is \1 mol.% and that
of B4±xC in HfB2±x is \2 mol.% (at the eutectic temp.)
HfB2±x–HfC1–x is plotted: eutectic—*3110–3140 �C,
*35 mol.% HfC1–x (*16.0–16.3 at.% C); the max. solid
solubility of HfB2±x in HfC1–x is *10 mol.% and that of
HfC1–x in HfB2±x is \2 mol.% (at the eutectic temp.)
HfB2±x–C is plotted: eutectic—*2340–2515 �C,
*24–38 mol.% HfB2±x (*35–40 at.% C); the max.
solubility of C in HfB2±x is \3 at.% (at the eutectic temp.)

[138, 241–242, 244,
328–333, 573]

C–B–Hf–Si No diagram plot
The general consideration of HfB2±x–SiC phase relations.

[566–567, 653]

C–B–Hf–W No diagram plot
The general consideration of HfB2±x–a-WC phase
relations.

[653]

C–B–Ho Plotted at 1500 �C: HoBC, HoB2C, HoB2C2, Ho2B2C3,
Ho3B2C3, Ho5B2C6, Ho5B2C5, Ho15B2C17, HoB2

(\2200 �C), HoB4 (\2500 �C), HoB6±x (\2180 �C),
HoB12 (\2100 �C), HoB66 (\2025 �C), Ho2C, Ho5C6,
Ho2C3, HoC2, B4±xC, a-Ho, b-Ho, b-B, C
No solid solutions based on binary and ternary compounds.

[241, 334, 690]

C–B–Ir–Th No diagram plot
ThIr2B2C, ?

[976]
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Table 2.14 (continued)

System Type of phase diagram (temperature and composition
sections, constituent phases or phase fields) and/or
character of interphase interaction and materials
compatibility

References

C–B–La No complete diagram plot
LaBC, LaB2C2, LaB2C4, La5B2C6, (?), La10B9C12, (?),
La15B14C19, (?), La10B5–yC11–x, (or La5B2.172.5C 5.175.5,
?), La5B4C5–x, (x & 0.15, ?), LaB4 (\1800 �C), LaB6±x

(\*2500–2715 �C), La2C3–x, a-LaC2, b-LaC2±x, B4±xC,
a-La, b-La, c-La, b-B, C
LaB6±x–B4±xC is plotted: eutectic—*2220–2260 �C,
*70 mol.% B4±xC (*12.5 at.% C); mutual solubilities of
the components are very low

[241–242, 244, 370,
391, 690]

C–B–La–Mo No diagram plot
LaB6±x and b-Mo2±xC are stable and compatible with each
other at 1800–2100 �C

[242]

C–B–La–Si LaB6±x–SiC is plotted: eutectic—*2090–2130 �C,
*75 mol.% SiC

[568]

C–B–La–Si–
W

a-W2B5–x–LaB6±x–SiC is plotted: triple eutectic—
*1860–1900 �C, *45 mol.% SiC, *10 mol.% LaB6±x;
virtually no mutual solubilities between the components

[570]

C–B–Lu No diagram plot
LuB2C2, Lu3BC3, LuB2C, ?

[690]

C–B–Mn Plotted at 800, 850 and 1000 �C: Mn7BC2 (?), Mn23B3C3

(?), Mn23(C,B)6 (extended solid solution based on Mn23C6),
Mn7(C,B)3 (extended solid solution based on Mn7C3),
Mn5(C,B)2 (extended solid solution based on Mn5C2),
MnB4 (\*1380 �C), MnB2 (*1100–1830 �C), Mn3B4

(\*1825 �C), MnB (\*1890 �C), Mn2B (\*1580 �C),
Mn4B (\*1120 �C), e-Mn4±xC, Mn15C4, Mn3C, B4±xC,
a-Mn, b-Mn, c-Mn, d-Mn, b-B, C

[242, 391, 969–970]

C–B–Mo Plotted at 1300 and 1800 �C: Mo2BC1–x (\2100–2300 �C),
Mo2±xB (\2280 �C), Mo3B2 (1920–2070 �C), a-MoB1–x

(\2180 �C), b-MoB1±x (*1800–2610 �C), MoB2–x

(*1515–2375 �C), Mo2B5–x (\2140 �C), MoB4–x (or
MoB3+x, \*1805 �C), a-Mo2+xC, a0-Mo2+xC, b-Mo2±xC,
g-MoC1–x, a-MoC1–x, c-MoC, B4±xC, Mo, b-B, C
Eutectic MoB2–x–B4±xC–C (*2250–2280 �C, *22 at.%
Mo, *17 at.% C)
Eutectic Mo2BC1–x–b-MoB1±x–C (*2170–2215 �C, *43
at.% Mo, *30 at.% C)
Eutectic Mo2BC1–x–a-MoC1–x–C (*2115–2165 �C, *48
at.% Mo, *41 at.% C)
Eutectic b-MoB1±x–b-Mo2±xC–Mo2BC1–x

(*2260–2270 �C, *56 at.% Mo, *18 at.% C)
Eutectic Mo2±xB–b-Mo2±xC–Mo (*2100–2155 �C, *76
at.% Mo, *10 at.% C)
b-MoB1±x–C is plotted: eutectic—*2300 �C, *45 mol.%
b-MoB1±x (*36 at.% C)

[138, 241–242, 244,
320, 335–337, 394,
690, 853, 877]

(continued)

2.6 Chemical Properties 113
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System Type of phase diagram (temperature and composition
sections, constituent phases or phase fields) and/or
character of interphase interaction and materials
compatibility

References

MoB2–x–C is plotted: eutectic—2180 �C (?)
Mo2BC1–x–C is plotted: eutectic—1825 �C (?)
Mo2B5–x–C is plotted: eutectic—2175–2200 �C (?)
MoB2–x–B4±xC is plotted: eutectic—*30–40 mol.%
B4±xC (?)

C–B–Mo–N No diagram plot
In vacuum the interaction between metal Mo and
composition of a-BN ? 23 mol.% B4±xC begins from
1600 �C (in powder mixtures–from 1500 �C) and leads to
the formation of Mo2±xB, a-MoB1–x (frontal layers) and
b-Mo2±xC (inclusions); at temp. [1700 �C dense
specimens weld together.

[829]

C–B–Mo–Ni No diagram plot
The intensive interaction between B4±xC and Ni–Mo alloy
is observed.

[242]

C–B–Mo–Si No diagram plot
The general consideration of MoB2–x–SiC phase relations.

[566–567]

C–B–N Plotted at 1530–4030 �C: B3CN3 (or B(CN)3, \450 �C),
a-BCxNy (0 B x B*2, BN–C substitutional solid solution,
graphene/graphite-like), b-BCxNy (0 B x B*1, BN–C
substitutional solid solution, diamond-like), variety of
metastable phases–B2CN2, BCN, BC2N, BC3N, (BN)xC1–x,
B1–xCxN, BC4–xN, B50(C1–xNx)2 and others, a-BN (or
h-BN, graphene/graphite-like, \2770–3170 �C), a0-BN (or
r-BN, b-graphite-like), b-BN (or c-BN, diamond-like),
c-BN (lonsdaleite-like), B4±xC, b-B, N, C
a-BN–C is plotted: gas-eutectic B4±xC–C (2385 �C, *30
at.% C)
The interaction between graphite materials and a-BN
initiates from 1900 �C and leads to the formation of B4±xC
and some complex phases. The solubility limit of carbon in
the a-BN is *15 at.%.
The chemical composition of nanotubular structures varies
widely within the C–B–N system. The stacking of C-rich or
BN-rich tubular shells in multiwalled structures can be
varied as well.

[241–242, 244, 338–
346, 359, 571–572,
635–638, 735, 862,
867, 878–879, 886]

C–B–N–Nb No diagram plot
In vacuum the interaction between metal Nb and
composition of a-BN ? 23 mol.% B4±xC begins from
1600 �C and leads to the formation of NbB1±x and NbB2±x;
at 1900 �C dense specimens weld together.

[829]

C–B–N–Si Plotted at 1400 and 2000 �C: Si3B20C2 (?), a-BN (or h-BN,
graphene/graphite-like, \2770–3170 �C), SiB3±x

(\*1270 �C), SiB6 (\1850 �C), SiBn

(\*2020–2035 �C), a-Si3N4 (metastable, ?), b-Si3N4

(\*1800–1900 �C), B4±xC, a-SiC, b-SiC, Si, b-B, N, C

[241, 244, 359, 571–
572, 762]
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System Type of phase diagram (temperature and composition
sections, constituent phases or phase fields) and/or
character of interphase interaction and materials
compatibility

References

C–B–N–Ta No diagram plot
In vacuum the interaction between metal Ta and
composition of a-BN ? 23 mol.% B4±xC begins from
1600 �C and leads to the formation of Ta3B4±x (traces of
k-TaB1±x, TaB2±x and c-Ta2±xN).

[829]

C–B–N–Ti Plotted schematically
General consideration of the system.

[571]

C–B–N–W No diagram plot
In vacuum the interaction between metal W and
composition of a-BN ? 23 mol.% B4±xC begins from
1900 �C (in powder mixtures—from 1800 �C) and leads to
the formation of W2±xB and a-WB1±x (at temp.[2100 �C).

[829]

C–B–Nb Plotted at 1750 �C: Nb3B3C (\2970 �C), Nb4B3C2 (?),
Nb7B6C3 (?), Nb7B4C4 (?), Nb3B2 (\*1800–2230 �C),
NbB1±x (\*2270–2915 �C), Nb5B6 (\*2295–2870 �C,
?), Nb3B4 (\*2700–2935 �C), NbB2±x (\*3000–
3035 �C), a-Nb2C, b-Nb2+xC, c-Nb2±xC, f-Nb4C3–x,
Nb6C5±x, NbC1–x, B4±xC, Nb, b-B, C
Eutectic NbB2±x–Nb3B4–Nb3B3C (2900 �C, *43 at.%
Nb, *12.5 at.% C)
Eutectic NbB2±x–NbC1–x–Nb3B3C (2700 �C, *41.5 at.%
Nb, *15.5 at.% C)
Eutectic NbB1±x–Nb5B6–NbC1–x (2730 �C, *49.5 at.%
Nb, *8 at.% C)
Eutectic Nb3B4–NbC1–x–Nb3B3C (2340 �C, *44.5 at.%
Nb, *12.5 at.% C)
Eutectic Nb–NbB1±x–b-Nb2+xC (2060 �C, *75 at.%
Nb, *7 at.% C)
Eutectic NbB2±x–NbC1–x–C (2570 �C, 28.5 at.% Nb, 31.5
at.% C)
Eutectic NbB2±x–B4±xC–C (2245 �C, *15 at.% Nb,
*22.5 at.% C)
Nb3B4–Nb3B3C is plotted: eutectic—2940 �C,
*12–13 mol.% Nb3B4 (*12.5 at.% C)
NbB2±x–Nb3B3C is plotted: eutectic—2910 �C,
*16–17 mol.% NbB2±x (*13 at.% C)
Nb3B3C–NbC1–x is plotted: eutectic—2790 �C,
*3–5 mol.% NbC1–x (*14.5 at.% C)
NbB1±x–NbC1–x is plotted: eutectic—*2800 �C,
*20 mol.% NbC1–x (*8.5 at.% C)
Nb3B4–NbC1–x is plotted: eutectic—2830 �C,
*50 mol.% NbC1–x (*10 at.% C)
NbB2±x–NbC1–x is plotted: eutectic—*2600–2900 �C
(?), *43–47 mol.% NbC1–x (*16–18 at.% C)
NbB2±x–B4±xC is plotted: eutectic—*2220–2280 �C,
*60–65 mol.% B4±xC (*12–13 at.% C, ?); the max. solid
solubility of NbB2±x in B4±xC is *3 mol.% and that of

[138, 241–244, 336,
347–351, 394, 832,
877]
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System Type of phase diagram (temperature and composition
sections, constituent phases or phase fields) and/or
character of interphase interaction and materials
compatibility

References

B4±xC in NbB2±x is *2 mol.% (at the eutectic temp.)
NbB2±x–C is plotted: eutectic—*2360–2710 �C,
*32–40 mol.% NbB2±x (*29 at.% C)
At 2200 �C in vacuum the interaction of graphite with
NbB1±x results in the formation of NbB2±x and NbC1–x.
Some data on the system available in literature are
controversial.

C–B–Nb–Si No diagram plot
The general consideration of NbB2±x–SiC phase relations.

[566–567]

C–B–Nd No diagram plot
NdB2C2, Nd5B2C5, Nd2BC, Nd10B9C12, Nd5B2C7+x

(x & 0.1), NdBC, ?

[391, 690]

C–B–Ni Plotted at 900–1300 �C: NixByCz (or Ni2B1–xCx,
Ni6.6B2.7C0.6, ?), Ni3B (\*1155 �C), Ni2B (\1125 �C),
Ni4B3–x (or o-Ni4B3, x & 0.2, \1025 �C), Ni4B3+x (or
m-Ni4B3, x & 0.1, \*1030 �C), NiB (\1035 �C), B4±xC,
Ni, b-B, C
The contact interaction between B4±xC and Ni results in the
formation of multi-phase transition zone, including Ni4B3

phase.

[241–242, 244, 727–
729]

C–B–Ni–Si No diagram plot
The intensive interaction between B4±xC and Ni-Si alloy is
observed at 1450–1480 �C.

[242]

C–B–Ni–Y Plotted at 1300 �C: YNi2B2–yCx (x = 1, 0 B y B 1),
YNiB4–xCx, YNiBC, NixByCz (or Ni2B1–xCx, Ni6.6B2.7C0.6,
?), YNi4B, YNi12B6, YNiB4, Y2Ni3B6, YNi8B3, Y4NiB13,
Y3Ni7B2, YNi2C2, Y5Ni29C3, YNiC2, YBC, YB2C2, YB2C,
Y2BC2, YB2 (\*2100–2320 �C), YB4 (\*2610–
2800 �C), YB6±x (\*2600–2780 �C), YB12 (\2200 �C),
YB66 (\2100 �C), Ni3B (\*1155 �C), Ni2B (\1125 �C),
Ni4B3–x (x & 0.2, or o-Ni4B3, \1025 �C), Ni4B3+x

(x & 0.1, or m-Ni4B3, \*1030 �C), NiB (\1035 �C),
Y2±xC, YC1±x, a-Y3C4–x, b-Y3C4–x, a-Y2C3–x, b-Y2C3–x,
a-YC2, b-YC2±x, B4±xC, a-Y, b-Y, Ni, b-B, C
At 1300 �C the complex compounds YNiB4–xCx and
YB2C2 are stable in the presence of graphite.

[241–242, 244, 728,
730]

C–B–Os–Th No diagram plot
ThOs2B2C?

[976]

C–B–Pd No diagram plot
Pd5BCx (x & 0.2, ?)
At 1480–1500 �C the interaction between B4±xC and Pd
results in the formation of Pd borides.

[242]

C–B–Pr No diagram plot
PrB2C2, Pr10B9C12, Pr2BC, Pr5B2C5, PrBC, Pr10B4C13-x

(0 B x B 0.5, or Pr5B2C6.2576.50), ?

[391, 690]
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System Type of phase diagram (temperature and composition
sections, constituent phases or phase fields) and/or
character of interphase interaction and materials
compatibility

References

C–B–Pt No diagram plot
At 1480–1500 �C the interaction between B4±xC and Pt
results in the formation of Pt borides.

[242]

C–B–Pt–Th No diagram plot
ThPt2B2C, ?

[983]

C–B–Sc Plotted at 25 and 1700 �C: ScB2C2, Sc2BC2, Sc4BC4 (or
Sc3B0.75C3), *Sc2BC3 (or Sc98B54C157, Sc2B1.1C3.2),
*Sc2B30C3 (or ScB15C1.60, ?), *Sc4B68C (or ScB17C0.25,
?), ScB2C (?), ScB13C (?), ScB2 (\2250 �C), ScB12

(\2040 �C), ScC1–x, a-Sc4C3, b-Sc4C3+x, Sc3C4–x, B4±xC,
a-Sc, b-Sc, b-B, C
No solid solutions based on binary and ternary compounds.

[391, 690, 971–972]

C–B–Si Plotted at 1130–2480 �C: SiBnCx (n & 30, x = 0.35),
*SiB6C9 (?), SiB3±x (\*1270 �C), SiB6 (\1850 �C),
SiBn (\*2020–2035 �C), B4±xC, SiC, Si, b-B, C
Eutectic SiC–B4±xC–C (*2245–2300 �C, *62–70 mol.%
B4±xC, *30 mol.% SiC, ?)
Transition reaction: liquid ? C (graphite)$ SiC ? B4±xC
(2295 �C, ?)
SiC–B4±xC is plotted: eutectic—*2240–2300 �C (?)

[241–242, 244, 352–
359, 571–572, 889–
890]

C–B–Si–Ta No diagram plot
The general consideration of TaB 2±x–SiC phase relations.

[566–567]

C–B–Si–Ti Plotted schematically: Ti5Si3(B,C)1–x (Nowotny phase),
Ti5Si3±yCx (0 B x B 0.99, solid solution based on
Ti5Si3±x, \*2130–2335 �C), Ti3SiC2 (\2375 �C, narrow
homog. range at lower temp., Mn+1AXn-phase), SiBnCx

(n & 30, x = 0.35), *SiB6C9 (?), SiB3±x (\*1270 �C),
SiB6 (\1850 �C), SiBn (\*2020–2035 �C), Ti3Si
(\1170 �C), Ti5Si4 (\1920 �C), TiSi (\1570 �C), TiSi2
(\1490–1500 �C), TiB1–x (\*2180–2200 �C), Ti3B4

(\*2200–2205 �C), TiB2±x (\3200–3250 �C), TiC1–x,
B4±xC, SiC, a-Ti, b-Ti, Si, b-B, C
TiC1–x–SiC–TiB2±x is plotted: eutectic—*2110–2190 �C,
*16–34 mol.% TiC1–x, *44–56 mol.% SiC (*32–35
at.% C)
SiC–B4±xC–TiB2±x is plotted: eutectic—*2200–2250 �C,
*51 mol.% B4±xC, *41 mol.% SiC (*25 at.% C)
SiC–TiB2±x is plotted: eutectic—*2150–2250 �C,
*64–68 mol.% SiC (*27 at.% C)

[241–242, 244, 419,
463, 487, 503, 506–
509, 566–567, 571,
640–642, 654–659,
680–681, 691, 731–
734, 860, 889]

C–B–Si–V No diagram plot
The general consideration of VB2–SiC phase relations

[566–567]
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C–B–Si–W SiC–b-W2B5–x is plotted: eutectic—*2030–2090 �C,
*40 mol.% SiC

[566–567, 569]

C–B–Si–Zr SiC–ZrB2±x is plotted: eutectic—2270 �C, 23 mol.%
ZrB2±x; the max. solid solubility of ZrB2±x in SiC is
*2.7 mol.% and that of SiC in ZrB2±x is *3 mol.% (at
the eutectic temp.)
At 2000 �C SiC, ZrB2±x and B4±xC within the mol.
ratios *(20–45) : (30–70) : (10–25) are compatible with
each other.

[360, 566–567, 590,
654]

C–B–Sm No diagram plot
a-SmB2C2, b-SmB2C2, Sm5B2C5, Sm5B2C6, SmBC, ?

[391, 690]

C–B–Ta Plotted at 1750 �C: Ta2+xB (*1900–2420 �C), Ta3B2±x

(\2180 �C), k-TaB1±x (\3090 �C), Ta3B4±x (\3030 �C),
TaB2±x (\*3040 �C), a-Ta2+xC, b-Ta2±xC, f-Ta4C3–x,
Ta6C5±x, TaC1–x, B4±xC, Ta, b-B, C
Eutectic TaB2±x–B4±xC–b-B (*2000 �C, ?)
Eutectic TaB2±x–B4±xC–C (*2150 �C)
Eutectic TaB2±x–TaC1–x–C (2550 �C)
TaB2±x–B4±xC is plotted: eutectic—*2340–2400 �C,
*67–69 mol.% B4±xC (*14.5 at.% C); the max. solid
solubility of TaB2±x in B4±xC is \1 mol.% and that of
B4±xC in TaB2±x is *1 mol.% (at the eutectic temp.)
TaB2±x–TaC1–x is plotted: eutectic—*2690–2770 �C,
*34–35 mol.% TaC1–x (*12 at.% C); the max. solid
solubility of TaB2±x in TaC1–x is *7 mol.% (at the
eutectic temp.), the components are virtually insoluble in
each other at temp. B2100 �C
TaB2±x–C is plotted: eutectic—*2390–2650 �C,
*32 mol.% TaB2±x (*40 at.% C)

[138, 241–242, 244,
349, 351, 361–365,
723, 832]

C–B–Tb No diagram plot
TbB2C, TbB2C2, Tb2B4C, Tb5B2C5, Tb5B2C6, ?

[391, 690]

C–B–Th Plotted at 900, 1300 and 1400 �C: ThB2C, ThBC2, Th2BC2,
ThBC, Th3BC3, ThB4 (\2475 �C), ThB6+x (\2450 �C),
*ThB66777 (\*2150 �C), ThC1±x, a-ThC2–x, b-ThC2–x,
c-ThC2–x, B4±xC, a-Th, b-Th, b-B, C
No mutual solid solubility between Th carbides and
borides.

[138, 238, 241, 244,
391]
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System Type of phase diagram (temperature and composition
sections, constituent phases or phase fields) and/or
character of interphase interaction and materials
compatibility

References

C–B–Ti Plotted at 1500–2900 �C: TiBxCy (?), TiB1–x

(\*2180–2200 �C), Ti3B4 (\*2200–2205 �C),
TiB2±x (\3200–3250 �C), B4±xC, TiC1–x, a-Ti, b-Ti,
b-B, C
Eutectic TiB1–x–TiC1–x (x & 0.5)–b-Ti (*1450–1535 �C,
*91–93 at.% Ti, *2–3 at.% C)
Eutectic TiB2±x–B4±xC (x & 477, *B8711C)–b-B
(*1990–2060 �C, *1.5–1.9 at.% Ti, *0.2–1.5 at.% C)
Eutectic TiB2±x–B4±xC (x & 0)–C (*2110–2245 �C,
*7–10 at.% Ti, *23–28 at.% C)
Eutectic TiB2±x–TiC1–x (x & 0)–C (*2380–2400 �C,
*26–29 at.% Ti, 37.4–38.0 at.% C)
TiB2±x–B4±xC (x & 0) is plotted: eutectic—
*1900–2240 �C, *58–60 mol.% B4±xC (*14 at.% C);
the max. solid solubility of TiB2±x in B4±xC is *2 mol.%
and that of B4±xC in TiB2±x is *0.5 mol.% (at the eutectic
temp.)
TiB2±x–B4±xC (x & 0.572.0, *B4.576.0C) is plotted:
eutectic—*2160–2380 �C, *70–75 mol.% B4±xC
(*11–16 at.% C); the max. solid solubility of TiB2±x in
B4±xC is *2.4–4.0 mol.% and that of B4±xC in TiB2±x

is *1.0–1.5 mol.% (at the eutectic temp.)
TiB2±x (x & 0)–TiC1–x (x = 0.05) is plotted: eutectic—
*2480–2700 �C, *54–70 mol.% TiC1–x (*21–29 at.%
C); the max. solid solubility of TiB2±x in TiC1–x is
*2–3.5 mol.% and that of TiC1–x in TiB2±x is \2 mol.%
(at the eutectic temp.)
TiB2±x (x & 0)–TiC1–x (x = 0.08) is plotted: eutectic—
*2600–2685 �C, *67–70 mol.% TiC1–x (*27–29 at.%
C); the max. solid solubility of TiB2±x in TiC1–x is
*2–5 mol.% and that of TiC1–x in TiB2±x is *2–3 mol.%
(at the eutectic temp.)
TiB2±x (x & 0)–TiC1–x (x = 0.20) is plotted: eutectic—
*2450–2690 �C, *62–71 mol.% TiC1–x (*22–26.5 at.%
C); the max. solid solubility of TiB2±x in TiC1–x is
*3–5 mol.% and that of TiC1–x in TiB2±x is *1–5 mol.%
(at the eutectic temp.)
TiB2±x (x & 0)–TiC1–x (x = 0.32) is plotted: eutectic—
*2380–2675 �C, *76 mol.% TiC1–x (*28–29 at.% C);
the max. solid solubility of TiB2±x in TiC1–x is
*5–7 mol.% and that of TiC1–x in TiB2±x is *5 mol.% (at
the eutectic temp.)
TiB2±x–C is plotted: eutectic—*2490–2555 �C,
*39–42 mol.% TiB2±x (*32–34.5 at.% C); the max. solid
solubility of C in TiB2±x is *2–5 mol.% (at the eutectic
temp.)

[138, 241–242, 244,
252, 330, 364–366,
391, 567, 571, 573,
596–599, 627, 691,
838, 889, 985]
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System Type of phase diagram (temperature and composition
sections, constituent phases or phase fields) and/or
character of interphase interaction and materials
compatibility

References

At 1600 �C TiB1–x is in equilibrium with TiC1–x (TiC0.470.65),
TiB2±x—with TiC1–x (TiC0.6571.0) and Ti3B4—with TiC0.65.
In the TiB2±x–TiC1–x system, with increasing C content in
TiC1–x from TiC0.6 to TiC0.8, the eutectic temp. increases; and
further increase in C content from TiC0.8 to TiC1.0 leads to the
decrease of the eutectic temp. With increasing C content in
TiC1–x, the solubility of TiB2±x in TiC1–x declines. In the wide
temp. ranges, depend. on compos., graphite is in equilibrium
with TiB2±x ? TiC1–x or TiB2±x ? B4±xC.

C–B–Tm No diagram plot
TmB2C2, TmB2C, Tm5B2C6, Tm5B2C5, Tm2B57C8, ?

[690]

C–B–U Plotted at 1300–1600 �C: UB1–xC1+x (\2145 �C), UB2C
(\2280 �C), *U5B2C7, UB2±x (\2385 �C), UB4

(\2495 �C), UB12 (\*2145–2235 �C), UC1±x, f-U2C3,
a-UC2, b-UC2–x, B4±xC, U, b-B, C

[138, 241, 244, 367–
368, 391, 690]

C–B–V Plotted at 1450, 1600 and 2000 �C: V1–xB24C (V1–xB25–
B25C solid solution, metastable, ?), V3B2 (or V3(B1–xCx)2,
\*1900–1915 �C), VB (\*2550–2570 �C), V5B6

(\*1725–2560 �C), V3B4 (\*2600–2615 �C), V2B3

(\*2610–2665 �C), VB2±x (\2700–2750 �C), a-V2+xC,
b-V2±xC, b0-V2+xC, f-V4C3–x, V6C5±x, V8C7±x, VC1–x,
B4±xC, V, b-B, C
VB2±x–B4±xC is plotted: eutectic—*2140–2200 �C,
*52–55 mol.% B4±xC (*13 at.% C); the max. solid
solubility of VB2±x in B4±xC is \1.5 mol.% and that of
B4±xC in VB2±x is *2 mol.% (at the eutectic temp.)
VB2±x–VC1–x (x = 0.12) is plotted: eutectic—*2100–
2140 �C, *54 mol.% VC1–x (*20 at.% C); the max. solid
solubility of VB2±x in VC1–x is *8.5–10.0 mol.% and that
of VC1–x in VB2±x is \2 mol.% (at the eutectic temp.)
VB2±x–C is plotted: eutectic—2450 �C, *30–32 mol.%
VB2±x (*44 at.% C); the solubility of C in VB2±x is low
Some data on the system available in literature are
controversial.

[138, 241–242, 244,
349, 362, 364–365,
369, 371, 832]
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System Type of phase diagram (temperature and composition
sections, constituent phases or phase fields) and/or
character of interphase interaction and materials
compatibility

References

C–B–W Plotted at 1500–2800 �C: W2±xB (\2670 �C), a-WB1±x

(\2110–2170 �C), b-WB1±x (from 2110–2170 �C to
2665 �C), b-W2B5–x (*900–2365 �C), WB4+x (\2020 �C),
a-W2+xC, b-W2+xC, c-W2±xC, b-WC1–x, d-WC1±x B4±xC,
W, b-B, C
Eutectic WB4+x–B4±xC–b-B (1950 �C)
Eutectic W2±xB–c-W2±xC–W (*2355–2385 �C,
*70.7–71.0 at.% W, *11–12 at.% C)
Eutectic W2±xB–b-WB1±x–c-W2±xC (*2305–2325 �C,
*60–62 at.% W, *14 at.% C)
Eutectic b-WB1±x–c-W2±xC–d-WC1±x (*2300–2325 �C,
*55–58 at.% W, *16–19 at.% C)
Eutectic b-WB1±x–a-W2B5–x–C (*2240–2260 �C,
*32–35 at.% W, *7.4–7.9 at.% C)
Eutectic a-W2B5–x–B4±xC–C (2180 �C, *18–20 at.% W,
*8–11 at.% C)
W2±xB–c-W2±xC is plotted: eutectic—*2370–2390 �C,
*41 mol.% c-W2±xC (*12.0–12.5 at.% C); the max. solid
solubility of W2±xB in c-W2±xC is *7 mol.% and that of
c-W2±xC in W2±xB is *3 mol.% (at the eutectic temp.)
W2±xB–d-WC1±x is plotted: eutectic—2290 �C
b-WB1±x–c-W2±xC is plotted: eutectic—*2325–2330 �C,
*38 mol.% c-W2±xC (*15 at.% C); the max. solid
solubility of b-WB1±x in c-W2±xC is *5 mol.% and that
of c-W2±xC in b-WB1±x is *5.5 mol.% (at the eutectic
temp.)
a-W2B5–x–B4±xC is plotted: eutectic—*2130–2220 �C,
*76 mol.% W2B5–x (*6.0–7.2 at.% C); the max. solid
solubility of a-W2B5–x in B4±xC is *1.5 mol.% and that of
B4±xC in a-W2B5–x is *3 mol.% (at the eutectic temp.)
b-WB1±x–C is plotted: eutectic—*2270–2400 �C,
*77 mol.% b-WB1±x (*13–14 at.% C); the max.
solubility of C in b-WB1±x is 2–3 at.% (at the eutectic
temp.)
a-W2B5–x–C is plotted: eutectic—*2190–2285 �C,
*63–65 mol.% a-W2B5–x (*7.0–7.6 at.% C); the max.
solubility of C in a-W2B5–x is 2.0–2.5 at.% (at the eutectic
temp.)
At 2000 �C the interaction of graphite with W2±xB results
in the formation of a-WB1±x and d-WC1±x. At
1100–1600 �C B4±xC reacts with metal W with the
formation of W2±xB and a-WB1±x.

[138, 241–242, 244,
320, 372–377, 394,
564–565, 912]
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System Type of phase diagram (temperature and composition
sections, constituent phases or phase fields) and/or
character of interphase interaction and materials
compatibility

References

C–B–Y Plotted schematically: YBC, YB2C2, YB2C, Y2BC2, YB2

(\*2100–2320 �C), YB4 (\*2610–2800 �C), YB6±x

(\*2600–2780 �C), YB12 (\2200 �C), YB66 (\2100 �C),
Y2±xC, YC1±x, a-Y3C4–x, b-Y3C4–x, a-Y2C3–x, b-Y2C3–x,
a-YC2, b-YC2±x, B4±xC, a-Y, b-Y, b-B, C

[241, 244, 391, 690,
728]

C–B–Yb No diagram plot
YbB2C, YbB2C2, ?

[391, 690]

C–B–Zr Plotted at 1400–3000 �C: ZrB2±x (\3220–3265 �C),
ZrB12–x (*1695–2290 �C), ZrC1–x, B4±xC, a-Zr, b-Zr,
b-B, C
Eutectic ZrB2±x–ZrC1–x–b-Zr (*1615–1650 �C, *86–88
at.% Zr, *1.4–2.0 at.% C)
Eutectic ZrB12–x–B4±xC–b-B (*1990 �C)
Eutectic ZrB2±x–B4±xC–C (*2165–2190 �C, *11 at.%
Zr, *23–25 at.% C)
Eutectic ZrB2±x–ZrC1–x–C (2360 �C)
ZrB2±x–B4±xC is plotted: eutectic—*2200–2300 �C,
*65–75 mol.% B4±xC (*13–16 at.% C); the max. solid
solubility of ZrB2±x in B4±xC is *1 mol.% and B4±xC in
ZrB2±x is *1.5 mol.% (at the eutectic temp.)
ZrB2±x (x & 0)–ZrC1–x (x = 0.0370.12) is plotted:
eutectic—*2620–2850 �C, *42–43 mol.% ZrC1–x

(*19–20 at.% C); the max. solid solubility of ZrB2±x in
ZrC1–x is *1–5 mol.% and that of ZrC1–x in ZrB2±x is
\2 mol.% (at the eutectic temp.); some data on this
quasibinary system available in literature are controversial
ZrB2±x–C is plotted: eutectic—*2230–2390 �C,
*40 mol.% ZrB2±x (*33 at.% C); the max. solubility of C
in ZrB2±x is B2 at.% C (at the eutectic temp.)

[138, 241–242, 244,
252, 330, 364–365,
378–381, 391, 394,
567, 573–574]

C–Be–O No diagram plot
In vacuum (*10-2–10-4 Pa), the interaction in powdered
mixtures between C and BeO with the formation of Be2C
initiates from 1300–1315 �C and that on bulk materials
contacts—from 2000–2300 �C. In air, heating the pow-
dered mixture BeO ? C at 1800–1900 �C results in the
reduction of BeO with the subsequent secondary oxidation
of Be2C and Be vapour.

[138, 194, 382]

C–Be–O–Th No diagram plot
At temp. C1100 �C BeO and ThC1±x interact with the
formation of ThO2–x.

[242]

C–Be–O–Ti No diagram plot
At 1500–2200 �C BeO and TiC1–x interact with the
formation of Be2C.

[242]

C–Be–O–U No diagram plot
At 1600–2000 �C BeO and UC1±x interact with the
formation of Be2C and intermetallic compounds.

[592]
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System Type of phase diagram (temperature and composition
sections, constituent phases or phase fields) and/or
character of interphase interaction and materials
compatibility

References

C–Be–Si Plotted schematically at 1000 �C: Be2C, a-SiC, Be, Si, C
Graphite is in equilibrium with Be2C ? SiC. In vacuum at
1000–1150 �C SiC interacts with Be negligibly; at higher
temp. the interaction leads to the formation of Be2C and Si.

[242, 814]

C–Be–Ta No diagram plot
BexTaC0.76, ?
At 1400–2800 �C the addition of Be (1 %) does not affect
the densification process of TaC1–x powder by hot pressing.

[138]

C–Be–Th Plotted at 1000 �C: no ternary compounds, ThBe13

(\*1930 �C), ThC1±x, a-ThC2–x, b-ThC2–x, c-ThC2–x,
Be2C, BeC2, a-Th, b-Th, a-Be, b-Be, C
No solid solutions based on binary compounds.

[244, 973]

C–Be–U Plotted at 1000 �C: no ternary compounds, UBe13

(\*1980 �C), UC1±x, f-U2C3, a-UC2–x, b-UC2–x, Be2C,
BeC2, a-U, b-U, c-U, a-Be, b-Be, C
No solid solutions based on binary compounds.
a-UC2–x–UC1±x–Be2C is plotted at 1700 �C: UC1±x (solid
solution), f-U2C3, a-UC2–x (solid solution), Be2C

[242, 244, 383, 973]

C–Bi–Pb No diagram plot
The corrosion resistance of graphite in liquid eutectic alloy
Bi–Pb in the wide range of temp. is very high: no corrosion/
erosion in dynamic conditions (4 m/s) testing at 1095 �C
for 24 h.

[138]

C–Ca–O Plotted at 25 �C: CaCO3, CaO (\2565–2585 �C), a-CaC2,
b-CaC2, c-CaC2, d-CaC2, CaC6±x, a-Ca, b-Ca, O, C
The interaction between C and CaO in powdered mixtures
initiates in vacuum from 1300 �C and under atmospheric
pressure—from 2130 �C.

[194, 382, 974]

C–Ca–O–U No diagram plot
At 1900 �C the interaction between b-UC2–x and CaO is
weak.

[242]

C–Cd–Ti No diagram plot
Ti2CdC (Mn+1AXn-phase)

[680–681, 744–745,
860]

C–Ce–Ir Plotted partially at 1100–1400 �C: Ce4Ir (\710 �C), Ce3Ir
(\*880–950 �C), Ce7Ir3 (\950 �C), Ce2Ir (or Ce3Ir2 (?),
\1100 �C), Ce5Ir3 (\1100 �C), Ce5Ir4 (or Ce15Ir13 (?),
\1180 �C), CeIr2±x (\2250 �C), CeIr3 (\2105–2120 �C),
Ce2Ir7 (\2000 �C), CeIr5 (\1955–1960 �C), Ce2C3,
a-CeC2, b-CeC2±x, a-Ce, b-Ce, c-Ce, d-Ce, Ir, C
Depend. on compos., graphite is in equilibrium with
CeIr5 ? Ir, or CeIr5 ? CeIr2±x, or CeIr2±x ? b-CeC2±x.

[990]

C–Ce–Mo Plotted at 1600 �C: Ce2C3, b-CeC2±x, b-Mo2±xC, a-Ce,
b-Ce, c-Ce, d-Ce, Mo, C
No solubility between Ce and Mo carbides

[391]
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C–Ce–N–Th No diagram plot
ThC1±x–CeN1±x carbonitride continuous solid solution

[391]

C–Ce–N–U No diagram plot
UC1±x–CeN1±x carbonitride continuous solid solution

[391]

C–Ce–Si Plotted at 400 �C: Ce3SiC, Ce3Si2C2 (?), (Ce3Si2)Cx

(interstitial solid solution based on Ce3Si2—up to
*12–14.5 at.% C, \*1390 �C), CeSi2–x (\1620 �C),
Ce3Si5 (\*1560 �C), CeSi (\1470 �C), Ce5Si4
(\*1440 �C), Ce5Si3 (\*1400 �C), CeC, Ce2C3, a-CeC2,
b-CeC2±x, b-SiC, a-Ce, b-Ce, c-Ce, d-Ce, Si, C
No solid solutions based on binary and ternary compounds
apart from Ce3Si2.

[628]

C–Ce–Th Plotted at 1600 �C: (Th,Ce)C1–x (monocarbide solid
solution based on ThC1–x—up to 40 mol.% ‘CeC’),
(Ce,Th)2C3 (solid solution based on Ce2C3), (Th,Ce)C2±x

(c-ThC2–x–b-CeC2±x dicarbide continuous solid solution),
a-Ce, b-Ce, c-Ce, d-Ce, a-Th, b-Th, C

[391]

C–Ce–U Plotted at 1600 �C: (U,Ce)C1±x (monocarbide solid solution
based on UC1±x—up to 15 mol.% ‘CeC’), f-U2C3, Ce2C3,
(U,Ce)C2±x (a-UC2–x–b-CeC2±x dicarbide continuous solid
solution), a-Ce, b-Ce, c-Ce, d-Ce, a-U, b-U, c-U, C

[391]

C–Ce–U–Zr No diagram plot
The solubility of ‘CeC’ in (U,Zr,Ce)C1–x decreases sharply
with increasing concentration of Zr

[391]

C–Ce–Zr Plotted at 1600 �C: ZrC1–x, Ce2C3, a-CeC2, b-CeC2±x,
a-Ce, b-Ce, c-Ce, d-Ce, a-Zr, b-Zr, C
No solubility between Ce and Zr carbides.

[391]

C–Co–Fe–
Ni–W

Plotted partially
General consideration of the system

[757]

C–Co–Hf Plotted at 1100 �C: Hf2+xCo (\1315 �C), HfCo1±x

(\1640 �C), HfCo2±x (\1670 �C), Hf2Co7 (or HfCo4,
\1350 �C), Hf6Co23 (*950–1280 �C), HfCo7

(*1050–1250 �C), HfC1–x, a-Hf, b-Hf, a-Co, C
HfC1–x–Co is plotted: eutectic—1370 �C, *3 mol.%
HfC1–x

HfC1–x is in equilibrium with Co and series of Co-Hf
intermetallides.

[242, 244, 391, 417]

C–Co–Hf–Nb HfC1–x (x = 0.06)–NbC1–x (x = 0.18)–Co is plotted
The eutectic equilibrium between two solid solutions based
on HfC1–x–NbC1–x monocarbide continuous solid solution
and metal Co at 1360–1435 �C.

[621]

C–Co–Hf–Ta HfC1–x (x = 0.06)–TaC1–x (x = 0.08)–Co is plotted
The eutectic equilibrium between two solid solutions based
on HfC1–x–TaC1–x monocarbide continuous solid solution
and metal Co at 1420–1445 �C.

[621]
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character of interphase interaction and materials
compatibility

References

C–Co–Hf–Ti HfC1–x (x = 0.06)–TiC1–x (x = 0.20)–Co is plotted
There are three binary and one ternary (1370 �C, 3.5 mol.%
HfC1–x, 5.5 mol.% TiC1–x) eutectics in the system.

[622]

C–Co–Hf–V HfC1–x (x = 0.06)–VC1–x (x = 0.17)–Co is plotted
There are three binary and one ternary (1320 �C, 3.5 mol.%
HfC1–x, 10.0 mol.% VC1–x) eutectics in the system.

[622]

C–Co–Hf–Zr HfC1–x (x = 0.06)–ZrC1–x (x = 0.19)–Co is plotted
The eutectic equilibrium between two solid solutions based
on HfC1–x–ZrC1–x monocarbide continuous solid solution
and metal Co at 1380–1435 �C.

[621]

C–Co–Mo Plotted at 1000 �C: *Mo374Co273C (or g2, g1-Mo3Co3C),
g1-Mo6Co6C, r-Mo3Co2–x (*1000–1620 �C), l-Mo6Co7±x

(or l-MoCo1+x, e-MoCo1+x, \*1510 �C), j-MoCo3±x

(\1025 �C), h-Mo2Co9–x (*1015–1200 �C), a-Mo2+xC,
Mo, a-Co, C

[242, 244, 391, 417]

C–Co–Nb Plotted at 1100 �C: g-Co2Nb4C, Co3Nb3C (?), l-CoNb1±x

(or l-Co7Nb6±x, \*1400–1480 �C), k1-Co5Nb3-x

(1200–1420 �C), k2(b)-Co2±xNb (\*1480–1520 �C),
k3-Co3Nb (from 1030 �C to 1240–1250 �C), v-Co7Nb2±x

(\1050 �C), a-Nb2C, b-Nb2+xC, NbC1–x, Nb, a-Co, e-Co, C
NbC1–x–Co is plotted: eutectic—*1360–1380 �C,
*5 mol.% NbC1–x; the max. solubility of NbC1–x in Co
is *1.5 mol.% and that of Co in NbC1–x is 8 mol.% (at the
eutectic temp.)

[242, 244, 384–385,
391, 417]

C–Co–Nb–Ta NbC1–x (x = 0.18)–TaC1–x (x = 0.18)–Co is plotted
The eutectic equilibrium between two solid solutions based
on NbC1–x–TaC1–x monocarbide continuous solid solution
and metal Co at 1410–1445 �C.

[621]

C–Co–Nb–
Ta–Ti–W

General consideration of the system. [1023]

C–Co–Nb–Ti NbC1–x (x = 0.10)–TiC1–x (x = 0.14)–Co is plotted
The eutectic equilibrium between two solid solutions based
on NbC1–x–TiC1–x monocarbide continuous solid solution
and metal Co at 1390–1410 �C.

[621]

C–Co–Nb–V NbC1–x–VC1–x–Co is plotted schematically and partially at
1100 �C: (Nb,V)C1–x (monocarbide solid solution based on
NbC1–x), (V,Nb)C1–x (monocarbide solid solution based on
VC1–x), Co
Eutectic (Nb,V)C1–x–(V,Nb)C1–x–Co (*1310–1350 �C,
2 mol.% NbC1–x, 11 mol.% VC1–x)
NbC1–x (x = 0.18)–VC1–x (x = 0.12)–Co is plotted:
eutectic—1330 �C, 3.0 mol.% NbC1–x, 10.5 mol.% VC1–x

In total, there are three binary and one ternary eutectics in
the system.

[385–386, 622]
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character of interphase interaction and materials
compatibility

References

C–Co–Nb–W General consideration of the system. [1023]
C–Co–Nb–Zr NbC1–x (x = 0.18)–ZrC1–x (x = 0.19)–Co is plotted

The eutectic equilibrium between two solid solutions based
on NbC1–x–ZrC1–x monocarbide continuous solid solution
and metal Co at 1380–1410 �C.

[621]

C–Co–Ni–W No diagram plot
Some phase fields are considered.

[755, 848]

C–Co–Os–W No diagram plot
Os promotes a-Co ? e-Co transformation in the WC–Co
system.

[856]

C–Co–Re–W No diagram plot
Re promotes a-Co ? e-Co transformation in the WC–Co
system.

[856]

C–Co–Ru–W No diagram plot
Ru promotes a-Co ? e-Co transformation in the WC–Co
system.

[856]

C–Co–Si Plotted at 1000, 1100 and 1500 �C: Co3Si (*1170–1215 �C),
a-Co2±xSi (\1320 �C), b-Co2–xSi (*1240–1335 �C),
CoSi1±x (\1460 �C), CoSi2 (\*1325 �C), SiC, e-Co, a-Co,
Si, C
In vacuum, the contact melting between SiC and Co is
observed at 1150–1160 �C. At 1500 �C CoSi2 reacts with C to
form CoSi1±x and SiC. CoSi1±x and b-Co2–xSi are more stable
in equilibrium with C.

[242, 244, 417, 503,
645]

C–Co–Ta Plotted at 1100 �C: g-Ta4Co2C, k3-Co3–xTa (or Co2.7Ta,
Co2.2Ta0.8, \1450 �C), k2-Co2±xTa (\1595–1650 �C),
k1-Co3Ta2–x (from 1110–1150 �C to 1540 �C), l-CoTa1±x

(or l-Co7Ta6±x, \1700 �C), CoTa2 (\1800 �C), a-Ta2+xC,
b-Ta2±xC, f-Ta4C3–x, Ta6C5±x, TaC1–x, Ta, a-Co, C
TaC1–x–Co is plotted: eutectic—*1340–1370 �C,
*3 mol.% TaC1–x

TaC1–x is in equilibrium with Co and k2-Co2±xTa.

[242, 244, 391, 417]

C–Co–Ta–Ti TaC1–x (x = 0.18)–TiC1–x (x = 0.20)–Co is plotted
The eutectic equilibrium between two solid solutions based
on TaC1–x–TiC1–x monocarbide continuous solid solution
and metal Co at 1390–1445 �C.

[621]

C–Co–Ta–V TaC1–x (x = 0.18)–VC1–x (x = 0.17)–Co is plotted
There are three binary and one ternary (1320 �C, 4.0 mol.%
TaC1–x, 7.0 mol.% VC1–x) eutectics in the system.

[622]

C–Co–Ta–W General consideration of the system. [1023]

(continued)

126 2 Carbon (Graphene/Graphite)



Table 2.14 (continued)

System Type of phase diagram (temperature and composition
sections, constituent phases or phase fields) and/or
character of interphase interaction and materials
compatibility

References

C–Co–Ta–Zr TaC1–x (x = 0.18)–ZrC1–x (x = 0.19)–Co is plotted
There are three binary and one ternary (1250 �C, 3.0 mol.%
TaC1–x, 5.0 mol.% ZrC1–x) eutectics in the system.

[622]

C–Co–Ti Plotted at 1000 and 1100 �C: Ti2±xCo (\*1060 �C),
TiCo1±x (\1325 �C), a-TiCo2±x (or c-TiCo2±x, \1235 �C),
b-TiCo2+x (or h-TiCo2+x, \*1210–1220 �C), TiCo3±x

(\1190 �C), TiC1–x, b-Ti, a-Co, C
TiC1–x–Co is plotted: eutectic—*1360–1400 �C,
*6 mol.% TiC1–x

At 1230–1360 �C the solubility of TiC1–x in Co is
*1 mol.%; TiC1–x is in equilibrium with Co, TiCo1±x,
a-TiCo2±x and Ti-Co melt.

[242, 244, 391, 417,
609, 1009]

C–Co–Ti–V TiC1–x (x = 0.20)–VC1–x (x = 0.17)–Co is plotted
The eutectic equilibrium between two solid solutions based
on TiC1–x–VC1–x monocarbide continuous solid solution
and metal Co at 1330–1390 �C.

[621]

C–Co–Ti–W No diagram plot
Some phase fields are considered.

[848, 1023]

C–Co–Ti–Zr TiC1–x (x = 0.20)–ZrC1–x (x = 0.19)–Co is plotted
There are three binary and one ternary (1320 �C, 5.0 mol.%
TiC1–x, 5.0 mol.% ZrC1–x) eutectics in the system.

[622]

C–Co–U No diagram plot
UCoC2, ?

[391]

C–Co–V Plotted at 1100 �C: g-V4Co2C, V3Co (\*1025 �C),
r-VCo1±x (\*1420 �C), VCo3±x (\*1070 �C), a-V2+xC,
b-V2±xC, b0-V2+xC, f-V4C3–x, V6C5±x, V8C7±x, VC1–x,
a-(Co,V), (V,Co), C
VC1–x–Co is plotted: eutectic—*1320–1360 �C,
*14–16 mol.% VC1–x; the max. solubility of VC1–x in Co
is *5–11 mol.% and that of Co in VC1–x is 3 mol.% (at the
eutectic temp.)
VC1–x is in equilibrium with a-(Co,V) and r-VCo1±x.

[242, 244, 385–386,
391, 417]

C–Co–V–Zr ZrC1–x (x = 0.19)–VC1–x (x = 0.17)–Co is plotted
There are three binary and one ternary (1300 �C, 4.0 mol.%
ZrC1–x, 9.0 mol.% VC1–x) eutectics in the system.

[622]
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System Type of phase diagram (temperature and composition
sections, constituent phases or phase fields) and/or
character of interphase interaction and materials
compatibility

References

C–Co–W Plotted at 1000–1500 �C: g1-(Co,W)12C, (or Co6–xW6+xC,
x & 070.1, \*1730 �C), g2-(Co,W)6C (or Co2+xW4–xC,
Co3+xW3–xC, x & 070.2, \*1965 �C), j-(Co,W)4C (or
CoW3C, or Co3W9C4, metastable), j-Co3±xW
(\*1090–1100 �C), l-Co7W6±x (\*1690 �C), a-W2+xC,
b-W2+xC, c-W2±xC, c-WC1–x, d-WC1±x, a-Co, W, C
Eutectic d-WC1±x–a-Co–C (*1300 �C, 4.6 at.% W, 11.5
at.% C)
Eutectic d-WC1±x–a-Co–Co2+xW4–xC (1325 �C)
d-WC1±x–Co is plotted: eutectic—*1290–1340 �C,
*19.5 mol.% d-WC1±x; the max. solid solubility of
d-WC1±x in Co is 7–10 mol.% (at the eutectic temp.); the
solubility of Co in d-WC1±x is very low.

[242, 244, 387–391,
417, 513, 755, 786,
796–800]

C–Co–Zr Plotted at 800, 1200 and 1400 �C: Zr3±xCo (\*980 �C),
g-Zr2Co (\*1090–1100 �C), f-ZrCo (\*1370–1400 �C),
e-ZrCo2±x (or k2-ZrCo2±x, \*1560–1590 �C), d-ZrCo4

(or Zr6Co23, \*1350–1450 �C), c-Zr2Co11 (or Zr5Co28,
(\*1270 �C), ZrC1–x, b-Zr, a-Co, C
ZrC1–x–Co is plotted: eutectic—1360 �C, *4–5 mol.%
ZrC1–x

The mutual solubilities between the components of the
system are low; ZrC1–x is in equilibrium with Co and series
of Co–Zr intermetallides.

[138, 242, 244, 391,
417, 547]

C–Cr–Fe–Mo Plotted partially at 1000 �C [842]
C–Cr–Fe–Ti No diagram plot

TiC interacts with Fe–Cr alloy intensively.
[242]

C–Cr–Fe–V Plotted partially at 700–1150 �C [841, 843]
C–Cr–Fe–W Plotted partially at 700, 1000 and 1150 �C [841]
C–Cr–Hf Plotted at 1350 �C: k2-HfCr2±x (\*1335–1420 �C),

k1-HfCr2±x (from *1335–1420 �C to 1825 �C), Cr23C6±x,
Cr7C3±x, Cr3C2–x, HfC1–x, a-Hf, b-Hf, Cr, C
HfC1–x–Cr is plotted: eutectic—1810 �C, *13 mol.%
HfC1–x

The max. solubility of Cr in HfC1–x is corresp. to compos.
(Hf0.91Cr0.09)C1–x. The mutual solubilities of other
constituent binary phases in the system are low too.

[242, 244, 391, 417,
583, 603]

C–Cr–Ir No diagram plot
*Cr2Ir2C (at least at *1500 �C)

[391, 583]
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sections, constituent phases or phase fields) and/or
character of interphase interaction and materials
compatibility

References

C–Cr–Mo Plotted at 1000–1800 �C: f-(MoyCrz)4C3–x (y/z & 3, at
least at 1650–2290 �C, ?), b-(Mo,Cr)2±xC (semicarbide
extended solid solution based on b-Mo2±xC with max.
solubility of ‘‘imaginary’’ phase ‘Cr2±xC’—up to
*60–90 mol.%.), (Cr,Mo)23C6±x (extended solid solution
based on Cr23C6±x with max. solubility of ‘‘imaginary’’
phase ‘Mo23C6±x’—up to *20 mol.%), a-(Mo,Cr)C1–x

(extended solid solution based on a-MoC1–x—up to
*(Mo0.3Cr0.7)C1–x) at higher temp.), g-(Mo,Cr)C1–x

(extended solid solution based on g-MoC1–x with max.
solubility of Cr—up to 30 at.% at 2005–2035 �C), Cr7C3±x

(max. solubility of Mo–5.0 at.% at 1350 �C and 6.3 at.% at
1515 �C), Cr3C2–x (no solubility of Mo at 1350 �C and max.
solubility of Mo–10.4 at.% at 1810 �C), (Mo,Cr), C
Eutectic b-(Mo,Cr)2±xC–Cr7C3±x (*1740 �C, 62 at.% Cr, 31
at.% C)
Eutectic b-(Mo,Cr)2±xC–Cr7C3±x–Cr3C2–x (*1685–1710 �C,
63 at.% Cr, 32.5 at.% C)
Eutectic b-(Mo,Cr)2±xC–(Mo,Cr)–(Cr,Mo)23C6±x

(*1500–1515 �C, 55.5 at.% Cr, 19 at.% C)
Eutectic b-(Mo,Cr)2±xC–a-(Mo,Cr)C1–x–g-(Mo,Cr)C1–x

(*2020 �C)
Eutectic b-(Mo,Cr)2±xC–a-(Mo,Cr)C1–x–Cr3C2–x (*1800 �C)
Eutectic b-(Mo,Cr)2±xC–(Cr,Mo)23C6±x–Cr7C3±x

(*1540 �C)
Eutectic a-(Mo,Cr)C1–x–Cr3C2–x–C (*1840 �C)
Depend. on compos., graphite is in equilibrium: at
1300 �C—with b-(Mo,Cr)2±xC, b-(Mo,Cr)2±xC ? Cr3C2–x

and Cr3C2–x; at 1800 �C—with g-(Mo,Cr)C1–x, g-(Mo,Cr)C1–x

? a-(Mo,Cr)C1–x, a-(Mo,Cr)C1–x, a-(Mo,Cr)C1–x ?

f-(MoyCrz)4C3–x and Cr3C2–x.
Practically, at 1800–2000 �C Mo is compatible with Cr7C3±x.

[138, 242, 244, 391,
402–403, 417, 580–
583, 603, 794–795,
837, 842]

C–Cr–Mo–
Re–Ti

No diagram plot
General consideration of the system

[852]

C–Cr–Mo–Ti Plotted partially
Eutectic (Mo,Cr)–TiC1–x (*1630 �C, *4–8 at.% Mo)

[852]
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sections, constituent phases or phase fields) and/or
character of interphase interaction and materials
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References

C–Cr–Nb Plotted at 1050–1750 �C: (Nb,Cr)C1–x (monocarbide
extended solid solution based on NbC1–x—up to
(Nb0.7270.74Cr0.2670.28)C1–x), k2-NbCr2±x (\1585–
1625 �C), k1-NbCr2±x (from 1585–1625 �C to
*1670–1820 �C), Cr23C6±x, Cr7C3±x, Cr3C2–x, a-Nb2C,
b-Nb2+xC (solubility of C at 1050 �C is 6 at.% Cr),
c-Nb2±xC, f-Nb4C3–x, Nb6C5±x, Nb, Cr, C
Eutectic b-Nb2+xC–k1-NbCr2±x–Nb (*1660–1665 �C)
Eutectic (Nb,Cr)C1–x–b-Nb2+xC–k1-NbCr2±x

(*1670–1690 �C)
Eutectic (Nb,Cr)C1–x–k1-NbCr2±x–Cr (*1610–1630 �C)
Eutectic (Nb,Cr)C1–x–Cr23C6±x–Cr (*1540–1560 �C)
Eutectic (Nb,Cr)C1–x–Cr7C3±x–Cr23C6±x (*1565–1595 �C)
Eutectic (Nb,Cr)C1–x–Cr3C2–x–Cr7C3±x (*1650–1680 �C)
Eutectic (Nb,Cr)C1–x–Cr3C2–x–C (*1740 �C)
NbC1–x–Cr is plotted: eutectic—1640 �C; the solubility of Cr
in NbC1–x is *3–9 mol.% and that of NbC1–x in Cr is
*2 mol.%
NbC1–x–(CryNbz) is plotted (x & 0.170.2, y & 0.98,
z & 0.02): eutectic—C 1640 �C, *12 mol.% NbC1–x (12.2
at.% Nb, 8.3 at.% C)
NbC1–x–k1-NbCr2±x is plotted: eutectic—*1690–1695 �C;
the max. solubility of k1-NbCr2±x in NbC1–x is corresp. to
compos. (Nb0.98Cr0.02)C1–x and that of NbC1–x in k1-NbCr2±x

is corresp. to *0.8 at.% C
NbC1–x–Cr7C3±x is plotted: eutectic—*1685 �C; the max.
solubility of Cr7C3±x in NbC1–x is corresp. to compos.
(Nb0.90Cr0.10)C1–x and that of NbC1–x in Cr7C3±x—to compos.
(Cr0.99Nb0.01)7C3±x

The solubility of Nb in Cr carbides is low. Depend. on
compos., graphite is in equilibrium with one (Nb,Cr)C1–x, or
two carbide (Nb,Cr)C1–x ? Cr3C2–x phases.
Some data on the mutual solubilities of the compounds
available in literature are controversial.

[242, 244, 391, 417,
581–583, 603, 663,
784, 837, 858]

C–Cr–O–W No diagram plot.
At 1300 �C, in vacuum d-WC1±x interacts with Cr2O3 in
powder mixtures intensively; W–Cr alloy is formed (100 %
reduction time–30 min.).

[242, 808]

C–Cr–O–Zr No diagram plot
At 1300–1800 �C, in vacuum the interaction between
Cr3C2–x and ZrO2–x led to the formation of Cr7C3±x and
ZrCxOy.

[242]
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C–Cr–Re Plotted at 1300–1800 �C: (Re,Cr)2±xC (extended solid
solution based on Re; at 1700 �C the combined max. solid
solubilities of Cr and C in Re are 53 and 36 at.%,
respectively, and corresp. to compos. *(Cr0.8Re0.2)2±xC),
r-Cr2Re3±x, Cr23C6±x, Cr7C3±x, Cr3C2–x, Re, Cr, C
Eutectic (Re,Cr)2±xC–Cr23C6±x–Cr (*1650–1665 �C)
Eutectic (Re,Cr)2±xC–Cr23C6±x–r-Cr2Re3±x

(*1665–1680 �C)
Eutectic (Re,Cr)2±xC–Cr7C3±x–Cr3C2–x (*1705–1730 �C)
Eutectic (Re,Cr)2±xC–Cr7C3±x–Cr23C6±x

(*1625–1640 �C)
Eutectic (Re,Cr)2±xC–Cr3C2–x–C (*1750–1780 �C)
(Re,Cr)2±xC–Cr23C6±x is plotted: eutectic—*1675 �C; the
max. solubility of Cr23C6±x in (Re,Cr)2±xC is corresp. to
compos. (Re0.4Cr0.6)2±xC and that of (Re,Cr)2±xC in
Cr23C6±x—to compos. (Cr0.76Re0.24)23C6±x

At 1665 �C the max. solubility of Re in Cr23C6±x is
corresp. to compos. (Cr0.80Re0.20)23C6±x and in Cr7C3±x—
to compos. (Cr0.92Re0.08)7C3±x; at 1300 �C the max.
solubility of Re in Cr23C6±x (*10 at.%) is also higher than
in Cr7C3±x and Cr3C2–x. Depend. on compos., graphite is in
equilibrium with (Re,Cr)2±xC, or (Re,Cr)2±xC ? Cr3C2–x,
or Cr3C2–x.

[244, 391, 417, 580,
583, 603, 837]

C–Cr–Re–Ti No diagram plot
General consideration of the system

[852]

C–Cr–Si Plotted at 1000, 1400 and 1600 �C: Cr5Si3Cx

(x & 0.871.0, or Cr5–xSi3–zCx+z (0.25 B x ? z B 1.05), or
Cr5Si3–xCx, at least \1400 �C), Cr3±xSi (\1770 �C),
a-Cr5Si3±x (\1505 �C), b-Cr5Si3±x (1505–1680 �C), CrSi
(\*1415 �C), CrSi2 (\1490 �C), Cr23C6±x, Cr7C3±x,
Cr3C2–x, SiC, Si, Cr, C
The max. solubility of C in Cr5Si3Cx, Cr3±xSi, CrSi and
CrSi2 is about 11, \4, 1 and 0.06 mol.% C, respectively; no
Si solubility—in Cr7C3±x and Cr3C2–x. Graphite is in
equilibrium with SiC ? Cr3C2–x, SiC—with Cr3C2–x,
Cr5Si3Cx, CrSi and CrSi2, and Cr3±xSi—with Cr23C6±x,
Cr7C3±x, and Cr5Si3Cx. At 1000–1200 �C the sequence of
reaction layers observed in the diffusion couples is
following: Cr/Cr23C6±x/Cr7C3±x/Cr7C3±x ? Cr3±xSi/
Cr3±xSi/Cr5Si3Cx/SiC. In inert gas or H2 atmosphere the
interaction in powder Cr-SiC mixtures initiates at
temp. C1000–1100 �C; at 1450–1650 �C, depend. on
compos., the formation of solid solution of C and Si in Cr,
Cr23C6±x, Cr7C3±x, Cr3C2–x, Cr3±xSi and Cr5Si3Cx is
observed.

[242, 244, 267, 392–
394, 417, 503, 623,
792–793, 854]
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C–Cr–Ta Plotted at 1000–2000 �C: (Ta,Cr)C1–x (monocarbide
extended solid solution based on TaC1–x—up to
*(Ta0.6470.73Cr0.2770.36)C1–x), k2-TaCr2±x

(\1660–1695 �C), k1-TaCr2±x (from 1660–1695 �C to
*2010–2040 �C), Cr23C6±x, Cr7C3±x, Cr3C2–x, a-Ta2+xC
(solubility of Cr is \2 at.%), b-Ta2±xC, f-Ta4C3–x, Ta6C5±x,
Ta, Cr, C
Eutectic b-Ta2±xC–k1-TaCr2±x–Ta (*1935–1950 �C)
Eutectic (Ta,Cr)C1–x–b-Ta2±xC–k1-TaCr2±x

(*1945–1960 �C)
Eutectic (Ta,Cr)C1–x–k1-TaCr2±x–Cr (*1665–1685 �C)
Eutectic (Ta,Cr)C1–x–Cr23C6±x–Cr (*1540–1545 �C)
Eutectic (Ta,Cr)C1–x–Cr7C3±x–Cr23C6±x

(*1560–1590 �C)
Eutectic (Ta,Cr)C1–x–Cr3C2–x–Cr7C3±x (*1700–1710 �C)
Eutectic (Ta,Cr)C1–x–Cr3C2–x–C (*1745–1755 �C)
(Ta,Cr)C1–x (x = 0.21)–(CryTaz) (y = 0.991, z = 0.009) is
plotted: eutectic—*1695 �C, *10–11 mol.% (Ta,Cr)C1–x

TaC1–x–Cr is plotted: eutectic—*1675–1695 �C; the max.
solubility of Cr in TaC1–x is *3.4 mol.% and that of TaC1–x

in Cr is *2 mol.%
TaC1–x–k1-TaCr2±x is plotted: eutectic—*1990 �C; the
max. solubility of k1-TaCr2±x in TaC1–x is corresp. to
compos. (Ta0.98Cr0.02)C1–x and that of TaC1–x in k1-TaCr2±x

is 1 at.% C
TaC1–x–Cr7C3±x is plotted: eutectic—*1720 �C; the max.
solubility of Cr7C3±x in TaC1–x is corresp. to compos.
*(Ta0.9Cr0.1)C1–x and that of TaC1–x in Cr7C3±x—to
compos. *(Cr0.99Ta0.01)7C3±x

b-Ta2±xC–k1-TaCr2±x is plotted: eutectic—*1960 �C
Depend. on compos., graphite is in equilibrium with one
(Ta,Cr)C1–x, or two (Ta,Cr)C1–x ? Cr3C2–x carbide phases.

[242, 244, 391, 417,
581–583, 603, 784,
837, 865, 876]

C–Cr–Tc Plotted schematically [583, 840]
C–Cr–Ti Plotted at 800–2800 �C: (Ti,Cr)C1–x (monocarbide

extended solid solution based on TiC1—x—up to
(Ti0.32Cr0.68)C1–x), k2-TiCr2–x (\1220 �C), k1

0-TiCr2–x

(800–1270 �C), k1
0 0-TiCr2–x (1270–1370 �C), Cr23C6±x,

Cr7C3±x, Cr3C2–x, (b-Ti,Cr), C
Eutectic (Ti,Cr)C1–x–Cr3C2–x–Cr7C3±x (1695 �C)
Eutectic (Ti,Cr)C1–x–Cr23C6±x–Cr (1540 �C)
(Ti,Cr)C1–x–Cr7C3±x (TiC0.98–CrC0.40) is plotted:
eutectic—1725 �C, *65 mol.% Cr7C3±x (*5 at.%
Ti, *31 at.% C)
(Ti,Cr)C1–x–Cr3C2–x is plotted: eutectic—*1700 �C,
*90 mol.% Cr3C2–x; the max. solubility of Cr3C2–x in
(Ti,Cr)C1–x is *25 mol.%
(Ti,Cr)C1–x (x = 0.04)–(CryTiz) (y & 1.0, z & 0) is
plotted: eutectic—*1100–1130 �C, *10 mol.%

[242, 244, 391, 395–
396, 417, 581–583,
603, 788–791, 837]
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(Ti,Cr)C1–x (*9 at.% Ti, *8.5 at.% C); at 1100 �C the
max. solubility of TiC0.96 in Cr is *3 mol.% and that of Cr
in TiC0.96 is *4 mol.%
(Ti,Cr)C1–x–(CryTiz) is plotted (x = 0.20, y = 0.95,
z = 0.05): eutectic—1685 �C, *15 mol.% (Ti,Cr)C1–x

(*14 at.% Ti, *8 at.% C)
(Ti,Cr)C1–x–(CryTiz) is plotted (x = 0.33, y = 0.40,
z = 0.60): eutectic—1360 �C, *5 mol.% (Ti,Cr)C1–x

(*60 at.% Ti, *2 at.% C)
C–Cr–U Plotted at 1200 �C: UCrC2, U2Cr9C9, UCr2C3+x, UxCr4C2,

UC1±x, f-U2C3, Cr23C6±x, Cr7C3±x, Cr3C2–x, U, Cr, C
UC1±x–Cr is plotted: eutectic—*1430 �C, *28 mol.%
UC1±x

UC1±x is in equilibrium with Cr and Cr carbides. The max.
solubility of ‘‘imaginary’’ phase ‘CrC’ in hypostoi-
chiometric (U,Cr)C1–x is *20 mol.%.

[242, 244, 391,
417, 612]

C–Cr–V Plotted at 1000 and 1350 �C: VCr2C2–x (ordered phase
(V,Cr)3C2–x, x & 0.5, or V20725Cr38743C37, B1750 �C),
(V,Cr)C1–x (extended monocarbide solid solution based on
VC1–x—up to *(V0.4370.58Cr0.4270.57)C1–x at
1000–1350 �C, ?), b-(V,Cr)2±xC (extended semicarbide
solid solution based on b-V2±xC—up to *(V0.5Cr0.5)2±xC
at 1000 �C and *(V0.4Cr0.6)2±xC at 1350 �C),
(Cr,V)23C6±x (solid solution based on Cr23C6±x—up to
*(Cr0.91V0.09)23C6±x at 1000 �C and *(Cr0.82V0.18)23C6±x

at 1350 �C), (Cr,V)7C3±x (solid solution based on
Cr7C3±x— up to *(Cr0.9V0.1)7C3±x at 1000 �C and
*(Cr0.8V0.2)23C6±x at 1350 �C), Cr3C2–x, a-V2+xC,
b0-V2+xC, f-V4C3–x, V6C5±x, V8C7±x, (V,Cr), C
Eutectic b-(V,Cr)2±xC–(Cr,V)23C6±x–(V,Cr) (*1490 �C)
Eutectic b-(V,Cr)2±xC–(Cr,V)23C6±x–(Cr,V)7C3±x

(*1520 �C)
In general, V carbides dissolve a large amount of Cr, in
comparison with it the solubility of V in Cr carbides is low.

[242, 391, 417,
583, 603, 782–787,
837, 843]

C–Cr–W Plotted at 1300–1600 �C: WCr6C3, W3Cr2C4, WCr5C3 (?),
a-(W,Cr)2+xC (extended semicarbide solid solution based on
a-W2+xC—up to compos. (W0.1Cr0.9)2+xC), c-(W,Cr)C1–x

(extended monocarbide solid solution based on c-WC1–x—
up to *(W0.3Cr0.7)C1–x at higher temp.), (Cr,W)23C6±x

(extended solid solution based on Cr23C6±x—up to
compos. *(Cr0.8W0.2)23C6±x), (Cr,W)3C2–x (extended solid
solution based on Cr3C2–x—up to *(Cr0.85W0.15)3C2–x at
1350 �C), (Cr,W)7C3±x (solid solution based on Cr7C3±x—
up to *(Cr0.95W0.05)7C3±x at 1350 �C), d-WC1±x, (W,Cr),
(Cr,W), C
The max. solubility of ‘‘imaginary’’ phase ‘W23C6±x’ in
(Cr,W)23C6±x is *20 mol.% at 1300 �C, *13 mol.% at
1350 �C and *10 mol.% at 1400 �C.

[242, 244, 391,
397–399, 404, 417,
580–583, 603, 780,
781, 837]
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System Type of phase diagram (temperature and composition
sections, constituent phases or phase fields) and/or
character of interphase interaction and materials
compatibility

References

C–Cr–Zr Plotted at 1300–1800 �C: k2-ZrCr2–x (\*1530–1590 �C),
k1
0-ZrCr2–x (from *1530–1590 �C to 1620 �C),

k1
0 0-ZrCr2–x (1620–1675 �C), Cr23C6±x, Cr7C3±x, Cr3C2–x,

ZrC1–x, b-Zr, Cr, C
Eutectic ZrC1–x–Cr3C2–x–Cr7C3±x (1730 �C)
Eutectic ZrC1–x–Cr23C6±x–Cr (1575 �C)
Eutectic ZrC1–x–k1

0-ZrCr2–x–Cr (1595 �C)
Eutectic ZrC1–x–k2-ZrCr2–x–Zr (1330 �C)
ZrC1–x–Cr7C3±x is plotted: eutectic—1750 �C
ZrC1–x–k1

0 0-ZrCr2–x is plotted: eutectic—1630 �C
ZrC1–x–CryZrz (x = 0.28, y = 0.998, z = 0.002) is plotted:
eutectic—*1760–1775 �C, *5.0–5.6 mol.% ZrC1–x

(*91 at.% Cr, *3.7 at.% C)
ZrC1–x–Cr (x = 0.095) is plotted: eutectic—
*1730–1805 �C (?), *4–5 mol.% ZrC1–x (*91 at.%
Cr, *4.3 at.% C); max. solubility of ZrC1–x in Cr is
1.3 mol.% (at eutectic temp.)
ZrC1–x–Cr (x = 0.03) is plotted: eutectic—1120–1140 �C
(?), *3.5–6.4 mol.% ZrC1–x (*93.5 at.% Cr, *3.2 at.%
C); max. Cr solubility in ZrC1–x is *2.3–8.5 mol.% (?) and
that of ZrC1–x in Cr is B0.1 mol.%
The max. solubility of Cr in ZrC1–x is *1.5–3.0 mol.% and
corresp. to compos. *(Zr0.97Cr0.03)C1–x; the solubility of
Zr in Cr carbides is very low.
Data on the system available in literature are very
controversial.

[242, 244, 391,
395, 400, 417,
581–583, 603,
775–779, 837]

C–Cs–Zr No diagram plot
The solubility of Cs in ZrC1–x decreases with increasing
temp. from 1.5 9 10-2 mol.% at 1210 �C to 0.4 9 10-4

mol.% at 1210 �C.

[833]

C–Cu–Si No diagram plot
At 1100–1600 �C, in the reducing atmosphere the
interaction between SiC and Cu results in the formation of
C and Cu silicides, which dissociate at higher temp.,
forming secondary SiC.

[242]

C–Cu–Zr No diagram plot
ZrxCuyCz (?)

[902]

C–Dy–U No diagram plot
UC1±x–DyC1–x monocarbide continuous solid solution or
extended solid solution based on UC1±x (?).

[391]

C–Er–Ir Plotted partially at 1100–1400 �C: Er3Ir, Er5Ir2, a-Er5Ir3±x

(?), b-Er5Ir3±x, Er3Ir2, ErIr, ErIr2±x, Er3–xC, Er15C19,
a-ErC2, b-ErC2, a-Er, b-Er, Ir, C
Depend. on compos., graphite is in equilibrium with
ErIr2±x ? Ir, or ErIr2±x ? a-ErC2.

[990]

C–Er–N–Th No diagram plot
ThC1±x–ErN1±x continuous solid solution

[391]
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character of interphase interaction and materials
compatibility

References

C–Er–U No diagram plot
UC1±x–ErC1–x monocarbide continuous solid solution or
extended solid solution based on UC1±x.

[391]

C–Eu–U No diagram plot
UC1±x–EuC1–x monocarbide continuous solid solution or
extended solid solution based on UC1±x.

[391]

C–Fe–Hf Plotted at 1100 �C: Hf2±xFe (\1260 �C), a-HfFe2±x

(\*1200 �C), b-HfFe2±x (*1200–1640 �C), k-Hf3Fe7±x

(\*1820 �C), Fe3C, HfC1–x, a-Fe, c-Fe, d-Fe, a-Hf, b-Hf, C
HfC1–x–Fe is plotted: eutectic—*1410–1490 �C,
*2–4 mol.% HfC1–x; at the eutectic temp. the solubility of
HfC1–x in Fe is B0.3 mol.%
HfC1–x is in equilibrium with Fe and Fe–Hf intermetallides.

[242, 244, 391,
417]

C–Fe–Mo Plotted at 550–1800 �C: g1-(Mo1–xFex)6C (or Mo3Fe3C,
Mo2Fe4C, \2065 �C), n-(Fe1–xMox)3C (or MoFe2C,
Mo12Fe22C10, 655–1085 �C), (Fe,Mo)23C6 (or Mo2Fe21C6,
metastable, ?) and other metastable ternary phases, k-Fe2Mo
(\*900–1000 �C), q-Fe3Mo2–x (or Fe62Mo38, R-phase,
from *1190–1210 �C to *1490 �C), l-Fe7Mo6–x

(\1370 �C), r-FeMo1±x (from *1540–1610 �C to
1215–1255 �C), Fe3C, a-Mo2+xC, a0-Mo2+xC, b-Mo2±xC,
g-MoC1–x, a-MoC1–x, c-MoC, a-Fe, c-Fe, d-Fe, Mo, C
Eutectic n-(Fe1–xMox)3C–(Fe1–xMox)3C–c-Fe (1065 �C, 7.7
at.% Mo, 18 at.% C)
At 1000 �C b-Mo2±xC is in equilibrium with steel phase
containing 2 at.% Mo and 4 at.% C.

[138, 242, 244,
391, 417, 542–545,
610, 846, 900]

C–Fe–N–Nb No diagram plot
General consideration of the system

[869]

C–Fe–N–Nb–
Ti

NbC1–x–TiC1–x–TiN1±x–Fe and NbC1–x–d-NbN1–x–
TiN1±x–Fe are plotted schematically at 1200 �C

[870–871]

C–Fe–N–Nb–
Ti–V

NbC1–x–VC1–x–d-NbN1–x–TiN1±x–d-VN1–x–Fe is plotted
schematically at 1000 �C

[871]

C–Fe–N–Ti No diagram plot
General consideration of the system

[872]

C–Fe–Nb Plotted at 800–2000 �C: e-Fe2±xNb (or k-Fe2±xNb
\*1625–1665 �C), l-FeNb1±x (or l-Fe7Nb6+x, or
Fe21Nb19±x, \*1600–1700 �C), Fe3C, a-Nb2C, b-Nb2+xC,
c-Nb2±xC, f-Nb4C3–x, Nb6C5±x, NbC1–x, a-Fe, c-Fe, d-Fe,
Nb, C
Eutectic l-FeNb1±x–e-Fe2±xNb–b-Nb2+xC (1595 �C)
Eutectic l-FeNb1±x–b-Nb2+xC–Nb (*1400 �C)
Eutectic e-Fe2±xNb–NbC1–x–d-Fe (*1370 �C)
Eutectic NbC1–x–c-Fe–C (*1150 �C)
NbC1–x–Fe is plotted: eutectic—1420 �C, *3–5 mol.%
NbC1–x; at 1250 �C the max. solubility of NbC1–x in Fe
is *2 mol.%
The solubility of C in e-Fe2±xNb and l-FeNb1±x is
negligible. NbC1–x is in equilibrium with Fe and e-Fe2±xNb.

[138, 242, 244,
391, 417, 546–548,
868]
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C–Fe–Nb–V NbC1–x–VC1–x–Fe is plotted schematically at 1000 �C [871]
C–Fe–Ni–Ti No diagram plot

At 1500 �C TiC1–x interacts with Fe–Ni alloy intensively.
[242]

C–Fe–Ni–W No diagram plot
Some phase fields are considered.

[755, 848]

C–Fe–Si Plotted at 800–1450 �C: Fe6SiC, Fe5SiC (?), Fe8Si2C (?),
Fe9SiC2 (?), a2-Fe3+xSi (\*1300 �C), a1-Fe3±xSi
(\*1155 �C), a1

0-Fe3±xSi (or Fe5Si2±x, 965–1250 �C),
b-Fe2±xSi (1040–1210 �C), g-Fe5Si3 (*825–1100 �C),
e-FeSi1±x (\1410 �C), f1-FeSi2 (*935–1220 �C), f2-FeSi2
(\980 �C), Fe3Si7±x (or FeSi2+x, x & 0.3, 935–1220 �C),
Fe3C, SiC, a-Fe, c-Fe, d-Fe, Si, C
Eutectic Fe6SiC–c-Fe–Fe3C (1030 �C, 8.8 at.% Si, 15.2
at.% C)
Eutectic a,d-Fe–c-Fe–C (1156 �C, 15.0 at.% Si, 7.6 at.% C)
Eutectic a,d-Fe–e-FeSi1±x–C (1182 �C, 31.9 at.% Si, 0.6
at.% C)
At 1100 �C in H2 the interaction between SiC and Fe
results in the formation of g-Fe5Si3; in vacuum the contact
melting is observed at 1165 �C.

[242, 244, 267,
393, 401, 417, 503,
505, 549–550]

C–Fe–Si–Ti No diagram plot
At 1500 �C TiC1–x interacts with Fe–Si alloy intensively.

[242]

C–Fe–Si–V Plotted partially and schematically.
Eutectic VC1–x–Fe3C–c-Fe–C (1150 �C)

[608]

C–Fe–Ta Plotted at 1100 �C: e-Fe2±xTa (\*1775 �C), l-FeTa1±x

(or l-Fe7Ta6+x, \*1800–1900 �C), Fe3C, a-Ta2+xC,
b-Ta2±xC, f-Ta4C3–x, Ta6C5±x, TaC1–x, a-Fe, c-Fe, d-Fe,
Ta, C
TaC1–x–Fe is plotted: eutectic—1440 �C, *2–3 mol.%
TaC1–x

a-Ta2+xC is in equilibrium with e-Fe2±xTa and l-FeTa1±x,
TaC1–x (x [ 0.15)—with e-Fe2±xTa and TaC1–x

(0.01 B x B 0.15)—with Fe.

[242, 244, 391,
417]

C–Fe–Ti Plotted at 25–1600 �C: TiFe1±x (\*1315 �C), TiFe2±x

(\*1425 �C), Fe3C, TiC1–x, a-Fe, c-Fe, d-Fe, b-Ti, a-Ti, C
Eutectic TiFe2±x–TiC1–x (*1425 �C, 33.4 at.% Ti, 0.5
at.% C)
Eutectic TiFe1±x–TiC1–x–b-Ti (*1070 �C, 71.8 at.% Ti,
0.1 at.% C)
Eutectic TiFe2±x–TiC1–x–d-Fe (*1290 �C, 16.4 at.% Ti,
0.2 at.% C)
Eutectic TiC1–x–c-Fe–C (1150 �C, 0.9 at.% Ti, 17.6 at.% C)
TiC1–x–Fe is plotted: eutectic—*1380–1475 �C,
*6–10 mol.% TiC1–x

At 1250–1260 �C the solubility of TiC1–x in c-Fe
is B0.670.7 mol.%; depend. on temp., TiC1–x is in
equilibrium with c-Fe or a-Fe and Fe–Ti intermetallides.

[242, 244, 391,
405–406, 417,
551–556, 611]
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C–Fe–U Plotted at 1000–1400 �C: UFeC2 (\1615 �C), *U3Fe2C5

(\1500 �C), *U3FeC6 (at least C 1150–1400 �C),
U11Fe12C18 (\1200 �C), U6Fe (\795–805 �C), UFe2–x

(\1230 �C), Fe3C, UC1±x, f-U2C3, a-UC2–x, b-UC2–x,
d-Fe, c-Fe, a-Fe, c-U, b-U, a-U, C
Eutectic UC1±x–UFe2–x–c-Fe (1040 �C); no mutual solid
solubilities between the components
Eutectic UC1±x–UFe2–x–U6Fe (720 �C); no mutual solid
solubilities between the components
UC1±x–UFe2–x is plotted: eutectic—*1040–1200 �C,
*11 mol.% UC1±x (*3.8 at.% C); no mutual solid
solubilities between the components
UC1±x–c-Fe is plotted: eutectic—*1120–1205 �C,
*17 mol.% UC1±x (*15 at.% C); no mutual solid
solubilities between the components
UFeC2–c-Fe is plotted: eutectic—1160 �C, *14 mol.%
UFeC2 (*20 at.% C); no mutual solid solubilities between
the components

[242, 244, 391,
452]

C–Fe–V Plotted at 500–1150 �C: g-V3Fe3C (?), r-VFe1±x

(from *100–650 to *1200–1250 �C), Fe3C, a-V2+xC,
b-V2±xC, b0-V2+xC, f-V4C3–x, V6C5±x, V8C7±x, VC1–x,
d-Fe, c-Fe, a-Fe, V, C
Eutectic Fe3C–f-V4C3–x (*1150 �C, 10.2 at.% V, 27.7
at.% C)
Eutectic b-V2±xC–VC1–x–a-Fe (*1390 �C, *36 at.% V,
*4.5 at.% C)
Eutectic Fe3C–VC1–x–c-Fe (*1120 �C, 2.75 at.% V, 17.1
at.% C)
VC1–x–Fe is plotted: eutectic—*1390–1415 �C,
*7–8 mol.% VC1–x

VC1–x is in equilibrium with a-(Fe,V) and c-Fe, b-V2±xC—
with a-(Fe,V), r-VFe1±x and (V,Fe)

[242, 244, 391,
417, 557–558, 843,
845, 873]

C–Fe–W Plotted at 600–1500 �C: j-W3FeC (B*1600 �C),
g1-W3Fe3C (\*1670 �C), g1-W6Fe6C (B*1400 �C),
W2Fe21C6 (metastable), WFeC (metastable, ?), k-Fe2W
(B*1060 �C), l-Fe7W6–x (or Fe3W2, *1190–1635 �C),
d-FeW1±x (*400–1215 �C), Fe3C, a-W2+xC, b-W2+xC,
c-W2±xC, c-WC1–x, d-WC1±x, d-Fe, c-Fe, a-Fe, W, C
Eutectic d-WC1±x–c-Fe–C (*1145 �C, 1.3 at.% W, 17.5
at.% C)

[242, 244, 391,
417, 559–562, 604,
662, 755–847]

C–Fe–Zr Plotted at 1100 �C: Zr3Fe3C (?), Zr3±xFe (\*885 �C),
Zr2+xFe (*775–975 �C), ZrFe2+x (\*1675 �C), ZrFe3

(\*1480 �C), Fe3C, ZrC1–x, c-Fe, b-Zr, C
ZrC1–x–Fe is plotted: eutectic—*1400–1475 �C,
*3–4 mol.% ZrC1–x

The solubility of ZrC1–x in c-Fe is B0.5 mol.%; ZrC1–x is in
equilibrium with Fe and Fe-Zr intermetallides.

[241–242, 244,
391, 417]
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C–Ga–Mo No diagram plot
Mo2GaC (Mn+1AXn-phase)

[680–681, 744–
745, 860]

C–Ga–Nb Plotted partially at 800 �C: Nb2GaC (Mn+1AXn-phase),
NbGa3-x (\1235 �C), Nb4Ga5 (\1300 �C), Nb5Ga4

(\1540 �C), Nb5Ga3±x (\1950 �C), Nb3-xGa (\1860 �C),
a-Nb2C, b-Nb2+xC, c-Nb2±xC, f-Nb4C3–x, Nb6C5±x, NbC1–x,
Nb, Ga, C

[244, 680–681,
744–745, 860,
975]

C–Ga–Ta No diagram plot
Ta2GaC (Mn+1AXn-phase)

[680–681, 744–
745, 860]

C–Ga–Ti No diagram plot
Ti2GaC, Ti4GaC3 (Mn+1AXn-phases)

[680–681, 744–
745, 859–860]

C–Ga–V Plotted partially at 800 �C: V2GaC (Mn+1AXn-phase),
V8Ga41 (\495 �C), V2Ga5 (\1050 �C), V6Ga7±x

(*995–1155 �C), V6Ga5±x (\1095 �C), V3±xGa
(\1300 �C), a-V2+xC, b-V2±xC, b0-V2+xC, f-V4C3–x,
V6C5±x, V8C7±x, VC1–x, V, Ga, C

[244, 680–681,
744–745, 860,
975]

C–Gd–U Plotted at 1000–1500 �C: (U,Gd)C1±x (UC1±x–b-GdC1–x

(or b-Gd3–xC) monocarbide continuous solid solution),
a-Gd2C, (Gd,U)2C3–x (solid solution based on Gd2C3–x),
f-(U,Gd)2C3 (solid solution based on f-U2C3), b-(Gd,U)C2–x

(solid solution based on b-GdC2), c-U, b-U, a-U, a-Gd,
b-Gd, C
a-UC2–x–a-GdC2 and b-UC2–x–b-GdC2 series of dicarbide
continuous solid solutions are also formed. At temp.
\1000 �C UC1±x–b-GdC1–x (or b-Gd3–xC) monocarbide
continuous solid solution has a miscibility gap.

[241, 391]

C–Gd–N–Th No diagram plot
ThC1±x–GdN1–x continuous solid solution

[391]

C–Ge–Si–Ti No diagram plot
Ti3SixGe1–xC2 (0 B x B 1, Mn+1AXn-phase solid solution)

[680–681, 860]

C–Ge–Ti Plotted at 1200 �C: Ti2GeC, Ti3GeC2 (Mn+1AXn-phases),
Ti4GeC3 (Mn+1AXn-phase, metastable, ?), Ti5Ge3

(\1980 �C), Ti6Ge5 (\1650 �C), TiGe2 (\1075 �C), TiC1–x,
a-Ti, b-Ti, Ge, C

[244, 633, 680–
681, 744–745,
860]

C–Ge–V Plotted partially at 800 �C: V2GeC (Mn+1AXn-phase),
V3GeC (?), V17Ge31 (\955–965 �C), V11Ge8

(\1565–1585 �C), V5Ge3-x (*1930 �C), V3±xGe
(\1690 �C), a-V2+xC, b-V2±xC, b0-V2+xC, f-V4C3–x,
V6C5±x, V8C7±x, VC1–x, V, Ge, C

[680–681, 744–
745, 748, 860]
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C–H–Hf No diagram plot
HfCxHy (x = 0.5570.58, y = 0.4270.43, or Hf2C1+xH1–y

(HfC1+x�HfH1–y), x = 0.1, y = 0.14)

[825]

C–H–La No diagram plot
LaCxHy (or La2CHz, LaC�LaHz)

[825]

C–H–Nb No diagram plot
NbCxHy (0.71 B x B 0.81, 0 B y B 0.30, ?)

[825, 888]

C–H–O–Zr No diagram plot
ZrO0.6C0.2Hx

[825]

C–H–Th No diagram plot
Th2CH2 (or ThC�ThH2), Th3CH4 (or ThC�2ThH2)

[825]

C–H–Ti No diagram plot
TiCxHy (x = 0.46070.675, y = 0.15870.625, or Ti2CHx

(TiC�TiHx), x = 0.4670.60), TiCxHz (x = 0.4, z = 1.2)

[825]

C–H–V No diagram plot
VCxHy (x = 0.75, y = 0.25), V2CHx (x = 0.3)

[825]

C–H–Y No diagram plot
YCxHy (or Y2CHz, YC�YHz, z = 2.55)

[825]

C–H–Zr No diagram plot
ZrCxHy (x = 0.3070.65, y = 0.3071.25, or Zr2CHx,
Zr2C1±xH1±y, ZrC1±x�ZrH1±y, or Zr3CHx, Zr3C1±xH1±y,
ZrC1±x�2ZrH1±y)

[825–826, 866]

C–Hf–In No diagram plot
Hf2InC (Mn+1AXn-phase)

[680–681, 744–
745, 860]

C–Hf–In–Ti No diagram plot
(Ti,Hf)2InC (Mn+1AXn-phase solid solution)

[680–681, 860]

C–Hf–Ir Plotted at 1500 �C: Hf2+xIr (\*1720–1775 �C), Hf3Ir2

(or Hf5Ir3, \*1930–1970 �C), HfIr1+x (or Hf47Ir53,
\*2410–2440 �C), HfIr3+x (\*2460–2470 �C), HfC1–x,
a-Hf, b-Hf, Ir, C
Depend. on compos., graphite is in equilibrium with
HfIr3+x ? HfC1–x or HfIr3+x ? (Ir,Hf).

[244, 391, 417]

C–Hf–Mn No diagram plot
The interaction between HfC1–x and Mn leads to the
formation of eutectic alloy and solid solutions.

[242]
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Table 2.14 (continued)

System Type of phase diagram (temperature and composition
sections, constituent phases or phase fields) and/or
character of interphase interaction and materials
compatibility

References

C–Hf–Mo Plotted at 1250–2100 �C: (Hf,Mo)C1–x (HfC1–x–a-MoC1–x

monocarbide continuous solid solution at temp.
[*1700–2000 �C, or extended solid solution based on
HfC1–x with homog. range from HfC0.5670.99 to
(Hf0.15Mo0.85)C0.7270.77 at 1400 �C, from HfC0.5470.99 to
(Hf0.11Mo0.89)C0.7270.77 at 1700 �C, from HfC0.5470.99 to
MoC0.6470.71 at 2000 �C; the C content of the mixed
monocarbide phase increases as Hf substitutes for Mo),
b-(Mo,Hf)2±xC (semicarbide solid solution based on
b-Mo2±xC with homog. range from MoC0.470.55 to
(Mo0.9Hf0.1)C0.47570.50 at 1400–2000 �C), a-(Mo,Hf)C1–x

(extended monocarbide solid solution based on a-MoC1–x

with homog. range from MoC0.6570.70 to
(Mo0.9370.95Hf0.0570.07)C0.6570.70 at 1400–1700 �C;
a-MoC1–x–HfC1–x monocarbide continuous solid solution at
temp. [*1700–2000 �C), g-(Mo,Hf)C1–x (solid solution
based on g-MoC1–x with max. solubility of Hf—up to 3
at.% at 1700 �C), a-HfMo2±x (\*1770–1875 �C),
b-HfMo2–x (from *1770–1875 �C to *2130–2210 �C),
a-Hf, b-(Hf,Mo), Mo, C
Eutectic (Hf,Mo)C1–x–Mo–b-(Mo,Hf)2±xC
(*2100–2140 �C, 6 at.% Hf, 20 at.% C)
Eutectic (Hf,Mo)C1–x–b-(Hf,Mo)–a-Hf (*1740–1780 �C,
83 at.% Hf, 2.5 at.% C)
Eutectic (Hf,Mo)C1–x–b-(Hf,Mo)–b-HfMo2–x (*1850 �C)
Eutectic (Hf,Mo)C1–x–g-(Mo,Hf)C1–x–b-(Mo,Hf)2±xC
(*2470 �C)
HfC1–x–Mo is plotted: eutectic—*2310–2370 �C,
*11–15 mol.% HfC1–x (*11.5 at.% C); at eutectic temp.
the max. solid solubility of Mo in HfC1–x is C15 mol.%
and that of HfC1–x in Mo is *1.6 mol.%, the latter one
decreases with decreasing temp. up to—0.4 mol.% at
2100 �C and 0.25 mol.% at 1250 �C
Additions of Hf affect the solid solubility of C in Mo; at
higher Hf content, the solubility of C decreases obviously.
The presence of Hf stabilizes a-MoC1–x. The interaction
between HfC1–x and Mo initiates from 1500–1800 �C (5 h
exposure) and becomes noticeable at 2000–2200 �C (2 h
exposure).
Some data available on the system in literature are
controversial.

[138, 242, 391,
407, 409–410, 579,
614, 772–774,
827–828, 832, 835,
837]

C–Hf–Mo–Ni HfC1–x–b-Mo2±xC–Ni is plotted at 1220 �C: eutectic—
*1200–1240 �C, *7 mol.% b-Mo2±xC, *4 mol.%
HfC1–x; the max. mutual solubilities of the components at
eutectic temp. are: in HfC1–x–9 mol.% b-Mo2±xC and
15.5 mol.% Ni, in b-Mo2±xC–3 mol.% HfC1–x and
20 mol.% Ni and in Ni–1 mol.% HfC1–x and 4 mol.%
b-Mo2±xC.

[408]
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Table 2.14 (continued)

System Type of phase diagram (temperature and composition
sections, constituent phases or phase fields) and/or
character of interphase interaction and materials
compatibility

References

C–Hf–Mo–Si No diagram plot.
At 1900–1950 �C in Ar atmosphere or low vacuum
(*100 Pa) the interaction in HfC1–x–MoSi2 powder
mixtures leads to the formation of SiC and (Mo,Hf)5Si3±x.

[894, 899]

C–Hf–Mo–Ti HfC1–x (x = 0.02)–TiC1–x (x = 0.03)–‘MoC’ is plotted at
1500–1650 �C: a small miscibility gap forms at temp.
\1630 �C at compos. Hf0.45Mo0.55C1.0; at lower temp. a
large miscibility gap connects the TiC1–x–HfC1–x and
HfC1–x –‘MoC’ boundary systems; addition of ‘MoC’ to the
TiC1–x–HfC1–x solid solution decreases the critical
miscibility temp., while addition of TiC1–x to HfC1–x–
‘MoC’ raises the critical temp.; no max. type ternary
critical point.

[409]

C–Hf–Mo–V HfC1–x (x = 0.02)–VC1–x (x = 0.12)–‘MoC’ is plotted at
1500–2750 �C: addition of VC1–x to the HfC1–x–‘MoC’
monocarbide solid solution increases the critical miscibility
temp.; phase equilibria are dominated by a large miscibility
gap at 1500 �C.

[410]

C–Hf–N HfC1–x–HfN1±x–Hf is plotted at 1150 and *2000 �C:
HfCxNz (0.6 B x ? z B 1, HfC1–x–HfN1±x carbonitride
continuous solid solution, homog. range at 1150 �C:
*HfC0.60–HfN0.72–HfN1.0–HfC0.98), b-Hf

[138, 242, 391,
411, 454]

C–Hf–N–O HfC1–x–HfN1±x–‘HfO’ is plotted at 1600 and 2000 �C:
homog. limits of HfC1–x–HfN1±x continuous solid solution
(HfCxNyOz) are HfC0.75O0.25 and HfN0.80O0.20 (1600 �C)
and HfC0.70O0.30 and HfN0.75O0.25 (2000 �C)

[411–412]

C–Hf–Nb Plotted at 1200–2050 �C: (Hf,Nb)C1–x (HfC1–x–NbC1–x

monocarbide continuous solid solution), b-Nb2+xC (max.
solubility of Hf is *5 at.%), c-Nb2±xC, f-Nb4C3–x,
Nb6C5±x, b-(Hf,Nb), C
Graphite is in equilibrium with (Hf,Nb)C1–x.

[138, 242, 391,
413, 813, 824, 837,
844]

C–Hf–Nb–U HfC1–x–NbC1–x–UC1±x is plotted at 2050 �C: (Hf,Nb,U)C
(based on HfC1–x–NbC1–x and NbC1–x–UC1±x monocarbide
continuous solid solutions with homog. range depend. on
temp.), 2 monocarbide solid solutions region (or miscibility
gap, limited by compos. *(Hf0.4U0.6)C1–x–
*(Hf0.75U0.25)C1–x–*(Hf0.5Nb0.2U0.3)C1–x)

[391]

C–Hf–Nb–V HfC1–x–NbC1–x–VC1–x is plotted at 2050 �C: (Hf,Nb,V)C1–x

(based on HfC1–x–NbC1–x and VC1–x–NbC1–x monocarbide
continuous solid solutions, with homog. range depend.
on temp.), 2 monocarbide solid solutions region (or
miscibility gap, limited by compos. *(Hf0.98V0.02)C1–x–
*(Hf0.03V0.97)C1–x–*(Hf0.270.3Nb0.5170.52V0.270.3)C1–x)

[413]
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Table 2.14 (continued)

System Type of phase diagram (temperature and composition
sections, constituent phases or phase fields) and/or
character of interphase interaction and materials
compatibility

References

C–Hf–Ni Plotted at 1100 �C: Hf2Ni (\*1195–1200 �C), a-HfNi
(\1170 �C), b-HfNi (1170–1530 �C), Hf9Ni11

(\1335–1340 �C), Hf7Ni10 (or Hf2Ni3, \1290–1295 �C),
Hf3Ni7 (or Hf2Ni5, from *1015–1020 �C to 1250 �C),
Hf8Ni21 (from *1175–1180 �C to 1300 �C), a-HfNi3
(\1200 �C), b-HfNi3 (from 1200 �C to *1300–1340 �C),
Hf2Ni7 (\1480 �C), HfNi5 (\1240 �C), HfC1–x, Ni, a-Hf,
b-Hf, C
HfC1–x–Ni is plotted: eutectic—*1320–1330 �C,
*3–5.6 mol.% HfC1–x; at the eutectic temp. the solubility
of HfC1–x in Ni is B0.771.0 mol.% and that of Ni in
HfC1–x–*7.5 mol.%
HfC1–x is in equilibrium with Ni and Ni-Hf intermetallides

[242, 244, 391,
414–415, 417,
839]

C–Hf–Ni–Ti HfC1–x–TiC1–x–Ni is plotted at 1225 �C: eutectic—
*1205–1235 �C, *1.0–1.2 mol.% HfC1–x, *5–6 mol.%
TiC1–x

[414]

C–Hf–Ni–W HfC1–x–d-WC1±x–Ni is plotted at 1000 �C: eutectic—
15 mol.% HfC1–x, 15 mol.% d-WC1±x; regions of solid
solutions based on the individual components are not large
(6–7 mol.%)

[415]

C–Hf–Ni–Zr HfC1–x (x = 0.02)–ZrC1–x (x = 0.17)–Ni is plotted
partially: HfC1–x–ZrC1–x monocarbide continuous solid
solution forms in the presence of Ni; minimum on the line
of eutectic solidification (Hf,Zr)C1–x–Ni is lower by
100–150 �C than eutectic temp. in the HfC1–x–Ni and ZrC1–x

–Ni systems and corresp. to compos. 4 mol.% HfC1–x,
4 mol.% ZrC1–x and 92 mol.% Ni

[839]

C–Hf–O C–Hf–b-HfO2–x is partially plotted at 1900 �C: homog.
limits of HfCxOy (HfC1–x–‘HfO’ oxycarbide solid solution)
are *HfC0.75O0.25–HfC0.55–HfC0.99

The equilibrium pressure of CO over graphite in the
mixture with a-HfO2–x and HfC1–x is *0.1 MPa at
1640 �C, *0.05 MPa at 1600 �C, *0.02 MPa at 1500 �C
and *0.01 MPa at 1400 �C.

[411, 416]

C–Hf–O–Ti No diagram plot.
At 1500–2200 �C the interaction between TiC1–x and
HfO2–x leads to the formation of TiCxOy.

[242]

C–Hf–Os Plotted at 1500 �C: h-Hf3+xOs (\1640–1680 �C),
e-Hf2+xOs (\1860–1900 �C), g-Hf2±xOs (\2040–2080 �C),
d-HfOs1±x (\2500–2540 �C), k-HfOs2±x (\*2700 �C),
HfC1–x, a-Hf, b-Hf, Os, C
Graphite is in equilibrium with (Os,Hf) ? HfC1–x. The
solubility of Hf in Os (with the presence of C) and
solubility of Os in HfC1–x are low.

[391, 417]

C–Hf–Pb No diagram plot
Hf2PbC (Mn+1AXn-phase)

[680–681, 744–
745, 860]
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Table 2.14 (continued)

System Type of phase diagram (temperature and composition
sections, constituent phases or phase fields) and/or
character of interphase interaction and materials
compatibility

References

C–Hf–Pd Plotted at 1300 �C: Hf2Pd (\1405–1425 �C), HfPd
(\1600–1620 �C), Hf3Pd4 (\1550–1570 �C), HfPd2 (from
1350–1390 �C to 2075 �C), HfPd3 (\1955–1975 �C),
HfC1–x, a-Hf, b-Hf, Pd, C
Depend. on compos., graphite is in equilibrium with
(Pd,Hf) alloy, or HfPd3, or HfPd3 ? HfC1–x.

[244, 391, 417]

C–Hf–Pt Plotted at 1500 �C: Hf2Pt (\1620 �C), HfPt (\2100 �C),
Hf9Pt11 (\1550 �C), Hf2Pt3 (1400–1670 �C), HfPt2
(1630–1960 �C), HfPt3±x (\2150 �C), HfC1–x, a-Hf, b-Hf,
Pt, C
Depend. on compos., graphite is in equilibrium with (Pt,Hf)
alloy ? HfPt3±x or HfPt3±x ? HfC1–x.

[391, 417]

C–Hf–Re Plotted at 1500 �C: HfRe1±x (or Hf11Re9, or Hf3Re2,
\*2280–2445 �C), k-HfRe2±x (\*2850–3160 �C),
v-Hf5Re24±x (or HfRe7, \*2800–3100 �C), HfC1–x, a-Hf,
b-Hf, Re, C
HfC1–x–Re is plotted: eutectic—2720 �C, *20–30 mol.%
HfC1–x; the mutual solubilities of the components are low
Graphite is in equilibrium with Re ? HfC1–x.

[242, 244, 391,
417, 835, 837]

C–Hf–Rh Plotted at 1500 �C: HfRh3Cx (x & 0.4), c-Hf2±xRh
(\*1450–1520 �C), d-HfRh1±x (\*2180–2290 �C),
Hf3Rh5±x (or Hf2Rh3+x, \2040 �C), HfRh3±x (\2130 �C),
HfC1–x, a-Hf, b-Hf, Rh, C
The solubility of C in HfRh3±x is *5–10 at.%; no
solubility of Rh in HfC1–x. Depend. on compos., graphite is
in equilibrium with Rh ? HfRh3Cx or HfRh3Cx ? HfC1–x

[244, 391, 417]

C–Hf–Ru Plotted at 1500 �C: HfRu3C1–x (x & 0.3), HfRu1±x

(\*2350–2400 �C), HfRu2 (\*1900–1950 �C), HfC1–x,
a-Hf, b-Hf, Ru, C
HfC1–x–Ru is plotted: eutectic—*2000 �C
Graphite is in equilibrium with Ru ? HfC1–x

[391, 417]

C–Hf–S No diagram plot
Hf2SC (Mn+1AXn-phase)

[680–681, 744–
745, 860]

C–Hf–Si Plotted at 1300 �C: Hf5Si3C1+x (x = 0.09), Hf2Si
(\*2070–2095 �C), Hf3Si2 (\2460–2500 �C), Hf5Si4 (or
Hf5Si3, \2305–2335 �C), HfSi (\*2125–2155 �C), HfSi2
(\*1535–1550 �C), HfC1–x, SiC, a-Hf, Si, C
Graphite is in equilibrium with SiC ? HfC1–x.

[242, 417–419,
503, 771]

C–Hf–Sn No diagram plot
Hf2SnC (Mn+1AXn-phase)

[680–681, 744–
745, 860]
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System Type of phase diagram (temperature and composition
sections, constituent phases or phase fields) and/or
character of interphase interaction and materials
compatibility

References

C–Hf–Ta Plotted at 1000–3950 �C: (Hf,Ta)C1–x (HfC1–x–TaC1–x

monocarbide continuous solid solution), a-(Ta,Hf)2+xC
(extended semicarbide solid solution based on a-Ta2+xC,
*1000–2230 �C, max. solubility of Hf, depend. on
temp.—*1.5–10.7 at.%), b-(Ta,Hf)2±xC (extended
semicarbide solid solution based on b-Ta2±xC,
*2000–3200 �C, max. solubility of Hf, depend. on
temp.—*1.5–18.5 at.%), f-Ta4C3–x, Ta6C5±x, a-Hf, b-Hf,
Ta, C
HfC1–x–TaC1–x is plotted: miscibility gap in the solid state
(critical point—890 �C, at compos. *Hf0.570.6Ta0.470.5C1–x)
The data on the higher melting points of (Hf,Ta)C1–x in
comparison with individual HfC1–x and TaC1–x are not
confirmed. Graphite is in equilibrium with (Hf,Ta)C1–x.

[138, 242, 391,
419–423, 723, 813,
837, 885]

C–Hf–Ta–U HfC1–x–TaC1–x–UC1±x is plotted at 2050 �C: (Hf,Ta,U)C1±x

(based on HfC1–x–TaC1–x and TaC1–x–UC1±x monocarbide
continuous solid solutions with homog. range depend. on
temp.), 2 monocarbide solid solutions region (or miscibility
gap, limited by compos. *(Hf0.4U0.6)C1–x–
*(Hf0.75U0.25)C1–x–*(Hf0.55Ta0.15 U0.3)C1–x)

[391]

C–Hf–Tc Plotted schematically [840]
C–Hf–Th No diagram plot

HfC1–x–ThC1±x extended monocarbide solid solutions
(terminal solubility).

[138]

C–Hf–Ti Plotted at 800, 1500 and 2000 �C: (Hf,Ti)C1–x (HfC1–x–
TiC1–x monocarbide continuous solid solution at higher
temp. with miscibility gap at lower temp.), two mono-
carbide extended solid solutions region (Hf,Ti)C1–x (based
on HfC1–x) ? (Ti,Hf)C1–x (based on TiC1–x), a-Hf, b-Hf,
a-Ti, b-Ti, C
HfC1–x–TiC1–x is plotted: miscibility gap in the solid
state (critical point—*1765–2050 �C (?), at
*Hf0.4070.45Ti0.5570.60C1–x, gap width at 1500 �C—from
*Hf0.170.2

Ti0.870.9C1–x to *Hf0.5070.75Ti0.2570.50C1–x)
Graphite is in equilibrium with (Hf,Ti)C1–x or (Hf,Ti)C1–x

? (Ti,Hf)C1–x.

[138, 242, 391,
414, 424–426, 625,
813, 816]

C–Hf–Ti–V HfC1–x–TiC1–x–VC1–x is plotted at 2050 �C: (Hf,Ti,V)C1–x

(based on HfC1–x–TiC1–x and VC1–x–TiC1–x monocarbide
continuous solid solutions with homog. range depend.
on temp.), 2 monocarbide solid solutions region (or
miscibility gap, limited by compos. *(Hf0.98V0.02)C1–x–
*(Hf0.03V0.97) C1–x–*(Hf0.1470.17Ti0.7370.74V0.0970.12)C1–x)

[413]
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System Type of phase diagram (temperature and composition
sections, constituent phases or phase fields) and/or
character of interphase interaction and materials
compatibility

References

C–Hf–Ti–W HfC1–x–TiC1–x–d-WC1±x is plotted at 1500–3100 �C:
(Hf,Ti,W)C1–x (monocarbide solid solution based on HfC1–x),
(Ti,Hf,W)C1–x (monocarbide solid solution based on TiC1–x),
(Hf,Ti,W)C1–x ? (Ti,Hf,W)C1–x, (Hf,Ti,W)C1–x

(monocarbide solid solution based on (Hf,Ti)C1–x) ?

d-(W,Hf,Ti)C1±x (monocarbide solid solution based on
d-WC1±x)
(Hf,W)C1–x–(Ti,W)C1–x miscibility gap in the solid state:
limited by compos. Hf0.64Ti0.36C1–x–Hf0.22Ti0.78C1–x–
Hf0.41Ti0.27W0.32C1±x (at 1540 �C)

[426]

C–Hf–Tl No diagram plot
Hf2TlC (Mn+1AXn-phase)

[680–681, 744–
745, 860]

C–Hf–U Plotted at 1800 and 2000 �C: (Hf,U)C1–x (HfC1–x–UC1±x

monocarbide continuous solid solution, or extended
monocarbide solid solutions based on HfC1–x and UC1±x at
lower temp.), a-UC2–x, a-Hf, b-Hf, U, C
HfC1–x–UC1±x is plotted: miscibility gap in the solid state
(critical point—*1730 �C, ?)
At higher temp., depend. on compos., graphite is in
equilibrium with (Hf,U)C1–x or (Hf,U)C1–x ? UC2–x; the
compos. of (Hf,U)C1–x in equilibrium with C ? UC2–x is
corresp. to *(Hf0.9U0.1)C1–x (at 2200 �C) and shifts to
lower U concentrations with temp. increase.

[138, 391]

C–Hf–U–Zr HfC1–x–ZrC1–x–UC1±x is plotted at 2050 �C: (Hf,Zr,U)C1±x

(based on HfC1–x–ZrC1–x and ZrC1–x–UC1±x monocarbide
continuous solid solutions with homog. range depend. on
temp.), 2 monocarbide solid solutions region (or miscibility
gap, limited by compos. *(Hf0.4U0.6)C1±x–
*(Hf0.75U0.25)C1±x–*(Hf0.45Zr0.10U0.45)C1±x)

[391]

C–Hf–V Plotted at 1000 �C: HfV2±x (\1550 �C), a-V2+xC,
b-V2±xC, b0-V2+xC, f-V4C3–x, V6C5±x, V8C7±x, VC1–x,
HfC1–x, a-Hf, V, C
HfC1–x–VC1–x is plotted: eutectic—*2580–2650 �C,
*70–75 mol.% VC1–x; the mutual solubilities of HfC1–x

and VC1–x in each other are *15 vol.% (at eutectic temp.)
The mutual solubilities of other components are lower.

[391, 427, 813,
837]

C–Hf–V–W HfC1–x–VC1–x–d-WC1±x is plotted at 1750–2970 �C:
(Hf,V,W)C1–x (monocarbide solid solution based on
(Hf,V)C1–x), (Hf,V,W)C1–x (monocarbide solid solution
based on HfC1–x), (V,Hf,W)C1–x (monocarbide solid
solution based on VC1–x)
(Hf,W)C1–x–(V,W)C1–x miscibility gap in the solid state:
limited by compos. *(Hf0.9V0.1)C1–x–*(Hf0.1V0.9)C1–x–
*(Hf0.4070.45V0.4070.45W0.15)C1±x (at 2580 �C)
Addition of d-WC1±x decreases the critical temp. of
miscibility gap.

[427]
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System Type of phase diagram (temperature and composition
sections, constituent phases or phase fields) and/or
character of interphase interaction and materials
compatibility

References

C–Hf–W Plotted at 1500–2660 �C: (Hf,W)C1–x (HfC1–x–c-WC1–x

monocarbide continuous solid solution at higher temp.),
HfW2±x (\*2495–2530 �C), a-W2+xC, b-W2+xC,
c-W2±xC, c-WC1–x, d-WC1±x, a-Hf, b-Hf, W, C
Eutectic (Hf,W)C1–x–c-W2±xC–W (2660 �C, 8 at.% Hf,
22 at.% C); at the eutectic temp. the monocarbide solid
solution compos. is (Hf0.83W0.17)C0.89 and semicarbide
solid solution compos. is (W0.94Hf0.06)2C0.99 (with max.
solubility of Hf in c-W2±xC); the max. solid solubilities of
C and Hf in metal W are *1 at.%
HfC1–x–W is plotted: eutectic—*2790–2930 �C,
*20–25 mol.% HfC1–x (*20 at.% C); the solubility of W
in HfC1–x is 6 mol.% (at eutectic temp.)
The presence of Hf stabilizes c-WC1–x

[242, 244, 391,
415, 417, 428–430,
773, 827, 835,
837]

C–Hf–Zr Plotted at 1600–3900 �C: (Hf,Zr)C1–x (HfC1–x–ZrC1–x

monocarbide continuous solid solution), a-(Hf,Zr),
b-(Hf,Zr), C
Eutectic (Hf,Zr)C1–x–b-(Zr,Hf)–a-(Hf,Zr) (2030 �C)
HfC1–x–ZrC1–x is plotted: continuous solid solution
Graphite is in equilibrium with (Hf,Zr)C1–x.

[138, 391, 424–
425, 634, 813,
1006]

C–Ho–U No diagram plot
UC1±x–HoC1–x monocarbide continuous solid solution or
extended solid solution based on UC1±x.

[391]

C–In–Nb No diagram plot
Nb2InC (Mn+1AXn-phase)

[680–681, 744–
745, 860]

C–In–Ti Plotted partially at 1300 �C: Ti2InC (Mn+1AXn-phase),
Ti3InC, Ti3In4 (\*795 �C), TiC1-x (solubility of In B 5
at.%), a-Ti, b-Ti, In, C
The extension of homog. range for both ternary compounds
in the system is *2–4 at.%.

[587, 680–681,
744–745, 859–
860]

C–In–Zr No diagram plot
Zr2InC (Mn+1AXn-phase)

[680–681, 744–
745, 860]

C–Ir–Mo Plotted at 1500 �C: *Mo2Ir2C (stable at least at temp.
\1500 �C, ?), Ir3–xMo (\2300 �C), e-IrMo1±x (from
1400–1620 �C to 2270 �C), IrMo1±x (\1600–1620 �C),
r-Ir3Mo7+x (from *1970–1980 �C to *2080–2110 �C),
IrMo3+x (\2100–2120 �C), b-Mo2±xC, Mo, Ir, C

[244, 391, 431]

C–Ir–Nb Plotted at 1500 �C: Ir3±xNb (\2435–2440 �C), a2-IrNb1–x

(\*1985 �C), a1-IrNb1–x (\*1900 �C), r-IrNb2–x

(\*2060 �C), IrNb3±x (\2125–2130 �C), b-Nb2+xC,
f-Nb4C3–x, NbC1–x, Nb, Ir, C
Depend. on compos., graphite is in equilibrium with
Ir3±xNb ? NbC1–x or Ir3±xNb ? (Ir,Nb).

[244, 391, 431]

C–Ir–Rh No diagram plot
Eutectic (50 % Ir ? 50 % Rh)–C (1930 �C)

[138]
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Table 2.14 (continued)

System Type of phase diagram (temperature and composition
sections, constituent phases or phase fields) and/or
character of interphase interaction and materials
compatibility

References

C–Ir–Sc No digram plot
ScIr3C, a-Sc3IrC4, b-Sc3IrC4

[986–988]

C–Ir–Si Plotted at 1340 �C: IrSi3 (at least at *1400–1500 �C),
IrSi2 (at least at *1400–1500 �C), Ir2Si3 (or IrSi*1.5, at
least at *1250–1400 �C), IrSi (at least at *1500 �C),
Ir3Si2 (or Ir1.5Si, at least from *500–700 �C to
*1500 �C), Ir2Si (at least at *1500 �C), Ir3Si (at least at
*1500 �C), SiC, Si, Ir, C

[431, 503–504]

C–Ir–Ta Plotted at 1500 �C: b-Ir3±xTa (\2450–2455 �C), c-Ir3Ta2+x

(or a2-Ir3Ta2+x, \1860–1865 �C), d-IrTa1–x (or a1-IrTa1–x,
\*2120–2125 �C), r-IrTa3±x (\2475–2480 �C),
a-Ta2+xC, b-Ta2±xC, f-Ta4C3–x, Ta6C5±x, TaC1–x,Ta, Ir, C
Depend. on compos., graphite is in equilibrium with
b-Ir3±xTa ? TaC1–x or b-Ir3±xTa ? (Ir,Ta).

[244, 391, 431]

C–Ir–Th No diagram plot
ThxIryCz (?)

[391]

C–Ir–Ti Plotted at 1500 �C: Ti3–xIr (\1515 �C), a-TiIr1±x

(\*1745 �C), b-TiIr1±x (\*2130 �C), TiIr3±x

(\*2115–2125 �C), TiC1–x, b-Ti, Ir, C
Depend. on compos., graphite is in equilibrium with
TiIr3±x ? TiC1–x or TiIr3±x ? (Ir,Ti).

[244, 391, 431]

C–Ir–U Plotted at 1300 �C: U2IrC2, U3Ir (*750–945 �C), U2Ir
(\*775 �C), a-U3Ir2 (\*900 �C), b-U3Ir2

(*900–1120 �C), Ulr (\1470 �C), UIr2

(\*1850–1875 �C), Ulr3 (\*2000–2005 �C), UC1±x,
f-U2C3, U, Ir, C

[242, 244, 391,
431, 693]

C–Ir–V Plotted at 1500 �C: V3±xIr (\*1900–1960 �C), VIr1+x

(B*at least 1880 �C), V1–xIr1+x (or (V1–xIrx)Ir,
0.04 \ x \ 0.19, Bat least 1900 �C), VIr3±x (Bat least
2000 �C), b-V2±xC, b0-V2+xC, f-V4C3–x, V6C5±x,
V8C7±x,VC1–x, V, Ir, C
Depend. on compos., graphite is in equilibrium with
VIr3±x ? VC1–x or VIr3±x ? (Ir,V).

[391, 431]

C–Ir–W Plotted at 2000 �C: *W2Ir2C (?), d-Ir3–xW (?), b-Ir3W2±x

(\*2500 �C), e-IrW1±x (?), r-IrW3±x (from
1795–1850 �C to 2520–2570 �C), a-W2+xC, b-W2+xC,
c-W2±xC, c-WC1–x, d-WC1±x, W, Ir, C

[244, 391, 431]

C–Ir–Y Plotted partially at 1100–1500 �C: Y3Ir (\1425 �C), Y5Ir2

(\1525 �C), Y64Ir37 (?), a0-Y5Ir3±x (?), a-Y5Ir3±x (?),
b-Y5Ir3±x (\1600 �C), Y3Ir2 (\1725 �C), YIr (\2150 �C),
YIr2±x (\2400 �C), YIr3 (\2100 �C), Y2±xC, YC1±x,
a-Y4C5, b-Y4C5, a-Y3C4–x, b-Y3C4–x, a-Y2C3–x, b-Y2C3–x,
a-YC2, b-YC2±x, a-Y, b-Y, Ir, C
Depend. on compos., graphite is in equilibrium with
YIr2±x ? Ir, or YIr2±x ? a-YC2.

[990]
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System Type of phase diagram (temperature and composition
sections, constituent phases or phase fields) and/or
character of interphase interaction and materials
compatibility

References

C–Ir–Zr Plotted at 1500 �C: Zr3Ir (\1305 �C), Zr2Ir (\1340 �C),
Zr5Ir3 (\1730 �C), a-ZrIr1–x (\900–950 �C), b-ZrIr1±x

(from 900–950 �C to 2050 �C), ZrIr2 (\2085 �C), ZrIr3±x

(\2280 �C), ZrC1–x, a-Zr, b-Zr, Ir, C
Depend. on compos., graphite is in equilibrium with
ZrIr3±x ? ZrC1–x, or ZrIr3±x ? (Ir,Zr).

[244, 391, 431]

C–La–N–Th No diagram plot
ThC1±x–LaN1±x carbonitride continuous solid solution

[391]

C–La–U Plotted at 1500 �C: b-(La,U)C2±x (extended dicarbide solid
solution based on b-LaC2±x), UC1±x, f-U2C3, La2C3–x, U,
La, C
The solubilities of ‘LaC’ in UC1±x and La2C3–x in f-U2C3

are \1 mol.%.

[244, 391]

C–Lu–U No diagram plot
UC1±x–LuC1–x (or Lu3–xC) monocarbide continuous solid
solution or extended solid solution based on UC1±x.

[391]

C–Mg–Mo–O No diagram plot
At 1800–2300 �C the interaction between MgO and
b-Mo2±xC is weak.

[242]

C–Mg–Nb–O No diagram plot
At 1800–2300 �C, in vacuum MgO and NbC1–x interact
with the formation of Nb and NbCxOy

[242]

C–Mg–O No diagram plot
MgCO3, MgC2O4

In vacuum (0.01–0.05 Pa), the interaction between C and
MgO is ruled by chemical boundary reaction stage (linear
law) and initiates in powdered mixtures from *1350 �C
and on bulk materials contacts—from *1800 �C.

[138, 194]

C–Mg–O–Si No diagram plot
At 1600 �C MgO and SiC interact intensively.

[242]

C–Mg–O–Ta No diagram plot
In vacuum, the interaction between MgO and TaC1–x

initiates at temp. [2200–2300 �C.

[138, 242]

C–Mg–O–Ti No diagram plot
At 1600–1900 �C, in He MgO and TiC1–x interact with the
formation of Mg2TiO4, TiO1±x and CO; at 1800–2300 �C,
in vacuum—with the formation of C, Mg and TiCxOy.

[242]

C–Mg–O–W No diagram plot
At 1800–2300 �C the interaction between MgO and
d-WC1±x is weak.

[242]

C–Mg–O–Zr No diagram plot
At 2000–2300 �C in vacuum MgO and ZrC1–x interact with
the formation of C, Mg and ZrCxOy.

[242]

(continued)

148 2 Carbon (Graphene/Graphite)



Table 2.14 (continued)

System Type of phase diagram (temperature and composition
sections, constituent phases or phase fields) and/or
character of interphase interaction and materials
compatibility

References

C–Mn–Nb No diagram plot
At 1350 �C the interaction between NbC1–x and Mn leads
to the formation of eutectic alloy and solid solutions.

[242]

C–Mn–Mo Plotted at 800 �C: g-Mo3Mn3C, Mo2Mn4C, a-(Mo,Mn)2+xC
(extended solid solution based on a-Mo2+xC), r-Mn5Mo3–x

(from 1075–1105 �C to 1300–1500 �C), l-Mn5Mo4±x

(\1400–1600 �C), e-Mn4±xC, Mn23C6, Mn15C4, Mn3C,
Mn5C2, Mn7C3, a0-Mo2+xC, c-MoC, a-Mn, b-Mn, c-Mn,
Mo, C
Depend. on compos., graphite is in equilibrium with
a-(Mo,Mn)2+xC, or a-(Mo,Mn)2+xC ? Mn7C3, or Mn7C3.

[391]

C–Mn–Si Plotted at 1000 and 1130 �C: Mn5SiC (Nowotny phase),
Mn8Si2C, Mn5Si3Cx (\1285–1300 �C, solid solution based
on Mn5Si3), Mn6±xSi (\880 �C), m-Mn9Si2±x (\1060 �C),
a-Mn3–xSi (\*675 �C), b-Mn3±xSi (from *675 �C to
1070–1075 �C), Mn5Si2 (\850 �C), MnSi1–x (\1270–
1275 �C), Mn11Si19±x (or MnSi1.75–x, \1150–1155 �C),
h-MnSi2 (or h-Mn15Si26, ?), e-Mn4±xC, Mn23C6, Mn15C4,
Mn3C, Mn5C2, Mn7C3, SiC, b-Mn, c-Mn, d-Mn, Si, C
The solubility of Mn in SiC is very low (*2910-4 at.% at
1850 �C and *2910-2 at.% at 1950 �C).

[244, 299, 393,
431, 503, 769–
770]

C–Mn–U No diagram plot
UMnC2

[391]

C–Mn–W Plotted at 800 �C: g-W3Mn3C, j-W3MnC1–x, (Mn,W)2C
(or *Mn7W0.571C272.5), e-Mn4±xC, Mn23C6, Mn15C4,
Mn3C, Mn5C2, Mn7C3, d-WC1±x, a-Mn, b-Mn, W, C
Depend. on compos., graphite is in equilibrium with
d-WC1±x ? Mn7C3 or Mn7C3.

[391]

C–Mn–Zr No diagram plot
At 1300 �C the interaction between ZrC1–x and Mn leads to
the formation of eutectic alloy and solid solutions.

[242]

C–Mo–N Plotted at 1100 �C: d-Mo(C,N)1±x (extended solid solution
based on d-MoN or d-MoN–‘MoC’ carbonitride continuous
solid solution at higher temp.), a-Mo2+x(C,N) (extended
solid solution based on a-Mo2+xC with max. solubility of
c-Mo2±xN–65 mol.%), c-Mo2±xN, Mo, N, C

[391, 431, 476,
853]

C–Mo–N–Ti TiC1–x–TiN1±x–a-MoC1–x–d-MoN is plotted at 1450 �C
(pN2 B 0.2 MPa) and 1600–1650 �C (pN2 B 0.3 MPa):
(Ti,Mo)(C,N)1±x (extended solid solution based on
TiC1–x–TiN1±x carbonitride continuous solid solution)
TiC1–x–TiN1±x–a-MoC1–x is partially plotted at 1600 �C:
(Ti,Mo)(C,N)1–x (extended solid solution based on TiC1–x)
(Ti,Mo)(C,N) phase separates into two phases, of which
one is richer in Ti and N than another; the two-phase field
becomes smaller at higher temp.

[432, 584, 588]
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System Type of phase diagram (temperature and composition
sections, constituent phases or phase fields) and/or
character of interphase interaction and materials
compatibility

References

C–Mo–Nb Plotted at 1400–3000 �C: (Nb,Mo)C1–x (extended solid
solution based on NbC1–x, or NbC1–x–a-MoC1–x

monocarbide continuous solid solution at 2000–2600 �C),
b-(Mo,Nb)2±xC (extended solid solution based on
b-Mo2±xC with max. Nb solubility corresp. to
*(Mo0.6Nb0.4)2C), b-(Nb,Mo)2+xC (solid solution based on
b-Nb2+xC with max. Mo solubility—*3 at.%), g-MoC1–x,
(Nb,Mo), C
The interaction between NbC1–x and Mo initiates from
1700–1800 �C (5 h exposure) and becomes noticeable at
2000–2200 �C (2 h exposure). Under specific pressure
5 MPa the diffusion welded joint between NbC1–x and Mo
is produced at 1600 �C (5–15 min exposure).

[138, 242, 391,
433–434, 773, 827,
837, 853]

C–Mo–Nb–Ta b-Mo2±xC–b-Nb2+xC–a-Ta2+xC is plotted at 1650 and
2000 �C: (Ta,Nb,Mo)2±xC (based on b-Nb2+xC–a-Ta2+xC
semicarbide continuous solid solution), b-(Mo,Ta,Nb)2±xC
(solid solution based on b-Mo2±xC), (Ta,Nb,Mo)2±xC
? (Ta,Nb,Mo)C1–x ? (Mo,Nb,Ta), (Ta,Nb,Mo)C1–x

? (Mo,Nb,Ta), b-(Mo,Ta,Nb)2±xC ? (Ta,Nb,Mo)C1–x

? (Mo,Nb,Ta)

[435]

C–Mo–Nb–U a-MoC1–x–NbC1–x–UC1±x is plotted at 2000 �C:
(U,Nb,Mo)C1–x (based on NbC1–x–UC1±x monocarbide
continuous solid solution), UMoC2, a-(Mo,Nb,U)C1–x

(based on a-MoC1–x)

[436]

C–Mo–Nb–Zr a-MoC1–x–NbC1–x–ZrC1–x is plotted at 2000 �C:
(Zr,Nb,Mo)C1–x (based on NbC1–x–ZrC1–x continuous solid
solution), a-(Mo,Zr,Nb)C1–x (based on a-MoC1–x)

[436]

C–Mo–Ni Plotted at 1000 �C: g1-Mo6Ni6C, g1,2-Mo374Ni273C,
b-Ni4+xMo (\865–875 �C), c-Ni3+xMo (\905–915 �C),
d-NiMo1±x (or l-MoNi1±x, \*1360–1365 �C), a-Mo2+xC,
a0-Mo2+xC, Mo, Ni, C
b-Mo2±xC–Ni is plotted: eutectic—1265 �C, *9 mol.%
b-Mo2±xC; the solubility of b-Mo2±xC in Ni is
*2.5 mol.% (at eutectic temp.) and *1.5 mol.% (at
950 �C), and that of Ni in b-Mo2±xC is *21 mol.% (at
eutectic temp.) and *10–11 mol.% (at 950 �C)

[242, 244, 391,
408]

C–Mo–O Plotted partially at 930 and 1530 �C: b-MoO2±x

(\2125–2325 �C), a-Mo2+xC, a0-Mo2+xC, b-Mo2±xC, Mo,
O, C

[431, 575, 853]

C–Mo–O–Zr No diagram plot
At 1500–2000 �C the interaction between b-Mo2±xC and
ZrO2–x results in the formation of ZrCxOy and Mo.

[242]

C–Mo–Os Plotted at 1500 �C: *Mo3Os3C2 (\1500–1530 �C),
b-Mo3±xOs (\2210 �C), r-Mo2±xOs (\2420–2440 �C),
b-Mo2±xC, Mo, Os, C
The mutual solubilities of all the constituent binary phases
are low. Depend. on compos., graphite is in equilibrium
with (Os,Mo) or (Os,Mo) ? b-Mo2±xC.

[244, 391, 431]
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System Type of phase diagram (temperature and composition
sections, constituent phases or phase fields) and/or
character of interphase interaction and materials
compatibility

References

C–Mo–Pt Plotted at 1100 and 1500 �C: *Mo5-6Pt4-5C1-1.1 (at least
[1230–1260 �C), g-Pt2±xMo (\*1780–1820 �C),
d-PtMo1±x (\1280–1320 �C), e0-PtMo3–x (\*1455–1910 �C),
e-PtMo3–x (from 1455–1495 �C to *2155–2195 �C),
b-PtMo6–x (from 1270–1290 �C to 1760–1800 �C), a-Mo2±xC,
a0-Mo2+xC, b-Mo2±xC, Mo, Pt, C

[244, 391, 431]

C–Mo–Pu Plotted at 20, 900 and 1000 �C: a-PuMoC2 (\1680 �C),
b-PuMoC2 (from 1680 �C to 2130–2170 �C, congruent
melt. point), g-Pu4Mo3C3 (or Pu2MoC2, \*1900 �C,
congruent melt. point, ?), PuC1–x, Pu2C3–x, a-Mo2+xC,
a0-Mo2+xC, b-Mo2±xC, g-MoC1–x, a-Pu, b-Pu, c-Pu, d-Pu,
d0-Pu, e-Pu, Mo, C
Eutectic g-Pu4Mo3C3–PuC1–x–e-Pu (*610–630 �C)
Depending on compos., graphite is in equilibrium with
PuMoC2 ? Pu2C3–x or PuMoC2 ? a-Mo2+xC.

[242, 391, 906]

C–Mo–Pu–U No diagram plot
(U,Pu)MoC2 (PuMoC2–UmoC2 dicarbide continuous solid
solution), (U,Pu)MoC2–x (or (U,Pu)MoC1.7, solid solution
based on UMoC2–x, or UMoC1.7)

[391]

C–Mo–Re Plotted at 1400 and 1500 �C: p-Mo3Re2C (at least at
1400 �C, ?), *MoReC1–x (x & 0.2 at least at
*1400–1500 �C, ?), b-(Mo,Re)2±xC (b-Mo2±xC–Re
continuous solid solution), a-(Mo,Re)C1–x (extended solid
solution based on a-MoC1–x with the max. solubility of Re
corresp. to compos. *(Mo0.2Re0.8)C1–x), r-Mo2Re3±x

(from 1100–1150 to 2620–2670 �C), v-MoRe3+x

(\1970–2030 �C), Mo, Re, C
The presence of Re stabilizes a-MoC1–x.

[138, 244, 391,
431, 581–583, 603,
811]

C–Mo–Rh Plotted at 1100 and 1500 �C: *Mo2Rh2C (at least
[*1360 �C), Rh3±xMo (\1180–1220 �C), e-Rh2±xMo
(from *1000–1200 to 2065–2085 �C), e0-RhMo1±x

(\975–1125 �C), b-Mo2±xC, Mo, Rh, C

[244, 391, 431]

C–Mo–Ru Plotted at 1100 and 1500 �C: *Mo3Ru3C2 (at least
[*1300 �C), r-Ru3Mo5±x (from *1145 �C to 1915–
1920 �C), a-Mo2+xC, a0-Mo2+xC, b-Mo2±xC, Mo, Ru, C

[244, 391, 431,
853]

C–Mo–Sc Partially plotted at 1200 �C: (Sc,Mo)C1–x (a-MoC1–x–
ScC1–x monocarbide continuous solid solution), a-Sc4C3,
b-Sc4C3+x, Sc3C4–x (or Sc15C19±x), a-Mo2+xC, a0-Mo2+xC,
b-Mo2±xC, g-MoC1–x, c-MoC, Mo, a-Sc, b-Sc, C

[244–245, 431]
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System Type of phase diagram (temperature and composition
sections, constituent phases or phase fields) and/or
character of interphase interaction and materials
compatibility

References

C–Mo–Si Plotted at 1100–1730 �C: Mo5–ySi3Cx (x & 0.671.0,
y & 0.271.0, or Mo3(SixMo1–x)2(CySi1–x)3,
x = 0.1070.55, y = 0.1570.40, or Mo9Si7C4, Mo8Si5C,
Mo4Si3C, at least at 1200–1700 �C, Nowotny phase),
a-MoSi2 (\1900 �C), b-MoSi2 (from 1850–1900 �C to
2020 �C), Mo5Si3±x (\2170–2180 �C), Mo3Si
(\2025–2065 �C), a-Mo2+xC, a0-Mo2+xC, b-Mo2±xC,
g-MoC1–x, a-MoC1–x, c-MoC, SiC, Mo, Si, C
SiC–Mo is plotted: Mo5–ySi3Cx, Mo3Si, Mo5Si3±x

b-Mo2±xC, a-MoC1–x, SiC, Mo
At 1600 �C, depend. On compos., graphite is in equilibrium
with Mo5–ySi3Cx, Mo5–ySi3Cx ? SiC, or Mo5–ySi3Cx ?

b-Mo2±xC. In vacuum, the reaction between graphite and
a-MoSi2 begins at *1500 �C (2 h contact exposure) and
leads to the formation of Mo5–ySi3Cx and SiC.

[138, 242, 244,
431, 437, 503,
630–632, 665,
736–738, 819]

C–Mo–Si–Ta No diagram plot.
At 1900–1950 �C in Ar atmosphere or low vacuum
(*100 Pa) the interaction in TaC1–x–MoSi2 powder
mixtures leads to the formation of SiC and (Mo,Ta)5Si3±x.

[894, 899]

C–Mo–Si–Zr No diagram plot.
At 1950 �C in Ar atmosphere the interaction in ZrC1–x–
MoSi2 powder mixtures leads to the formation of SiC and
(Mo,Zr)5Si3±x.

[894]

C–Mo–Ta Plotted at 1400–3500 �C: (Ta,Mo)C1–x (extended solid
solution based on TaC1–x, or TaC1–x–a-MoC1–x mono-
carbide continuous solid solution at 2000–2600 �C),
b-(Mo,Ta)2C (extended solid solution based on b-Mo2±xC
or b-Mo2±xC–b-Ta2±xC semicarbide continuous solid
solution at 2300–2500 �C), a-Ta2+xC, f-Ta4C3–x, (stabilized
by Mo), Ta6C5±x, g-MoC1–x, (Mo,Ta), C
At higher temp. graphite is in equilibrium with single solid
phase (Ta,Mo)C1–x. In vacuum the interaction between
TaC1–x and Mo initiates from 2000 �C (5 h exposure).
Under specific pressure 5 MPa the diffusion welded joint
between TaC1–x and Mo is produced at 1400 �C (5–15 min
exposure).

[138, 242, 391,
419, 438–439, 723,
773, 827, 837]

C–Mo–Ta–V b-Mo2±xC–b-V2±xC–a-Ta2+xC is plotted at 1650 and
2000 �C: (Ta,V,Mo)2±xC (based on b-V2±xC–a-Ta2+xC and
b-V2±xC–b-Mo2±xC semicarbide continuous solid solu-
tions), (Ta,V,Mo)2±xC ? (Ta,V,Mo)C1–x ? (Ta,V,Mo),
(Ta,V,Mo)C1–x ? (Ta,V,Mo)

[435]

C–Mo–Tc Plotted schematically [840]
C–Mo–Th Plotted at 1500 �C: ThxMoyCz (?), g-(Mo,Th)C1–x,

b-Mo2±xC, ThC1±x (c-ThC2–x), b-Th, Mo, C
[138, 391]
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sections, constituent phases or phase fields) and/or
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C–Mo–Ti Plotted at 1200–2750 �C: (Ti,Mo)C1–x (TiC1–x–a-MoC1–x

monocarbide continuous solid solution at 1900–2600 �C, or
extended solid solution based on TiC1–x with the max.
solubility of Mo corresp. to compos. *Ti0.1Mo0.9C0.8 at
1500 �C and *Ti0.05Mo0.95C0.8 at 1750 �C), b-Mo2±xC,
g-MoC1–x, b-Ti, Mo, C
Eutectic (Ti,Mo)C1–x–b-Mo2±xC–(b-Ti,Mo) (2160 �C)
Eutectic (Ti,Mo)C1–x–(b-Ti,Mo) (2240 �C)
TiC1–x–Mo is plotted: eutectic—*2160–2310 �C,
*20 mol.% TiC1–x; the solubility of Mo in TiC1–x is
*35 mol.% and that of TiC1–x in Mo is *4–6 mol.% (at
eutectic temp.)
At higher temp. graphite is in equilibrium with single solid
phase (Ti,Mo)C1–x. In vacuum the interaction between
TiC1–x and Mo initiates at temp. [2000 �C (5 h exposure).
Under specific pressure 5 MPa the diffusion welded joint
between TiC1–x and Mo is produced at 1600 �C (5–15 min
exposure).

[138, 242, 391,
419, 440, 579,
767–768, 773, 821,
823, 827, 837,
1013]

C–Mo–U Plotted at 550–2000 �C: UMoC2–x (x & 0.3, a low C form
of UMoC2), UMoC2 (\2230–2350 �C (?), congruent melt.
point), x-UMo2C2 (metastable, ?), v-UMoC (metastable, ?),
UMo2C (?), MoU2±x (\595–630 �C), UC1±x, f-U2C3,
a-UC2–x, b-UC2–x, a-Mo2+xC, a0-Mo2+xC, b-Mo2±xC,
g-MoC1–x, a-MoC1–x, c-MoC, a-U, b-U, c-U, Mo, C
UC1±x–Mo is plotted: eutectic—*1700–1800 �C
UMoC2–x–UC1±x is plotted: eutectic—2160 �C
UMoC2–x–b-Mo2±xC is plotted: eutectic—2270 �C
UMoC2–x–Mo is plotted: eutectic—*2000 �C
UMoC2–x–C is plotted: eutectic—2200 �C
UC1±x and Mo are compatible with each other at temp.
B1000–1100 �C; at 1000 �C (500 h exposure) the
dimension of reaction zone between them reaches 10 lm.
At 1200 �C the reaction results in the formation of
b-Mo2±xC and metal U. At 1000–1200 �C the performance
of UC2–x in the contact with Mo is very similar.

[138, 242, 244,
391, 431, 441, 453,
612, 620, 812]

C–Mo–U–Zr a-MoC1–x–ZrC1–x–UC1±x is plotted at 2000 �C:
(U,Zr,Mo)C1±x (based on ZrC1–x–UC1±x monocarbide
continuous solid solution), UMoC2, a-(Mo,Zr,U)C1–x (solid
solution based on a-MoC1–x)
At *2000 �C (U0.5Zr0.5)C1±x reacts vigorously with metal
Mo.

[436, 812]

C–Mo–V Plotted at 1500–2000 �C: (V,Mo)C1–x (extended solid
solution based on VC1–x or VC1–x–a-MoC1–x monocarbide
continuous solid solution at higher temp.), b-(V,Mo)2±xC
(b-V2±xC–b-Mo2±xC semicarbide continuous solid
solution), g-MoC1–x, a-MoC1–x, (V,Mo), C

[242, 391, 442,
773, 827, 837]
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References

C–Mo–W Plotted at 1000–2500 �C: (W,Mo)C (c-MoC–d-WC1±x

monocarbide continuous solid solution at temp.
\1100–1200 �C, or extended solid solution based on
d-WC1±x at higher temp.), a-(Mo,W)C1–x (a-MoC1–x–
c-WC1–x continuous solid solution at *2550–2650 �C, or
extended high temp. solid solution based on a-MoC1–x with
the max. solubility of W corresp. to compos.
*(Mo0.75W0.25)C0.65 at 2000 �C, *(Mo0.67W0.33)C0.65 at
2100 �C, *(Mo0.33W0.67)C0.65 at 2230 �C and
*(Mo0.03W0.97)C0.62 at 2500 �C), g-(Mo,W)C1–x

(extended solid solution based on g-MoC1–x with max.
solubility of W corresp. to compos. *(Mo0.75W0.25)C0.64 at
1850–2000 �C, *(Mo0.67W0.33)C0.64 at 2100 �C and
*(Mo0.5W0.5)C0.64 at 2200–2500 �C), b-(Mo,W)2±xC
(b-Mo2±xC–a/b-W2+xC semicarbide continuous solid
solution or extended solid solution based on b-Mo2±xC at
lower temp.), (W,Mo), C
At 1800–2000 �C Mo is compatible with d-WC1±x. Under
specific pressure 5 MPa the diffusion welded joint between
d-WC1±x and Mo is produced at 1600 �C (5–15 min
exposure).

[138, 241–242,
244, 391, 443,
764–766, 827, 837,
853]

C–Mo–W–Zr ZrC1–x–Mo–W is plotted partially at 1200, 1600 and
2000 �C: solubility of ZrC1–x in the Mo-W solid solution
decreases with fall in temp.; homog. range of the solid
solution steadily decreases with rise in W content

[831]

C–Mo–Zr Plotted at 1400–2100 �C: (Zr,Mo)C1–x (extended solid
solution based on ZrC1–x, or ZrC1–x–a-MoC1–x

monocarbide continuous solid solution at higher temp.),
b-Mo2±xC, g-MoC1–x, a-MoC1–x, r-ZrMo2±x

(\*1880–2000 �C), Zr, Mo, C
ZrC1–x–Mo is plotted: eutectic—*2240–2280 �C,
*20–30 mol.% ZrC1–x; the solubility of Mo in ZrC1–x

is [10 mol.% and that of ZrC1–x in Mo is \20 mol.% (at
eutectic temp.)
At higher temp. graphite is in equilibrium with single solid
phase (Zr,Mo)C1–x. At 2000–2200 �C Mo is compatible
with ZrC1–x (2–5 h exposure). In vacuum the interaction
between ZrC1–x and Mo initiates from 1900 �C (5 h
exposure). Under specific pressure 5 MPa the diffusion
welded joint between ZrC1–x and Mo is produced at
1300 �C (5–15 min exposure).

[138, 242, 244,
391, 431, 579, 773,
827, 835, 837]

C–N–Nb NbC1–x–d-NbN1–x–Nb is plotted at 1250–1450 �C:
Nb(C,N)1–x (or NbCyNz, NbC1–x–d-NbN1–x monocar-
bonitride continuous solid solution), b-Nb2±x(C,N) (or
Nb2CyNz, b-Nb2+xC–b-Nb2±xN semicarbonitride
continuous solid solution), Nb

[242, 391, 444,
662, 863]

C–N–Nb–W General consideration of the system [915, 1023]
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C–N–Nd–Th No diagram plot
ThC1±x–NdN1±x carbonitride continuous solid solution

[391]

C–N–O–Pu–U See C–N–Pu–U in this table.
C–N–O–Si Plotted schematically at 1430–1840 �C: Si2ON2 (\*1860 �C),

SiO2 (\*1700 �C), b-Si3N4 (\*1800–1900 �C), SiC, Si, O,
N, C
Si3N4–SiO2–C is plotted at 1480–1850 �C: Si2ON2, SiO2,
b-Si3N4, SiC, C
Si3N4–SiC–SiO2 is plotted at 1810–1850 �C: Si2ON2, SiO2,
b-Si3N4, SiC, Si
Si2ON2–SiC is plotted: gas eutectic—*1840 �C, *25 mol.%
SiC
Si2ON2–C is plotted: graphite is in equilibrium with
SiC ? Si2ON2 at *1490 �C and *37 mol.% C

[244, 445–446]

C–N–O–Ti No diagram plot
Ti(C,N,O)1±x (or TiCxNyOz, oxycarbonitride phase, TiC1–x

–TiO1±x oxycarbide, TiC1–x–d-TiN1±x carbonitride and
d-TiN1±x–TiO1±x oxynitride continuous solid solutions)

[411]

C–N–O–Zr ZrC1–x–ZrN1±x–‘ZrO’ is plotted at 1600 and 2000 �C:
homog. range limits of ZrC1–x–ZrN1±x carbonitride
continuous solid solution (ZrCxNyOz, oxycarbonitride
phase) are *ZrC0.45O0.55 and *ZrN0.65O0.35 (1600 �C)
and *ZrC0.25O0.75 and *ZrN0.45O0.55 (2000 �C)

[411–412]

C–N–Pr–Th No diagram plot
ThC1±x–PrN1±x carbonitride continuous solid solution

[391]

C–N–Pu–U (U,Pu)–C–N is plotted at 1480 �C (taking into account the
presence of O): (U1–xPux)C1–y–zNyOz ((U1–xPux)C1±u–
(U1–xPux)N1–u carbonitride continuous solid solution
contaminated with O, z = 070.15), (U1–xPux)2C3–x,
a-(U1–xPux)C2, a-U2N3+x (\*1130 �C), b-U2N3–x

(from *940–1100 �C to *1350 �C), (U,Pu), N, C
(U,Pu)0.49N0.49C0.02–(U,Pu)0.49N0.51–(U,Pu)0.51N0.49 is
plotted at 730 �C and 1230 �C (O concentration—500 and
2000 ppm): (U1–xPux)C1–y–zNyOz, (U,Pu)O2±x (\*2370–
2860 �C), a-U2N3+x, b-U2N3–x, (U,Pu), N, C
Graphite is in equilibrium with (U1–xPux)C1–y–zNyOz, or
a-U2N3+x (b-U2N3–x) and (U1–xPux)C1–y–zNyOz.

[447–448, 595]
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C–N–Si Plotted at 1415–2700 �C (total pressure—0.1 MPa):
a-SiC2N4 (?), b-SiC2N4 (\900 �C), a-Si2CN4 (?), b-Si2CN4

(\1000 �C), SiCxNy (?), a-Si3N4 (metastable, ?), b-Si3N4

(\*1800–1900 �C), SiC, Si, N, C
Si3N4–SiC is plotted: Si3N4, SiC, Si
At 1780 �C the solubility limit of SiC in b-Si3N4 is
*2 mol.%. At temp. \1500 �C the nitridation of C–Si
mixtutres leads to the formation of b-Si3N4 and b-SiC. The
polytype stability and the structural failures in SiC are
affected by N2 pressure.

[138, 359, 445,
571–572, 760–763,
887]

C–N–Si–Ti Plotted at 1650 �C: TiCxNz (TiC1–x–d-TiN1±x carbonitride
continuous solid solution), b-Si3N4 (\*1800–1900 �C),
SiC, Ti, Si, N, C
Graphite is in equilibrium with TiC1–xNx (0 \ x \ 0.66)
and TiC0.34N0.66 ? SiC, SiC—with TiC1–xNx

(0.66 \ x \ 0.87) and TiC0.13N0.87 ? b-Si3N4 and
b-Si3N4 ? Si, b-Si3N4—with TiC1–xNx (0.87 \ x \ 1.0)
and d-TiN1±x ? N2.
Thin film Ti3Si(C,N)2 (Mn+1AXn-phase carbonitride solid
solution) were synthesized.

[571, 642, 744–
745]

C–N–Sm–Th No diagram plot
ThC1±x–SmN1±x carbonitride continuous solid solution

[391]

C–N–Ta TaC1–x–d-TaN1–x–Ta is plotted at 1250, 1450 and 1900 �C:
Ta(C,N)1–x (or TaCyNz, TaC1–x–d-TaN1–x monocar-
bonitride continuous solid solution), Ta2±x(C,N) (or
Ta2CyNz, a-Ta2+xC–c-Ta2±xN semicarbonitride continuous
solid solution at higher temp., or extended solid solutions
based on a-Ta2+xC and c-Ta2±xN at lower temp.), e-TaN,
f-Ta4C3–x, Ta
At 1150–2370 �C the interaction between C and d-TaN1–x

converts the nitride phase into carbonitride or carbide
phases.

[138, 242, 244,
391, 431, 662]

C–N–Ta–U No diagram plot
At 1400 �C (66 h exposure) small reaction zone was found
on the contact surface between metal Ta with UC0.7N0.3 and
UC0.4N0.6, at 1800 �C (3 h exposure)—the interaction is
noticeable.

[822]

C–N–Ta–W General consideration of the system [803, 1023]
C–N–Th Plotted at 1500–2200 �C: ThCN, Th(C,N)1–x (or ThCyNz,

ThC1±x–ThN1±x and ThC1±x–a-Th continuous solid
solutions with miscibility gaps), Th3N4±x, c-ThC2–x, a-Th,
b-Th, N, C

[391, 449]
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C–N–Ti TiC1–x–d-TiN1±x–Ti is plotted at 500–2000 �C: Ti(C,N)1–x

(or TiCxNz, 0.33 B x ? z B 1.04, TiC1–x–d-TiN1±x

carbonitride continuous solid solution with homog. range:
TiC0.48–TiC0.95–TiN0.43–TiN1.0 at 1650 �C and TiC0.75–
TiC1.0–TiN0.69–TiN1.0 at 500 �C), f-Ti4N3–x (at least at
*1000–1200 �C, ?), g-Ti3N2–x (at least at *1000 �C, ?),
d0-Ti5N3±x (\800 �C), e-Ti2±xN (\*1100 �C), a-Ti, b-Ti
TiC1–x (x = 0.05)–d-TiN1±x (TiN1.0) is plotted at pressure
N2 0.1 MPa

[138, 242, 391,
411, 454, 571, 584,
643, 977–979,
1010]

C–N–Ti–V No diagram plot
TiC1–x–d-VN1–x carbonitride continuous solid solution

[241, 244, 391,
431]

C–N–Ti–W TiC1–x–d-WC1±x–d-TiN1±x–d-WN1–x is plotted at
1425 �C: (Ti,W)(C,N)1±x (extended solid solution based on
TiC1–x–d-TiN1±x carbonitride continuous solid solution),
d-W(C,N)1±x, C
Upon increasing C concentration, graphite and
d-W(C,N)1±x are formed together with two (Ti,W)(C,N)
phases, of which one is richer in Ti and N than another. The
addition of N to (Ti,W)C1–x at 1750 �C also results in
partitioning of the mixed carbonitride phase in a W-rich
carbide with low N content (W,Ti)(C,N)1±x and W-poor Ti
carbonitride (Ti,W)(C,N)1±x.

[563, 584–586,
880, 1013]

C–N–U Plotted at 800–2100 �C: U5C8N2 (?), U6C13N (?),
U(C,N)1±x (or UCxNz, UC1±x–UN1–x monocarbonitride
continuous solid solution with wider homog. range
(x ? z = 1) in the UC1±x-rich area; in UCxNz ? C
equilibrium index z in compos. is affected by the pressure
of N2 and structural form of C), a-U2N3+x (\*1130 �C),
b-U2N3–x (from *940–1100 �C to *1350–1550 �C at N2

pressure 0.1 MPa), f-U2C3, a-UC2–x, b-UC2–x, U, N, C
UC1±x–UN1–x is plotted: continuous solid solution, max.
melt. point 2910 �C is corresp. to *UC0.3N0.7

Essentially no solid solubility of N in f-U2C3, a-UC2–x,
b-UC2–x or that of C in b-U2N3–x. At N2 pressure 0.1 MPa,
the U nitrides are more stable than the U carbides up to
1800 �C, but at 2000 �C, the U carbides b-UC2–x and
U(C,N)1±x become more stable. In vacuum or Ar graphite
is in equilibrium with U(C,N)1±x ? b-UC2–x.
For diffusion rate in the system at various temp. see
Addendum.

[138, 244, 391,
450–451, 740–743,
759]

C–N–U–V No diagram plot
At 1000 �C (66 h exposure) the carburization or nitridation
of metal V is occurred on the contact surface with
UC0.7N0.3 and UC0.4N0.6, at 1400 �C (66 h exposure)—the
interaction is significant.

[822]
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C–N–U–Zr No diagram plot.
At 1000 �C (66 h exposure) no appreciable reaction was
occurred on the contact surface of metal Zr with UC0.7N0.3

and UC0.4N0.6, at 1400 �C (66 h exposure)—small reaction
zone was found.

[822]

C–N–V VC1–x–d-VN1–x–V is plotted at 1400 �C: V(C,N)1–x (or
VCyNz, VC1–x–d-VN1–x continuous solid solution, ordering
at low temp.), V2±x(C,N) (or V2CyNz, b-V2±xC–b-V2+xN
continuous solid solution), V
The ordering of VCyNz leads to the formation of a V6C5±x-
or V8C7±x-type superstructure, depend. on compos.

[138, 391, 411,
643, 884]

C–N–W No diagram plot.
WC1±xNy (extended solid solution based on d-WC1±x, ?)

[391, 541]

C–N–Zr ZrC1–x–ZrN1±x–Zr is plotted at 1120–2000 �C: Zr(C,N)1±x

(or ZrCxNz, 0.54 B x ? z B 1.04, ZrC1–x–ZrN1±x

continuous solid solution with homog. range: ZrC0.59–
ZrC0.95–ZrN0.56–ZrN1.0 at 1150 �C), a-Zr, b-Zr
ZrC1–x (x = 0.07)–ZrN1±x (ZrN0.81) is plotted

[138, 242, 244,
391, 411, 454, 584,
980]

C–Nb–Ni Plotted at 1100 �C: g-Nb4Ni2C, Nb3Ni3C (?), Nb6Ni6C (?),
Ni8Nb (\535 �C), Ni3±xNb (\*1400 �C), l-Ni6Nb7–x (or
l-NiNb1+x, \1290 �C), a-Nb2C, b-Nb2+xC, NbC1–x, Ni,
Nb, C
NbC1–x–Ni is plotted: eutectic—*1320–1345 �C,
*5–6 mol.% NbC1–x; at the eutectic temp. the solubility of
NbC1–x in Ni is *2–3 mol.% and that of Ni in NbC1–x–
*9 mol.%

[242, 244, 391,
431, 455–458]

C–Nb–Ni–Ta NbC1–x (x = 0.2)–TaC1–x (x = 0.1)–Ni is plotted
schematically: eutectic—from 1330 �C (NbC1–x–Ni) to
1350 �C (TaC1–x–Ni), *5–6 mol.% (Nb,Ta)C1–x (NbC1–x–
TaC1–x monocarbide continuous solid solution); at the
eutectic temp. the solubility of (Nb,Ta)C1–x in Ni
is *3.0–3.5 mol.%

[459]

C–Nb–Ni–V NbC1–x (x = 0.1)–VC1–x (x & 0.1)–Ni is plotted:
eutectic—*1285–1315 �C, 3 mol.% (Nb,V)C1–x, 6 mol.%
(V,Nb)C1–x; at the eutectic temp. the max. solubility of
NbC1–x in VC1–x is *15 mol.%, in Ni is *3 mol.% and
that of VC1–x in NbC1–x is *20 mol.%, in Ni is *3 mol.%
and that of Ni in NbC1–x is *9 mol.%, in VC1–x is
*4 mol.%

[458]

C–Nb–Ni–Zr NbC1–x–ZrC1–x–Ni is plotted: eutectic—from 1290 �C
(ZrC1–x–Ni) to 1330 �C (NbC1–x–Ni), *5–6 mol.%
(Nb,Zr)C1–x (NbC1–x–ZrC1–x monocarbide continuous solid
solution); at the eutectic temp. the solubility of (Nb,Zr)C1–x

in Ni is 2–3 mol.% and that of Ni in (Nb,Zr)C1–x is
*6 mol.%

[460]
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C–Nb–O Plotted at 1300–2000 �C: Nb(C,O)1–x (or NbCxOy,
extended solid solution based on NbC1–x with homog.
limits: NbC0.7–Nb(C0.5O0.15)–Nb(C0.35O0.45)–
Nb(C0.35O0.65)–NbC0.99), b-Nb2±x(C,O) (or Nb2CxOy,
extended solid solution based on b-Nb2+xC with
homogeneity limits: Nb2C0.8–Nb2(C0.3O0.3)–
Nb2(C0.15O0.7)–Nb2(C0.35O0.8)–Nb2C1.0), NbO (\1945 �C),
c-NbO2±x (from *900 �C to *1910–1920 �C), b-Nb2O5

(\1495–1510 �C), Nb, O, C

[242, 244, 411,
431, 461]

C–Nb–O–Si No diagram plot
At 1100 �C (4 h exposure, C and O contamination from the
vacuum system during annealing) in the reaction zone
formed between SiC and Nb the following layer sequence is
observed: SiC ? Nb5Si4C (or NbC1–x) ? a-Nb5Si3+x

? b-Nb2+xC ? NbO ? Nb.

[607]

C–Nb–O–W No diagram plot
At 1300–1400 �C, in vacuum the interaction between
d-WC1±x and b-Nb2O5 in powder mixtures results in the
formation of W-Nb alloy.

[242, 808]

C–Nb–O–Zr No diagram plot
At 1300–2400 �C the interaction between NbC1–x and
ZrO2–x results in the formation of mixed (complex) oxides
and carbides.

[242]

C–Nb–Os Plotted at 1500 �C: b-Nb3–xOs (\1975 �C), r-Nb3Os2±x

(\2200 �C), v-Nb2Os3±x (\2270 �C), b-Nb2+xC, NbC1–x,
Nb, Os, C
Graphite is in equilibrium with (Os,Nb) ? NbC1–x. The
solubility of Nb in Os (with the presence of C) and that of
Os in NbC1–x are low.

[244, 391, 431]

C–Nb–P No diagram plot
Nb2PC (Mn+1AXn-phase)

[680–681, 744–
745, 860]

C–Nb–Pd Plotted at 1300 �C: b-Pd3±xNb (\*1610 �C), Pd2±xNb
(\*1610 �C), a-Pd1±xNb (1255–1565 �C), b-Nb2+xC,
NbC1–x, Nb, Pd, C
Depend. on compos., graphite is in equilibrium with
(PdxNb1–x) alloy or (Pd0.85Nb0.15) alloy ? NbC1–x.

[242, 244, 391,
431]

C–Nb–Pt Plotted at 1500 �C: a-Pt3±xNb (\2040 �C), b-Pt3±xNb (?),
Pt2±xNb (\1990 �C), a0-PtNb1–x (or a0-Pt, 1670–1780 �C),
Pt1+xNb1–x (\1750 �C), r-PtNb2±x (\1800 �C), PtNb3±x

(\2040 �C), b-Nb2+xC, NbC1–x, Nb, Pt, C
Depend. on compos., graphite is in equilibrium with
(Pt,Nb) alloy ? a-Pt3±xNb or a-Pt3±xNb ? NbC1–x.

[242, 244, 391,
431]

C–Nb–Pu Plotted at 1600 �C: (Nb,Pu)C1–x (NbC1–x–PuC1–x

monocarbide continuous solid solution, ?), Pu2C3–x,
a-PuC2, b-PuC2, b-Nb2+xC, Nb, Pu, C

[138, 242, 244,
391]
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C–Nb–Re Plotted at 1800 and 2000 �C: r-Nb2Re3–x (from
2160–2300 �C to 2400–2565 �C), v-NbRe3±x

(\2520–2745 �C), b-Nb2+xC, NbC1–x, Nb, Re, C
NbC1–x–Re is plotted: eutectic—2225 �C, *30 mol.%
NbC1–x; the mutual solid solubilities of the components are
low
Graphite is in equilibrium with Re ? NbC1–x.

[244, 391, 431,
818]

C–Nb–Rh Plotted at 1500 �C: Rh3±xNb (\1950 �C), g-Rh2±xNb
(\*1900 �C), f-Rh3±xNb2 (\*1625 �C), e-RhNb1–x

(from *1335–1420 �C to *1580–1600 �C), b-RhNb1±x

(from *1335–1420 to *1550–1580 �C), d-RhNb1–x

(\*1420 �C), c-RhNb1–x (\*1350 �C), r-RhNb2±x

(\1660 �C), RhNb3±x (\1220 �C), b-Nb2+xC, NbC1–x, Nb,
Rh, C
The solubility of C in Rh3±xNb is low.

[391, 431]

C–Nb–Ru Plotted at 1600 �C: NbRu3C1–x (x & 0.6, stable in the
limited range of temp.), Ru3±xNb (\1540 �C), b-Nb2+xC,
NbC1–x, Nb, C
Graphite is in equilibrium with Ru ? NbC1–x.

[391, 431, 897]

C–Nb–S No diagram plot
Nb2SC1–x (x = 0.6, Mn+1AXn-phase), a-Nb2CS2,
b-Nb2CS2, ?

[680–681, 744–
745, 860]

C–Nb–Si Plotted at 800, 1300 and 1730 �C: a-Nb5Si3Cx (x = 0.04),
b-Nb5Si3Cx (0.04 \ x \ 0.33), c-Nb5Si3Cx

(0.33 B x B 0.50, ?), Nb3(Si1–xCx) (x = 0.1), Nb2SiC,
Nb3SiC2, a-Nb4SiC3, b-Nb4SiC3 (Mn+1AXn-phases, ?),
Nb5Si4C, NbSi3C (?), Nb12Si7C (?), Nb15Si4C (?), NbSi2
(\*1920–1960 �C), a-Nb5Si3+x (\*1635–1960 �C),
b-Nb5Si3+x (from *1635 to 1960 �C to *2490–2545 �C),
Nb3Si (*1655–2000 �C), a-Nb2C, b-Nb2+xC, NbC1–x, SiC,
Si, Nb, C
NbC1–x–NbSi2 is plotted: eutectic (degenerated)—
*1880–1920 �C, *1 mol.% NbC1–x; no mutual solubility
Graphite is in equilibrium with SiC ? NbC1–x. In vacuum
the reaction between graphite and NbSi2 begins at
*1500 �C (2 h contact exposure) and leads to the
formation of SiC and NbC1–x.

[138, 242, 419,
431, 462–463, 503,
739, 744–745, 819,
836, 898, 901]

C–Nb–Sn Plotted at 1300 �C: Nb2±xSn1±yC1–z (from
Nb2.20Sn0.80C0.93 to Nb1.92Sn1.08C0.91, Mn+1AXn-phase),
Nb3±xSnCy (extended solid solution based on Nb3±xSn with
C content—up to 5 at.%, 775–2130 �C), b-Nb2+xC, NbC1–x,
Sn, Nb, C
The solubility of Sn in b-Nb2+xC and NbC1–x is extremely
low. Graphite is in equilibrium with NbC1–x ? Sn

[678–681, 744–
745, 860]
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System Type of phase diagram (temperature and composition
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References

C–Nb–Ta Plotted at 1500–3800 �C: (Nb,Ta)C1–x (NbC1–x–TaC1–x

monocarbide continuous solid solution), (Nb,Ta)2±xC
(b-Nb2+xC–a-Ta2+xC, b-Nb2+xC–b-Ta2±xC and c-Nb2±xC–
b-Ta2±xC (?) semicarbide continuous solid solutions with
probable miscibility gaps (extended solid solutions) at
2200–2600 �C), (Nb,Ta), C
Graphite is in equilibrium with (Nb,Ta)C1–x.

[138, 242, 391,
419, 464, 813]

C–Nb–Ta–Ti No diagram plot
(Nb,Ta,Ti)C1–x (NbC1–x–TaC1–x–TiC1–x monocarbide
continuous solid solution)

[138]

C–Nb–Ta–W b-Nb2+xC–a-Ta2+xC–c-W2±xC is plotted at 1650 and
2000 �C: (Nb,Ta,W)2±xC (based on b-Nb2+xC–a-Ta2+xC
semicarbide continuous solid solution), (W,Nb,Ta)2±xC
(based on c-W2±xC), (Nb,Ta,W)2±xC ? (Nb,Ta,W)C1–x

? (Nb,Ta,W), (Nb,Ta,W)C1–x ? (Nb,Ta,W),
(W,Nb,Ta)2±xC ? (Nb,Ta,W)C1–x ? (Nb,Ta,W)
At 1650–2000 �C the max. solubilities of c-W2±xC in
(Nb,Ta,W)2±xC (based on b-Nb2+xC–a-Ta2+xC semicarbide
continuous solid solution) reach *3.5–14.0 mol.%
(depend. on (Nb,Ta)2+xC compos.).
At 1450 �C the max. solubility of d-WC1±x in
(Nb,Ta,W)C1–x (based on NbC1–x–TaC1–x monocarbide
continuous solid solution) is *9 mol.%.

[419, 435, 465–
466]

C–Nb–Tc Plotted schematically [840]
C–Nb–Th Plotted at 1500 �C: b-Nb2+xC, NbC1–x, ThC1±x, (c-ThC2–x),

b-Th, Nb, C
The mutual solid solubilities of the components are low.

[391]

C–Nb–Ti Plotted at 1500–3100 �C: (Nb,Ti)C1–x (NbC1–x–TiC1–x

monocarbide continuous solid solution), b-(Nb,Ti)2+xC
(semicarbide extended solid solution based on b-Nb2+xC at
temp. B2280 �C, the max. solubility of Ti varies from *5
to *9 at.%), c-Nb2±xC (at 2600 �C the max. solubility of
Ti is *1 at.%, ?), (b-Ti,Nb), C
The (Nb,Ti)C1–x monocarbide continuous solid solution
miscibility gap (critical point—*50 �C at *Nb0.4Ti0.6C1–x,
at 0 �C ranges from *Nb0.15Ti0.85C1–x to *Nb0.7Ti0.3C1–x,
calculated).
Graphite is in equilibrium with (Nb,Ti)C1–x.
For diffusion rate in the system at various temp. see
Addendum.

[138, 242, 391,
419, 440, 467–468,
813, 837, 1007]

C–Nb–Ti–U NbC1–x–TiC1–x–UC1±x is plotted at 2000–2050 �C:
(Nb,Ti,U)C1–x (extended solid solution based on NbC1–x–
TiC1–x and NbC1–x–UC1±x monocarbide continuous solid
solutions with great miscibility gap because of low mutual
solubilities in the pair TiC1–x–UC1±x)

[391]
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System Type of phase diagram (temperature and composition
sections, constituent phases or phase fields) and/or
character of interphase interaction and materials
compatibility

References

C–Nb–Ti–V NbC1–x–TiC1–x–VC1–x is plotted schematically at 1000 �C [871]
C–Nb–Ti–W NbC1–x–TiC1–x–d-WC1±x is plotted at 1450 �C:

(Nb,Ti,W)C1–x (extended solid solution based on NbC1–x–
TiC1–x monocarbide continuous solid solution)
The max. solubilities of d-WC1±x in NbC1–x and TiC1–x

are *10 and *35 mol.%, respectively; the solubilities of
NbC1–x and TiC1–x in d-WC1±x are low.

[419, 465]

C–Nb–U Plotted at 1200 and 1700 �C: (Nb,U)C1–x (NbC1–x–UC1±x

monocarbide continuous solid solution), b-Nb2+xC, f-U2C3,
a-UC2–x, b-UC2–x U, Nb, C
At higher temp., depend. on compos. graphite is in
equilibrium with (Nb,U)C1–x or (Nb,U)C1–x ? UC2–x; the
compos. of (Nb,U)C1–x in equilibrium with C ? UC2–x is
corresp. to (Nb0.7570.77U0.2370.25)C1–x (at 2200 �C) and
shifts to lower U concentrations with temp. increase.

[138, 242, 391,
436, 812]

C–Nb–U–V NbC1–x–VC1–x–UC1±x is plotted at 2000–2050 �C:
(Nb,V,U)C1–x (extended solid solution based on NbC1–x–
VC1–x and NbC1–x–UC1±x monocarbide continuous solid
solutions with great miscibility gap because of low mutual
solubilities in the pair VC1–x–UC1±x)

[391]

C–Nb–U–Zr NbC1–x–ZrC1–x–UC1±x is plotted at 2050 �C: (Nb,Zr,U)C1–x

(NbC1–x–ZrC1–x–UC1±x monocarbide continuous solid
solution)
At *2000 �C (U0.5Zr0.5)C1±x reacts vigorously with metal
Nb.

[391, 436, 812]

C–Nb–V Plotted at 1400–3310 �C: (Nb,V)C1–x (NbC1–x–VC1–x

monocarbide continuous solid solution), (Nb,V)2±xC
(b-Nb2+xC–b-V2±xC semicarbide continuous solid solution
at temp. \2200 �C, extended solid solution based on
b-Nb2+xC at temp. 2200–2445 �C and extended solid
solution based on c-Nb2±xC at temp. 1780–2650 �C with
miscibility gaps (two solid solution phases regions) at temp.
1780–2445 �C), b-(V,Nb)2±xC (extended solid solution
based on b-V2±xC), (Nb,V), C
NbC1–x–VC1–x is plotted: miscibility gap (critical point—
*1400–1480 �C at compos. *Nb0.470.5V0.570.6C1–x, at
1300 �C ranges from *Nb0.8V0.2C1–x to *Nb0.15V0.85C1–x).
Graphite is in equilibrium with (Nb,V)C1–x.

[138, 242, 391,
419, 458, 469, 813,
871]
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System Type of phase diagram (temperature and composition
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C–Nb–W Plotted at 1700–2860 �C: (Nb,W)C1–x (monocarbide
extended solid solution based on NbC1–x at temp.
B*2500 �C and C*2700–2850 �C, or NbC1–x–b-WC1–x

monocarbide continuous solid solution at temp.
*2500–2850 �C), b-(Nb,W)2+xC (semicarbide extended
solid solution based on b-Nb2+xC at temp. \*2500 �C
with the max. solubility of W—up to *8 at.% at 2000 �C),
c-(Nb,W)2±xC (semicarbide solid solution based on
c-Nb2±xC at temp. *2500–3000 �C with the max.
solubility of W—up to *8 at.% at 2500 �C and *2 at.%
at 2690 �C), a-(W,Nb)2+xC (semicarbide extended solid
solution based on a-W2+xC at temp. \*2000 �C with the
max. solubility of Nb–up to *20 at.% at 1700 �C and *12
at.% at 2000 �C), c-(W,Nb)2±xC (semicarbide extended
solid solution based on c-W2±xC at temp. *2500–2800 �C
with the max. solubility of Nb—up to *15 at.% at 2500 �C
and *25 at.% at 2690 �C), d-WC1±x, (Nb,W), C
In the wide range of temp. the solid solubility of Nb in
d-WC1±x is low. Depend. on compos., graphite is in
equilibrium with d-WC1±x ? (Nb,W)C1–x or (Nb,W)C1–x.

[138, 242, 391,
419, 470, 758, 773,
827, 837]

C–Nb–Zr Plotted at 1500 and 1800 �C: (Nb,Zr)C1–x (NbC1–x–ZrC1–x

monocarbide continuous solid solution), b-Nb2+xC,
(b-Zr,Nb), C
NbC1–x–ZrC1–x is plotted: miscibility gap (critical point–
*410 �C at *Nb0.5570.65Zr0.3570.45C1–x, at 300 �C
ranges from *Nb0.3Zr0.7C1–x to *Nb0.9Zr0.1C1–x).
The solid solubility of Zr in b-Nb2+xC is low. Graphite is in
equilibrium with (Nb,Zr)C1–x.
For diffusion rate in the system at various temp. see
Addendum.

[138, 242, 391,
419, 421, 436, 468,
813, 837, 844, 864,
874–875]

C–Nd–U Plotted at 1500 �C: (Nd,U)C2 (dicarbide solid solution
based on b-NdC2), Nd2C3–x, UC1±x, f-U2C3, U, Nd, C
The max. solubility of ‘‘imaginary’’ phase ‘NdC’ in UC1±x

varies from *4 mol.% (*1300 �C) to *6 mol.%
(*1500 �C) and that of Nd2C3–x in f-U2C3 is *2.5 mol.%

[241, 391]

C–Ni–Si Plotted at 850 and 1150 �C: b1-Ni3+xSi (\1035 �C),
b2-Ni3±xSi (990–1115 �C), b3-Ni3±xSi (1115–1170 �C),
c-Ni5Si2–x (or Ni31Si12, \*1240 �C), d-Ni2Si (\1255 �C),
h-Ni3Si2–x (*825–1305 �C), e-Ni3Si2±x (\830 �C),
e0-Ni3Si2±x (800–845 �C), NiSi (\*990 �C), a-NiSi2
(\*980 �C), b-NiSi2 (*980–995 �C), SiC, Ni, Si, C
In vacuum, the contact melting between SiC and Ni is
observed at 1130–1140 �C.

[242, 244, 431,
503]
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C–Ni–Ta Plotted at 1100 �C: g-Ta4Ni2C, f-Ni8±xTa (\1330 �C),
j-Ni3±xTa (\1550 �C), Ni2±xTa (\1405 �C), l-NiTa1+x (or
l-Ni7Ta6+x \1570 �C), NiTa2+x (\*1790 �C), a-Ta2+xC,
b-Ta2±xC, f-Ta4C3–x, Ta6C5±x, TaC1–x, Ta, Ni, C
TaC1–x–Ni is plotted: eutectic—*1340–1370 �C,
*3–7 mol.% TaC1–x; at the eutectic temp. the max.
solubility of TaC1–x in Ni is *2–4 mol.%
TaC1–x is in equilibrium with Ni and Ni-Ta intermetallides.

[242, 244, 391,
431, 459, 613]

C–Ni–Th Plotted at 1000 �C: Th2Ni3C2, Th2Ni3C5, ThxNiyCz (?),
Th7Ni3 (\*1040–1110 �C), ThNi (\*1185–1190 �C),
Th4Ni7 (\1075 �C), ThNi2–x (\*1050–1060 �C),
a-Th2Ni778 (or a-ThNi4, \*1195 �C), b-Th2Ni778 (or
b-ThNi4, from 1195 �C to *1210–1245 �C), ThNi576

(\*1510–1530 �C), Th2Ni17719 (\*1310–1355 �C),
ThC1±x, a-ThC2–x, a-Th, Ni, C

[244, 391, 431]

C–Ni–Ti Plotted at 870, 1100 and 1600 �C: Ti2±xNi (\*985 �C),
TiNi1±x (\1310 �C), TiNi3 (\1380 �C), TiC1–x, a-Ti, b-Ti,
Ni, C
Eutectic TiC1–x–TiNi–TiNi3 (1120 �C)
Eutectic TiC1–x–Ni–TiNi3 (1295 �C)
Eutectic TiC1–x–Ni–C (1270 �C)
TiC1–x–Ni is plotted: eutectic—*1280–1310 �C,
*9–10 mol.% TiC1–x (*83 at.% Ni, *4 at.% C); at the
eutectic temp. the max. solubility of TiC1–x in Ni is
*5–6 mol.% (*5 mol.% at 1260 �C) and that of Ni in
TiC1–x is *2.5 mol.%

[242, 244, 391,
406, 414, 431, 471,
1011]

C–Ni–U Plotted at 1000 �C: UNiC2 (\1400 �C), UNiC3

(\1800 �C), U6Ni (\790 �C), U7Ni9 (\785 �C), U5Ni7±x

(\820 �C), UNi2±x (\985 �C), d-UNi3+x (\1260 �C),
e-UNi4–x (\1290 �C), UNi5±x (\1305 �C), UC1±x, f-U2C3,
c-U, Ni, C

[242, 391, 431]

C–Ni–V Plotted at 1100 �C: g2-V4Ni2C, Ni8±xV (\405 �C), Ni3±xV
(\1045 �C), Ni2±xV (\*920 �C), r-NiV2±x (\*655–
790 �C), r0-NiV2±x (from *655–790 �C to 1280 �C),
NiV3+x (\900 �C), b-V2±xC, b0-V2+xC, f-V4C3–x, V6C5±x,
V8C7±x, VC1–x, V, C
VC1–x–Ni is plotted: eutectic—1310 �C, *9–10 mol.%
VC1–x; at the eutectic temp. the max. solubilities of VC1–x

in Ni and that of Ni in VC1–x equal *3 mol.%

[242, 244, 391,
431, 458]

C–Ni–W Plotted at 700–1500 �C: j-(Ni,W)4C (or NiW3C,
Ni3W16C6), g1-(Ni,W)12C (or g66-Ni6W6C, Ni5W6C),
g2-(Ni,W)6C (or g24-Ni2W4C), W16Ni3C6 (?), b-Ni4+xW
(\970 �C), d-NiW1–x (\*1060 �C), c-NiW2

(\*1025 �C), a-W2+xC, d-WC1±x, Ni, W, C
d-WC1±x–Ni is plotted: eutectic—1300 �C, *12 mol.%
d-WC1±x; at 1000 �C the max. solubilities of d-WC1±x in
Ni and that of Ni in d-WC1±x equal to *7 mol.%

[242, 244, 270,
391, 415, 431, 662,
754–756]
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C–Ni–W–Zr ZrC1–x–d-WC1±x–Ni is plotted at 1000 �C: eutectic—
15 mol.% ZrC1–x, 15 mol.% d-WC1±x; regions of solid
solutions based on the individual components are not large
(*6–8 mol.%)

[415]

C–Ni–Zr Plotted at 1100 �C: Zr2Ni (\1120 �C), ZrNi (\1260 �C),
Zr9Ni11 (*980–1170 �C), Zr7Ni10±x (\*1165 �C), Zr2Ni5
(or Zr8Ni21, \1180 �C), ZrNi3±x (\920 �C), Zr2Ni7
(\1440 �C), ZrNi5±x (\1300 �C), ZrC1–x, b-Zr, Ni, C
ZrC1–x–Ni is plotted: eutectic—*1230–1290 �C,
*5–6 mol.% ZrC1–x (?); at the eutectic temp. the max.
solid solubility of ZrC1–x in Ni is *3.5 mol.% (*1 mol.%
at 1100 �C) and that of Ni in ZrC1–x is *5 mol.%

[242, 244, 391,
415, 431, 460]

C–Np–Th No diagram plot
ThC1±x–NpC1–x monocarbide continuous solid solution

[391]

C–O–Pu–U Plotted partially
The interaction between C and UO2+x–Pu2O3±x solid
solution at 1527 �C with formation of (U,Pu)2C3–x is
analyzed in relationship with CO pressure.

[472]

C–O–Si Plotted at 1525–1825 �C: SiO2 (\*1700 �C), SiC, Si, O, C
SiO2–SiC is plotted
SiO2–C is plotted
In vacuum (0.01–0.05 Pa), the interaction between C and
SiO2 initiates in powdered mixtures from *1250 �C. In
CO-N2 atmosphere (0.1 MPa), at 1800–1900 �C the
reaction rate in SiO2–SiC powder mixtures is limited by C
diffusion from the bulk SiC to the interface SiC/SiO2.

[194, 242, 445,
473–475, 857,
1012]

C–O–Si–Sr No diagram plot
At 1000 �C the interaction between SiC and SrO leads to
the formation of SrO�SiO2 and CO2 (in air), or 2SrO�SiO2,
SrC2 and Sr (in vacuum or Ar).

[242]

C–O–Si–Ti No diagram plot
Ti3Si(C,O)2 (Mn+1AXn-phase oxycarbide solid solution)

[744–745, 895]

C–O–Si–Zr No diagram plot
At 1600 �C the interaction between SiC and ZrO2–x leads to
the formation of ZrCxOy oxycarbide phase.

[242]

C–O–Ta Plotted partly at 1300–1700 �C: Ta(C,O)1–x (or TaCxOy,
extended solid solution based on TaC1–x with homogeneity
limits: TaC0.7–Ta(C0.7O\0.05)–Ta(C0.95O\0.05)–TaC0.99),
Ta2+x(C,O) (or Ta2CxOy, extended solid solution based on
a-Ta2+xC with homogeneity limits: Ta2C0.8–Ta2(C0.6O0.2)–
Ta2(C0.4O0.3)–Ta2(C0.5O0.4)–Ta2C1.0), b-Ta2O5

(\*1200–1360 �C), a-Ta2O5 (from *1200–1360 �C to
*1620–1900 �C), Ta, O, C

[242, 411, 579,
629, 639]
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C–O–Ta–U No diagram plot
At 1400 �C (66 h exposure) small reaction zone was found
on the contact surface between metal Ta and UC0.89O0.06, at
1800 �C (3 h exposure)—the interaction was noticeable.

[822]

C–O–Ta–W No diagram plot
At 1300–1400 �C, in vacuum the interaction between
d-WC1±x and Ta2O5 in powder mixtures results in the
formation of W–Ta alloy.

[242, 808]

C–O–Ta–Zr No diagram plot
At 2000–2300 �C the interaction between TaC1–x and
ZrO2–x results in the formation of new phases.

[242]

C–O–Th No diagram plot
In vacuum (0.01–0.05 Pa), the interaction between C and
ThO2–x is ruled by diffusion stage (parabolic law) and
initiates in powdered mixtures from *1400 �C and on bulk
materials contacts—from *2000 �C.

[138, 194, 382]

C–O–Th–Ti No diagram plot
At 1500–2000 �C the interaction between TiC1–x and
ThO2–x leads to the formation of metal oxycarbides.

[242]

C–O–Ti Plotted partly at 800–1500 �C: Ti(C,O)1–x (or TiCxOy,
TiC1–x–TiO1±x oxycarbide continuous solid solution with
homog. limits: TiC0.4–TiC0.99–TiO1.2–TiO0.8), Ti3O2

(\920 �C), b-Ti2O3 (\*1840 �C), TinO2n–1

(4 B n B 10, \*1600 �C, Magneli phases), TiO2

(\1870 �C), a-(Ti,C,O), b-(Ti,C,O), O, C
C-doped titania nanotubes of the TiO2–xCx type were
synthesized.

[242, 244, 411,
431, 477, 482,
893]

C–O–Ti–W No diagram plot.
At 1300–1400 �C in powder mixtures d-WC1±x interacts
with TiO2 with the formation of W–Ti alloy very
intensively.

[242, 808]

C–O–Ti–Zr No diagram plot.
At 1400–2400 �C, in vacuum the interaction between TiC1–x

and ZrO2–x leads to the formation of CO and TiCxOy

oxycarbide phase.

[242]
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C–O–U Plotted at 1000–2000 �C: U(C,O)1±x (or UC1–xOx,
extended solid solution based on UC1±x with max. O
solubility corresp. to UC0.12O0.88 at \1100 �C and
UC0.6370.68O0.3270.37 at *1300–1800 �C), a-U(C,O)2–x

(or a-UC2–xOx, extended solid solution based on a-UC2–x),
f-U2C3, UO2+x (\*2780–2860 �C), U4O9–x (\*1140 �C),
a-U3O8–x (*350–770 �C), b-U3O8–x (*770–940 �C),
c-U3O8–x (*940–1700 �C), a-UO3 (?), b-UO3

(\*1900 �C), a-U, b-U, c-U, O, C
UO2+x (x & 0)–UC1±x (x & 0) is plotted: eutectic—
*2250 �C, *33 mol.% UC1±x

Depend. on temp. and compos., graphite is in equilibrium:
at \1100 �C—with UO2+x, or UO2+x ? UC0.2O0.8 (?), or
UC1–xOx (0.1 B x B 0.8, ?), or a-UC2–xOx ? UC0.9O0.1 (?),
or a-UC2–xOx; at 1300 �C—with UO2+x, or UO2+x

? a-UC2–xOx (x = 0.08), or a-UC2–xOx (x B 0.08, ?); at
*1400–1500 �C—with U3O8–x, or U3O8–x ? UO2+x, or
UO2+x, or UO2+x ? a-UC2–xOx, or a-UC2–xOx; at
1700 �C—with UO2+x, or UO2+x ? a-UC2–xOx, or
a-UC2–xOx.
The interaction between C and UO2+x in vacuum leads to the
elimination of excess oxygen (at 1000 �C) and then to the
formation of carbides (at 1200–1530 �C).

[138, 242, 244,
431, 472, 478–481,
751–753]

C–O–U–V No diagram plot.
At 1000 �C (66 h exposure) the carburization of metal V
was occurred on the contact surface with UC0.89O0.06, at
1400 �C (66 h exposure)—the interaction was significant.

[822]

C–O–U–Zr No diagram plot.
At 1900 �C the interaction between U carbides and ZrO2–x

is weak. At 1000 �C (66 h exposure) no appreciable
reaction was occurred on the contact surface between metal
Zr and UC0.89O0.06, at 1400 �C (66 h exposure)—small
reaction zone was found.

[242, 822]

C–O–V Plotted partly at 1000–1700 �C: V(C,O)1–x (or VCxOy,
VC1–x–d-VO1±x continuous solid solution with homog.
limits: VC0.67–VC0.88–VO1.25–VO0.85,\*1185–2800 �C),
V2±x(C,O) (or V2CxOy, extended solid solution based on
b-V2±xC), a0-V8±xO (\*520 �C), b-V4±xO (from *320
to 520 �C to 1665 �C), b0-V4±xO (or V16O3±x, \400 �C),
c-V2±xO (or V14O6±x, \1185 �C), d0-VO1+x (or V52O64±x,
\810 �C), a-V2O3+x (?), b-V2O3+x (\*1955 �C), a-V3O5

(?), b-V3O5 (\*1600 �C), V4O7 (\*1600 �C), V5O9

(\*1600 �C), V6O11 (\*1600 �C), V7O13 (\*1600 �C),
V8O15 (\*1600 �C), a-VO2 (?), b-VO2 (\*1540 �C),
a-V6O13 (?), b-V6O13 (\700 �C), V3O7 (\*670 �C), V2O5

(\*680 �C), b0-V2+xC, f-V4C3–x, V6C5±x, V8C7±x, V, O, C

[242, 411, 431,
483]
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System Type of phase diagram (temperature and composition
sections, constituent phases or phase fields) and/or
character of interphase interaction and materials
compatibility

References

C–O–V–W No diagram plot.
d-WC1±x interacts in powder mixtures with b-V2O3+x (at
1300–1400 �C) and V2O5 (at 900–1400 �C) intensively
with the formation of W–V alloy.

[242, 808]

C–O–V–Zr No diagram plot
At 1500–2000 �C the interaction between VC1–x and ZrO2–x

leads to the formation of ZrCxOy oxycarbide phase and
b-V2±xC (at 1600–1700 �C) or metal V (at 1700–2000 �C).

[242]

C–O–W No diagram plot
d-WC1–xOx (solid solution based on d-WC1±x, ?), WO3–xCx

(solid solution based on WO3–x, ?)

[541, 660, 981]

C–O–W–Zr No diagram plot
At 1400–2000 �C the interaction between d-WC1±x and
ZrO2–x results in the formation ZrCxOy oxycarbide phase,
a-W2+xC and W-Zr alloy.

[242, 808]

C–O–Zr Plotted partially at 1555, 1600 and 1700 �C: Zr(C,O)1–x (or
ZrCxOy, extended solid solution based on ZrC1–x with the
homog. limits: ZrC0.6–ZrC0.5O0.2–ZrC0.470.6O0.370.55–
ZrC0.8O0.2–ZrC0.99), a-ZrO2–x (\1205 �C), b-ZrO2–x

(*1205–2375 �C), c-ZrO2–x (x B 0.44, *1525–2710 �C),
c-ZrO2–xCz (z & 0.06, metastable, ?), a-(Zr,C,O) (metal
solid solution with the solubility limits: ZrC0.0270.03 and
ZrO0.4170.54), b-(Zr,C,O), O, C
In vacuum (0.01–0.05 Pa), the interaction between C and
ZrO2–x initiates in powdered mixtures from *1300 �C and
on bulk materials contacts—from *1600 to 1900 �C.

[138, 194, 241–
242, 382, 411–412,
431, 484, 861]

C–Os–Sc No diagram plot
Sc3OsC4

[988–989]

C–Os–Si Plotted at 1350 �C: OsSi2 (or OsSi1.8, \1620–1660 �C),
Os2Si3 (\1820–1860 �C), OsSi1±x (\1720–1740 �C), SiC,
Si, Os, C

[244, 431, 503–
504]

C–Os–Ta Plotted at 1500 �C: r-Ta3Os2±x (\*2500 �C), c-Ta2Os3±x

(\*2420 �C), a-Ta2+xC, TaC1–x, Ta, Os, C
Graphite is in equilibrium with (Os,Ta) ? TaC1–x. The
solubility of Ta in Os (with the presence of C) and that of
Os in TaC1–x are low.

[391, 431]

C–Os–Th No diagram plot
ThxOsyCz (?)

[391]

C–Os–Ti Plotted at 1500 �C: d-TiOs1±x (\2160–2180 �C), TiC1–x,
a-Ti, b-Ti, Os, C
Graphite is in equilibrium with (Os, Ti) ? TiC1–x. The
solubility of Ti in Os (with the presence of C) and that of
Os in TiC1–x are low.

[244, 391, 431]
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System Type of phase diagram (temperature and composition
sections, constituent phases or phase fields) and/or
character of interphase interaction and materials
compatibility

References

C–Os–U Plotted at 1500 �C: U2OsC2, U3Os (\1030 �C), U2Os
(\920 �C), U5Os4 (\1280 �C), UOs2±x (\2280 �C),
UC1±x, f-U2C3, a-UC2–x, b-UC2–x, a-U, b-U, c-U, Os, C
The mutual solubilities of all constituent phases in the
system are low.

[244, 391, 431]

C–Os–V Plotted at 1500 �C: V3Os2±x (\2140 �C), VOs1–x (?),
a-V2+xC, b-V2±xC, b0-V2+xC, f-V4C3–x, V6C5±x, V8C7±x,
VC1–x, V, Os, C
Graphite is in equilibrium with (Os,V) ? VC1–x. The
solubility of V in Os (with the presence of C) and that of Os
in VC1–x are low.

[244, 391, 431]

C–Os–W Plotted at 2000 �C: *W3Os3C2 (\2000–2030 �C),
r-OsW3±x (\2945 �C), a-W2+xC, d-WC1±x, W, Os, C
The mutual solubilities of all constituent binary phases are
low. Depend. on compos., graphite is in equilibrium with
(Os,W) or (Os,W) ? d-WC1±x.

[244, 391, 431]

C–Os–Y No diagram plot
Y2OsC2, Y12Os5C15

[991–992]

C–Os–Zr Plotted at 1500 �C: Zr11Os4 (\1350 �C), ZrOs (\2040 �C),
k1-ZrOs2±x (\2660 �C), ZrC1–x, a-Zr, b-Zr, Os, C
The solubility of Zr in Os (with the presence of C) and that
of Os in ZrC1–x are low. Graphite is in equilibrium with
(Os,Zr) ? ZrC1–x.

[244, 391, 431]

C–P–V Plotted partially at 1000 �C: V2PC (Mn+1AXn-phase),
V3PC, V4P2C, V11P5C (or V32P15C3), V20P11C2 (or
V5P2.83C0.5), VP4, VP2, VP, V4P3, V12P7, V2P, V3P,
a-V2+xC, b-V2±xC, b0-V2+xC, f-V4C3–x, V6C5±x, V8C7±x,
VC1–x, V, P, C
The homog. range extension of non-stoichiometric V3PC
and V20P11C2 is *3–5 at.%.

[680–681, 744–
745, 860, 982]

C–Pb–Ti No diagram plot
Ti2PbC (Mn+1AXn-phase)

[680–681, 744–
745, 860]

C–Pb–Zr No diagram plot
Zr2PbC (Mn+1AXn-phase)

[680–681, 744–
745, 860]

C–Pd–Si Plotted at 825 and 1600 �C: Pd5Si (from *725 �C to
*815–835 �C), Pd4Si (or Pd9Si2, *725–830 �C), Pd3Si
(\1070 �C), Pd2±xSi (\1395 �C), PdSi (*825–900 �C),
SiC, Si, Pd, C

[244, 431, 503–
504]

C–Pd–Ta Plotted at 1300 �C: Pd3±xTa (\1770–1945 �C, ?) Pd2±xTa
(\1670–1800 �C, ?), PdTa (\*1720–2000 �C, ?),
a-Pd1±xTa (\1410 �C, ?), b-Pd1±xTa (1550–1720 �C, ?),
r-PdTa3±x (\2550 �C or 1575–2350 �C, ?), a-Ta2+xC,
TaC1–x, Ta, Pd, C
Depend. on compos., graphite is in equilibrium with
(Pd,Ta) alloy or (Pd0.84Ta0.16) alloy ? TaC1–x.

[242, 244, 391,
431]
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C–Pd–Th Plotted at 1100 �C: d-Th3Pd13±x (\1215 �C), e-ThPd4–x

(\1340 �C), ThPd3+x (\*1560–1575 �C), Th3Pd5

(\*1385 �C), Th3Pd4 (\1325 �C), ThPd (\*1410 �C),
Th2Pd (\*1160 �C), ThC1±x, a-ThC2–x, b-ThC2–x,
c-ThC2–x a-Th, b-Th, Pd, C

[244, 391, 431,
485]

C–Pd–Ti Plotted at 1300 �C: Ti4Pd (\*580 �C), Ti2Pd (\960 �C),
a-TiPd1±x (\*440–510 �C), b-TiPd1±x (*440–1400 �C),
Ti2Pd3 (\1330 �C), Ti3Pd5 (?), a-TiPd2–x (\1280 �C),
b-TiPd2–x (*1280–1400 �C), TiPd3 (\1530 �C), c-TiPd4±x

(\*1485 �C, ?), TiC1–x, a-Ti, b-Ti, Pd, C
Depend. on compos., graphite is in equilibrium with (Pd,Ti)
alloy, or TiPd3, or TiPd3 ? TiC1–x.

[244, 391, 431]

C–Pd–U Plotted at 1300 �C: UPd1+x (970–1050 �C), U5Pd6+x

(980–1110 �C), UPd3–x (\1640 �C), UPd4±x

(\1525–1585 �C), UPd5±x (\1445 �C, ?), U2Pd11

(\1015 �C), UPd8 (or U2Pd17, \800 �C, ?), UC1±x,
f-U2C3, a-UC2–x, b-UC2–x, U, Pd, C

[244, 391, 431,
486]

C–Pd–V Plotted at 1300 �C: V3±xPd (\840 �C), VPd2±x (\905 �C),
VPd3±x (\815 �C), b-V2±xC, b0-V2+xC, f-V4C3–x, V6C5±x,
V8C7±x, VC1–x, V, Pd, C
Depend. on compos., graphite is in equilibrium with (Pd,V)
alloy or (Pd0.8V0.2) alloy ? VC1–x.

[244, 391, 431]

C–Pd–W No diagram plot
At 1200–1500 �C d-WC1±x interacts with Pd intensively
(W-Pd solid solution is formed, ?).

[242]

C–Pd–Zr Plotted at 1300 �C: Zr2Pd (\1085 �C), ZrPd (\*1600 �C),
ZrPd2 (\1600 �C), ZrPd3 (\1780 �C), ZrC1–x, a-Zr, b-Zr,
Pd, C
Depend. on compos., graphite is in equilibrium with (Pd,Zr)
alloy, or ZrPd3, or ZrPd3 ? ZrC1–x.

[244, 391, 431]

C–Pt–Si Plotted at 800 and 1600 �C: a-Pt3Si (\360 �C), b-Pt3Si
(from 360 �C to *775–880 �C), c-Pt3Si (*775–870 �C,
?), a-Pt7Si3 (or a-Pt12Si5, \280 �C), b-Pt7Si3 (or
b-Pt12Si5, *280–985 �C), a-Pt2Si (\695 �C), b-Pt2Si
(695–1100 �C), Pt6Si5 (\975 �C), PtSi (\*1230 �C), SiC,
Si, Pt, C

[244, 487, 503–
504]

C–Pt–Ta Plotted at 1500 �C: Pt3±xTa (\2065–2085 �C), Pt2±xTa
(\2245 �C), Pt1±xTa (1635–1795 �C),r-PtTa2+x (\2470 �C),
PtTa3+x (\1725 �C), a-Ta2+xC, TaC1–x, Ta, Pt, C
Depend. on compos., graphite is in equilibrium with (Pt,Ta)
alloy ? Pt3±xTa or Pt3±xTa ? TaC1–x.

[242, 391, 487]

C–Pt–Th No diagram plot
ThxPtyCz, ?

[391]
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C–Pt–Ti Plotted at 1500 �C: Ti3±xPt (\1370 �C), a-TiPt1±x

(\*960–1025 �C), b-TiPt1±x (from *960–1025 �C to
1830 �C), Ti3Pt5 (from *1000 �C to *1880–1900 �C),
TiPt3–x (\*1900 �C), c-TiPt3±x (\1950 �C), TiPt8
(\1080 �C), TiC1–x, a-Ti, b-Ti, Pt, C
Depend. on compos., graphite is in equilibrium with (Pt,Hf)
alloy ? c-TiPt3±x or c-TiPt3±x ? TiC1–x.

[244, 391, 487]

C–Pt–U Plotted at 1300 �C: U2PtC2 (\*1700 �C), UPt
(\*960 �C), UPt2 (\1370 �C), UPt3 (\1700 �C), UPt5
(\1460 �C), UC1±x, f-U2C3, a-UC2–x, b-UC2–x, U, Pt, C
The mutual solubilities of all the constituent binary phases
are low.

[244, 391, 487]

C–Pt–V Plotted at 1500 �C: VPt3±x (\*1015 �C), VPt2±x

(\*1100 �C), VPt1±x (\*1500 �C), V3±xPt
(\*1800 �C), b-V2±xC, b0-V2+xC, f-V4C3–x, V6C5±x,
V8C7±x, VC1–x, V, Pt, C
Depend. on compos., graphite is in equilibrium with (Pt,V)
alloy ? VPt3±x or VPt3±x ? VC1–x.

[244, 391, 487]

C–Pt–W Plotted at 2000 �C: W5Pt5Cx (x & 1 at 2000 �C), c-Pt2W
(*1400 �C, ?), e-PtW (*1400 �C, ?), a-W2+xC, b-W2+xC,
c-W2±xC, c-WC1–x, d-WC1±x W, Pt, C

[242, 391, 487]

C–Pt–Zr Plotted at 1500 �C: Zr5+xPt3 (\*1725 �C), ZrPt
(\*2100–2105 �C), Zr9Pt11 (?), Zr7Pt10 (?), ZrPt3±x

(\*2120–2155 �C, ?), ZrC1–x, a-Zr, b-Zr, Pt, C
Depend. on compos., graphite is in equilibrium with (Pt,Zr)
alloy ? ZrPt3±x or ZrPt3±x ? ZrC1–x.

[244, 391, 487]

C–Pu–Si Plotted at 20–1000 �C: Pu5Si3 (\*1375 �C), Pu3Si2
(\*1440 �C), PuSi (\*1575 �C), Pu3Si5±x (\*1645 �C),
PuSi2±x (\*1640 �C), Pu3C2, PuC1–x, Pu2C3–x, b-PuC2,
SiC, a-Pu, b-Pu, c-Pu, d-Pu, d0-Pu, e-Pu, Si, C
The solubilities of Pu silicides in Pu carbides is very low
(\1 mol.%). At temp. \*1600–1750 �C graphite is in
equilibrium with Pu2C3–x and SiC.

[906]

C–Pu–Ta No diagram plot
At temp. C1050 �C the interaction between PuC1–x and Ta
leads to the formation of a-(Ta,Pu)2+xC.

[242]

C–Pu–Th Plotted at 1050–1600 �C: (Th,Pu)C1±x (or ThyPu1–yC1–x,
a-Th–ThC1±x–PuC1–x monocarbide continuous solid
solution; at 1050 �C: for x = 0, 0.68 B y B 1.0 and for
x = 0.18, 0 B y B 1), (Pu,Th)2C3–x (or (PuyTh1–y)2C3–x,
sesquicarbide extended solid solution based on Pu2C3–x;
0.7 B y B 1 at *1200 �C), (Th,Pu)C2–x (or ThyPu1–yC2–x,
dicarbide continuous or extended solid solutions based on
a-ThC2–x, b-ThC2–x and c-ThC2–x; at *1100 �C—for
a-ThyPu1–yC2–x, 0.45 B y B 1; at *1200 �C—for
c-ThyPu1–yC2–x, 0 B y B 1; at *1150–1410 �C
b-ThyPu1–yC2–x exists only as a ternary solution), a-Th,
b-(Th,Pu), Pu, C

[138, 391, 906]
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C–Pu–Ti Plotted at 1600 �C: PuC1–x, Pu2C3–x, TiC1–x, b-Ti, Pu, C
The mutual solid solubilities of all the constituent binary
phases are low. Graphite is in equilibrium with Pu2C3–x

? TiC1–x.

[391]

C–Pu–U Plotted at 400–2000 �C: (U,Pu)C1–x (or U1–yPuyC1–x,
UC1±x–PuC1–x monocarbide continuous solid solution, or
extended solid solutions based on UC1±x (at temp. [melt.
point of PuC1–x); stoichiometric compos. (x = 0) are
observed at 0 B y B 0.7, so for Pu-rich solutions the
miscibility occurs only in hypostoichiometric regions),
f-(U,Pu)2C3–x (or f-(U1–yPuy)2C3–x, sesquicarbide
continuous solid solution; at higher temp. f-U2C3 is
stabilized by Pu), a-(U,Pu)C2–x (or a-U1–yPuyC2–x,
dicarbide continuous solid solution, or extended solid
solutions based on a-UC2–x, metastable at higher Pu
concentrations, ?), b-(U,Pu)C2–x (or b-U1–yPuyC2–x,
dicarbide continuous solid solution (at 1800–2200 �C, ?),
or extended solid solutions based on b-UC2–x), Pu3C2–x,
g-(Pu1–xUx) (from *280 to 700–705 �C), f-PuU1–x

(\*590–630 �C), a-U, b-U, (e-Pu,c-U), c-Pu, d-Pu,
d0-Pu, C

[238, 244, 391,
488–493]

C–Pu–U–W (U0.8Pu0.2)–W–C is plotted at 1700 �C: (U0.8Pu0.2)WC2,
(U0.8Pu0.2)4W4C7, (U0.8Pu0.2)C1±x (terminal solubility of W
is low), f-(U0.8Pu0.2)2C3–x, b-W2+xC, c-W2±xC, c-WC1–x,
d-WC1±x (U0.8Pu0.2), W, C

[489]

C–Pu–U–Zr No diagram plot
(U1–z–yPuzZry)C1–x (UC1±x–PuC1–x–ZrC1–x monocarbide
continuous solid solution in the regions with low values of z)

[391]

C–Pu–W Plotted at 1400 �C: PuWC2, Pu4W4C7, PuC1–x, Pu2C3–x,
a-W2+xC, d-WC1±x, Pu, W, C
The mutual solid solubilities of all the constituent binary
phases are low. Depend. on compos., graphite is in equilib-
rium with Pu2C3–x ? PuWC2, or d-WC1±x ? PuWC2. At
temp. C1050 �C the interaction between PuC1–x and W
leads to the formation of a-(W,Pu)2+xC.

[242, 391]

C–Pu–Zr Plotted at 1250–1600 �C: (Pu,Zr)C1–x (monocarbide
extended solid solution based on PuC1–x with max. terminal
solubility of ZrC1–x–*25 mol.%), Pu2C3–x (terminal
solubility of Zr is low), (Zr,Pu)C1–x (monocarbide extended
solid solution based on ZrC1–x with max. terminal solubility
of PuC1–x–*25 mol.%), Pu, b-Zr, C
Graphite is in equilibrium with Pu2C3–x ? (Zr,Pu)C1–x.

[391, 494–495]
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C–Re–Si Plotted at 1000 and 1600 �C: ReSi2 (or ReSi1.8,
\*1930–1980 �C), ReSi (from 1650 �C to
*1820–1880 �C, ?), Re5Si3 (\1020 �C, ?), Re2Si (or
Re17Si9, \*1810–1960 �C), SiC, Re, Si, C

[244, 487, 503–
504]

C–Re–Ta Plotted at 1800 and 2100 �C: r-Ta2Re3–x (from
2200–2460 �C to 2680–2740 �C), v-TaRe3±x

(\2790–2830 �C), a-Ta2+xC, TaC1–x, Ta, Re, C
TaC1–x–Re is plotted: eutectic—2420 �C, *30 mol.%
TaC1–x; the mutual solid solubilities of the components are
low
Graphite is in equilibrium with Re ? TaC1–x.

[242, 391, 487,
818]

C–Re–Tc Plotted schematically [840]
C–Re–Th No diagram plot

ThxReyCz

[391]

C–Re–Ti TiC1–x–Re is plotted: eutectic—2540 �C, *44–50 mol.%
TiC1–x; the mutual solid solubilities of the components are
low
Graphite is in equilibrium with Re ? TiC1–x.

[242, 391, 581–
583, 835]

C–Re–U Plotted at 1500 and 2110 �C: UReC2 (\*2000 �C),
*U4Re4C7–x (\*2000 �C), U5Re3C8–x (?), a-URe2

(\180 �C), b-URe2 (180–2200 �C), UC1±x, f-U2C3,
a-UC2–x, b-UC2–x, U, Re, C
UC1±x–Re is plotted: eutectic—1860 �C, *40 mol.%
UC1±x

[138, 242, 244,
391, 487, 612,
812]

C–Re–U–Zr No diagram plot
At *2100 �C (U0.5Zr0.5)C1±x is compatible for periods of
up to 35 min. with metal Re.

[812]

C–Re–V Plotted at 1950 �C: b-(V,Re)2±xC (b-V2±xC–Re
semicarbide continuous solid solution or extended solid
solution based on b-V2±xC, ?), (V,Re)C1–x (monocarbide
extended solid solution based on VC1–x with max. terminal
solubility of Re–*65 at.%, ?), d-VRe2+x (from 1470 �C to
1950–2310 �C), r-VRe3+x (from 1950–1990 �C to
2440–2630 �C), V, Re, C
VC1–x–Re is plotted: eutectic—2050 �C, *60 mol.% Re;
the mutual solid solubilities of the components are low (?)
Data available on the system in literature are very
controversial.

[244, 391, 487,
496, 581–583, 603,
837]

C–Re–W Plotted at 1500 and 2000 �C: p-W3Re2C, (W,Re)C1–x

(metastable, ?), b-(W,Re)2+xC (b-W2+xC–Re(W,C)
continuous solid solution), r-W2Re3±x (\*2890–
3005 �C), v-WRe3–x (\2125–2130 �C), d-WC1±x, W,
Re, C
Graphite is in equilibrium with d-WC1±x,
b-(W,Re)2+xC ? d-WC1±x and b-(W,Re)2+xC

[138, 242, 244,
391, 487, 581–582,
591, 809, 837]
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System Type of phase diagram (temperature and composition
sections, constituent phases or phase fields) and/or
character of interphase interaction and materials
compatibility

References

C–Re–Y No diagram plot
Y2ReC2, Y12Re5C15

[993–994]

C–Re–Zr Plotted at 1900 and 2000 �C: r-Zr2Re (\*1640–1900 �C,
?), Zr21Re25 (?), k-ZrRe2–x (\2450–2750 �C, ?), v-Zr5Re24+x

(\2500 �C), ZrC1–x, Zr, Re, C
ZrC1–x–Re is plotted: eutectic—*2540–2670 �C,
*20–35 mol.% ZrC1–x (?); at 1900 �C the solubility of Re in
ZrC1–x is *3 mol.% and that of ZrC1–x in Re is \0.5 mol.%;
data available in literature on this quasibinary system are
controversial
Graphite is in equilibrium with Re ? ZrC1–x.

[242, 244, 391,
487, 820, 835,
837]

C–Rh–Si Plotted at 1170 �C: Rh2Si (\1650 �C), Rh5Si3 (\1470 �C),
Rh3Si2 (\820 �C), Rh20Si13 (or RhSi0.7, 1050–1225 �C),
a-RhSi1±x (\1030–1080 �C), b-RhSi1+x (from 1030–
1080 �C to 1450 �C), Rh4Si5 (\1030 �C), Rh3Si4
(\1040 �C), SiC, Si, Rh, C

[244, 487, 503–
504]

C–Rh–Ta Plotted at 1500 �C: Rh3±xTa (\*2125 �C), a-Rh2±xTa (or
a2-Rh2±xTa, \*1890 �C), a1-Rh3±xTa2 (\*1860 �C),
a3-RhTa1–x (from 1355–1395 �C to *1840 �C),
r-RhTa2±x (\*2080–2140 �C), a-Ta2+xC, TaC1–x,
Ta, Rh, C
The solubility of C in Rh3±xTa is low.

[244, 391, 487]

C–Rh–Th Plotted at 1200 �C: *ThRh3Cx (x & 0.3, ?), Th7Rh3

(\1350–1375 �C), ThRh (\at least *1500 �C), Th3Rh4

(\*1475–1500 �C), Th3Rh5 (\*1440–1460 �C),
a-ThRh2 (\*1250 �C), b-ThRh2 (at least from *1250 �C
to 1500 �C), ThRh3 (\at least *1500 �C), ThRh5 (\at
least *1500 �C), ThC1±x, a-ThC2–x, b-ThC2–x, a-Th,
b-Th, Rh, C

[391, 487, 497]

C–Rh–Ti Plotted at 1500 �C: TiRh3Cx (x & 0.25, ?), Ti2±xRh
(\790 �C), a-TiRh1±x (?), b-TiRh1±x (\1940 �C), Ti3Rh5

(\*1765 �C, ?), TiRh3±x (\1750 �C), TiRh5 (\1100 �C,
?), TiC1–x, a-Ti, b-Ti, Rh, C
The solubility of C in TiRh3±x is *5 at.%; no solubility of
Rh in TiC1–x. Depend. on compos., graphite is in
equilibrium with Rh ? TiRh3Cx or TiRh3Cx ? TiC1–x.

[244, 391, 487]

C–Rh–U Plotted at 700 and 1300 �C: U2RhC2 (B1715 �C), URh3C
(?), a-U4Rh3 (\720 �C), b-U4Rh3 (720–1155 �C), U3Rh4

(\1450 �C), U3Rh5 (\1550 �C), URh3 (\1700 �C), UC1±x,
f-U2C3, a-U, b-U, c-U, Rh, C

[242, 244, 391,
487, 498]

C–Rh–V Plotted at 1500 �C: b-V2±xRh (or V3±xRh, \1730 �C),
a1-VRh1–x (*1320–1535 �C, ?), a2-VRh1+x (\1560 �C),
a3-VRh1±x (\*1400–1405 �C), e-V2Rh3+x (or V3Rh5±x

\1615 �C), c-VRh3±x (\1740 �C), b-V2±xC, b0-V2+xC,
f-V4C3–x, V6C5±x, V8C7±x, VC1–x, V, Rh, C
The solubility of C in c-VRh3±x is very low.

[244, 391, 487]
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Table 2.14 (continued)

System Type of phase diagram (temperature and composition
sections, constituent phases or phase fields) and/or
character of interphase interaction and materials
compatibility

References

C–Rh–W Plotted at 1500 and 2000 �C: (W,Rh)4C1–x (0 \ x \ 0.2,
*1700–2000 �C), Rh3W (from *1200 �C to ?),
e-Rh2±xW (\*2250–2255 �C), a-W2+xC, b-W2+xC,
d-WC1±x, W, Rh, C

[244, 391, 487]

C–Rh–Zr Plotted at 1500 �C: ZrRh3Cx (x & 0.5, ?), Zr2Rh
(\1170–1180 �C), a-ZrRh1+x (\*200–670 �C), b-ZrRh1+x

(from *200–670 �C to 1935 �C), Zr3Rh4±x (\1660 �C),
Zr3Rh5±x (\1790 �C), ZrRh3±x (\1920 �C), ZrC1–x, b-Zr,
Rh, C
The solubility of C in ZrRh3±x is *10 at.%; no solubility
of Rh in ZrC1–x. Depend. on compos., graphite is in
equilibrium with Rh ? ZrRh3Cx or ZrRh3Cx ? ZrC1–x.

[391, 487]

C–Ru–Si Plotted at 1340 �C: Ru2Si (\*1225–1545 �C), Ru5Si3
(*1330–1550 �C), Ru4Si3 (or RuSi0.9, \1695 �C), RuSi
(\*1800 �C), Ru2Si3 (or RuSi1.8, \*1710 �C), SiC, Si,
Ru, C

[487, 503–504]

C–Ru–Ta Plotted at 1600 �C: TaRu3C1–x (x & 0.6, stable in the
limited range of temp.), c-Ru3Ta2–x (\*1665 �C),
l-RuTa1±x (\*2080 �C), l0-RuTa1±x (\*1400 �C),
l0 0-RuTa1±x (\*800 �C), a-Ta2+xC, TaC1–x, Ta, C
Graphite is in equilibrium with Ru ? TaC1–x.

[391, 487, 897]

C–Ru–Th Plotted at 900 and 1200 �C: *Th11Ru12C18 (or
Th3+xRu4–xC5, x & 0.3, ?), *Th2Ru6C5 (or ThRu3C1.5, ?),
*ThRu3C1–x (0 \ x \ 0.1, ?), Th7Ru3 (\*1410 �C),
Th3Ru2 (\1425 �C), ThRu (\*1460 �C), ThRu2 (\at least
1550 �C), ThC1±x, a-ThC2–x, b-ThC2–x, a-Th, b-Th, Ru, C

[391, 487, 499–
500]

C–Ru–Ti Plotted at 1500 �C: TiRu3C1–x (?), TiRu1±x (or TiRu1+x

\*2130–2150 �C), TiC1–x, b-Ti, Ru, C
TiC1–x–Ru is plotted: eutectic—*1700–1840 �C
Graphite is in equilibrium with Ru ? TiC1–x.

[244, 391, 487]

C–Ru–U Plotted at 1000 and 1300 �C: U2RuC2 (\*1700 �C),
URu3Cx (0 B x B 0.7 at 1300 �C, extended solid solution
based on URu3, \1850 �C), U2Ru (\*935 �C), a-URu
(\795 �C), b-URu (*795–1160 �C), U3Ru4 (\*1165 �C),
U3Ru5 (\*1180 �C), UC1±x, f-U2C3, c-U, b-U, a-U, Ru, C

[244, 391, 487,
495, 501–502,
619]

C–Ru–V Plotted at 1600 �C: VRu3C1–x (x & 0.6, stable in the
limited range of temp.), V3Ru (at least \1500 �C, ?),
VRu1±x (\1925–1975 �C), b-V2±xC, b0-V2+xC, f-V4C3–x,
V6C5±x, V8C7±x, VC1–x, V, Ru, C
Graphite is in equilibrium with Ru ? VC1–x.

[244, 391, 487,
897]

C–Ru–W Plotted at 1500 and 2000 �C: (W,Ru)3C1–x (*2000 �C),
r-Ru2W3±x (from *1665–1670 �C to 2300 �C), a-W2+xC,
b-W2+xC, d-WC1±x, W, Ru, C

[244, 391, 487]
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System Type of phase diagram (temperature and composition
sections, constituent phases or phase fields) and/or
character of interphase interaction and materials
compatibility

References

C–Ru–Zr Plotted at 1500 �C: ZrRu3C1–x (x & 0.3), d-ZrRu1±x

(\2130 �C), k1-ZrRu2 (1285–1825 �C), ZrC1–x, b-Zr, Ru, C
ZrC1–x–Ru is plotted: eutectic—*1800 �C
Graphite is in equilibrium with Ru ? ZrC1–x.

[244, 391, 487]

C–S–Ta No diagram plot
Ta2S2C (2 polytypes; C in carbosulfides is related to
graphene sheets on (111) surfaces of TaC1–x)

[855]

C–S–Ti No diagram plot
Ti2SC (Mn+1AXn-phase)

[680–681, 744–
745, 860]

C–S–Ti–V No diagram plot
(Ti,V)2SC (Mn+1AXn-phase solid solution)

[680–681, 860]

C–S–Zr No diagram plot
Zr2SC (Mn+1AXn-phase)

[680–681, 744–
745, 860]

C–Sc–Tc Plotted schematically [840]
C–Sc–Ti Plotted at 1300–1800 �C: (Sc,Ti)C1–x (ScC1–x–TiC1–x

monocarbide continuous solid solution), a-Sc4C3,
b-Sc4C3+x, Sc3C4–x (or Sc15C19±x), a-Sc, a-Ti, b-(Sc,Ti), C
Graphite is in equilibrium with (Sc,Ti)C1–x ? Sc3C4–x (or
Sc15C19±x).

[138, 244, 391,
601]

C–Sc–Zr Plotted at 1500–1900 �C: (Sc,Zr)C1–x (ScC1–x–ZrC1–x

monocarbide continuous solid solution), a-Sc4C3,
b-Sc4C3+x, Sc3C4–x (or Sc15C19±x), a-(Sc,Zr), b-(Sc,Zr), C
Graphite is in equilibrium with (Sc,Zr)C1–x ? Sc3C4–x (or
Sc15C19±x).

[244, 602]

C–Si–Ta Plotted at 800–1820 �C: Ta5Si3C1–x (at least at
*1000–1820 �C), a-Ta4SiC3, b-Ta4SiC3 (Mn+1AXn-
phases, ?), Ta3Si (or Ta4.5Si, \*2340–2520 �C), Ta2Si
(\2440–2460 �C), a-Ta5Si3 (\*1700–2160 �C), b-Ta5Si3
(from *1700–2160 �C to 2500–2550 �C), TaSi2
(\*2040–2300 �C), a-Ta2+xC, TaC1–x, SiC, Ta, Si, C
Graphite is in equilibrium with SiC ? TaC1–x.

[138, 242, 244,
487, 503, 639,
898]

C–Si–Ti Plotted at 1100–2875 �C: a-Ti3SiC2, b-Ti3SiC2 (\2375 �C,
small homog. range at lower temp., Mn+1AXn-phases),
Ti2SiC (Mn+1AXn-phase, ?), Ti4SiC3, Ti5SiC4 (Mn+1AXn-
phases, metastable, ?), Ti5Si2C3, Ti7Si2C5 (intergrown
structures, Mn+1AXn-phases, ?), Ti5Si3±yCx (0 B x B 0.99,
solid solution based on Ti5Si3±x, \*2130–2335 �C), Ti3Si
(\1170 �C), Ti5Si4 (\1920 �C), TiSi (\1570 �C), TiSi2
(\1490–1500 �C), TiC1–x, SiC, b-Ti, Si, C
Carbon stabilizes the structure of Ti5Si3±x. Graphite is in
equilibrium with SiC ? TiC1–x. In vacuum, the interaction
between graphite and TiSi2 begins at *1300 �C (2 h
contact exposure) and leads to the formation of SiC and
Ti5Si3±yCx. At 900–1300 �C, in vacuum the interaction
between SiC and Ti results in the formation of Ti5Si3±yCx

and TiC1–x.

[242, 244, 419,
463, 487, 503,
506–509, 640–642,
680–681, 744–746,
819, 860]
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System Type of phase diagram (temperature and composition
sections, constituent phases or phase fields) and/or
character of interphase interaction and materials
compatibility

References

C–Si–U Plotted at 675–1500 �C: U3Si2C2 (or U3Si2C3, \1750 �C),
U3Si2C1–x (?), U5Si4C1–x (x = 0.25, or U20Si16C3,
\1600 �C), U3SiC3 (?), USi3 (\1510 �C), USi2 (\450 �C,
metastable, ?), a-USi2–x (?), b-USi2–x (x = 0.12,
\1710 �C), a-U3Si5 (?), b-U3Si5 (?), c-U3Si5 (\1770 �C),
USi (\1580 �C), U3Si2 (\1665 �C), a-U3Si(\*–150 �C),
b-U3Si (*–150–760 �C), c-U3Si (*760–930 �C), UC1±x,
f-U2C3, a-UC2–x, b-UC2–x, SiC, c-U, b-U, a-U, Si, C
Eutectic UC1±x–U3Si2–c-U (*950–980 �C)
Eutectic a-UC2–x–b-USi2–x–U3Si2C2 (*1600 �C, ?)
UC1±x–U3Si2 is plotted: eutectic—*1660 �C
Mutual solid solubilities between UC1±x and SiC are
negligible. At 1000 �C the interaction between UC1±x and
Si leads to the formation of USi2–x.

[138, 242, 244,
533–534, 692,
849]

C–Si–V Plotted at 800 and 1000 �C: V2SiC, V2SiC2 (predicted
Mn+1AXn-phases, ?), V5Si3C1–x (extended solid solution
based on V5Si3, \2010 �C, ?), V3+xSi (\1925 �C), V6Si5
(1160–1670 �C), VSi2 (\*1675 �C), a-V2+xC, b-V2±xC,
b0-V2+xC, f-V4C3–x, V6C5±x, V8C7±x, VC1–x, SiC, Si, V, C
SiC–VC1–x (x = 0.17) is plotted: eutectic—*2220 �C,
*38 mol.% SiC; no mutual solubilities between the
components
At 800 �C the solubility of C in V3+xSi and that of Si in
a-V2+xC are *2 at.%. Graphite is in equilibrium with
SiC ? VC1–x.

[244, 267, 393–
394, 503, 744–745,
748–750]

C–Si–W Plotted at 1800 �C:WxSiyCz (or W5–xSi3–yCx+y, ?), W5Si3+x

(\2095–2320 �C), WSi2 (\2020–2160 �C), b-W2+xC,
d-WC1±x, SiC, W, Si, C
Graphite is in equilibrium with SiC ? d-WC1±x. In
vacuum the interaction between graphite and WSi2 begins
at *1500 �C (2 h contact exposure) and results in the
formation of SiC and WxSiyCz. At 1100–1900 �C the
interaction between SiC and metal W results in the
formation of d-WC1±x, W5Si3+x and WSi2.

[138, 242, 419,
463, 487, 503, 819,
912]

C–Si–Zr Plotted at 1000–1700 �C: Zr5Si3Cx (0 \ x B *0.4
(1200 �C) and 0 \ x B *0.7 (1700 �C), solid solution
based on Zr5Si3, at least at 1745–2180 �C, ?), Zr3Si
(\1650 �C), Zr2Si (\1925 �C), Zr3Si2 (\2215–2220 �C),
a-Zr5Si4 (\1860 �C), b-Zr5Si4 (1860–2250 �C), a-ZrSi
(\1460 �C), b-ZrSi (1460–2210 �C), ZrSi2 (\1620 �C),
ZrC1–x, SiC, a-Zr, b-Zr, Si, C
C stabilizes the structure of Zr5Si3 at low temp.; the
solubility of C in other Zr silicides is low. Graphite is in
equilibrium with SiC ? ZrC1–x.

[242, 244, 418–
419, 487, 503,
510–512, 689]
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sections, constituent phases or phase fields) and/or
character of interphase interaction and materials
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References

C–Sm–U No diagram plot
UC1±x–SmC1–x monocarbide continuous solid solution or
extended solid solution based on UC1±x.

[391]

C–Sn–Ti Plotted partially at 1600 �C: Ti2SnC, Ti3SnC2 (Mn+1AXn-
phases), a-Ti6Sn5 (\790 �C), b-Ti6Sn5 (790–1490 �C),
Ti5Sn3 (\1505 �C), Ti2-xSn (\1550 �C), Ti3+xSn
(\1670 �C), TiC1-x, a-Ti, b-Ti, a-Sn, b-Sn, C

[680–681, 744–
745, 860, 984]

C–Sn–Zr No diagram plot
Zr2SnC (Mn+1AXn-phase), Zr5Sn3C, ?

[680–681, 744–
745, 860]

C–Ta–Tc Plotted schematically [840]
C–Ta–Th Plotted at 1500 �C: ThC1±x, c-ThC2–x, a-Ta2+xC, TaC1–x,

a-Th, b-Th, Ta, C
The mutual solid solubilities in the pairs of metals and their
carbides are very low. Graphite is in equilibrium with
c-ThC2–x ? TaC1–x.

[244, 391]

C–Ta–Ti Plotted at 1500–3200 �C: (Ta,Ti)C1–x (TaC1–x–TiC1–x

monocarbide continuous solid solution with the critical
point of the miscibility gap calculated to be \0 �C),
a-(Ta,Ti)2+xC (low temp. semicarbide extended solid
solution based on a-Ta2+xC, the solubility of Ti varies:
from *6 to *28 at.% at 1500–1800 �C and *2–30 at.%
at 2000 �C), b-(Ta,Ti)2±xC (high temp. semicarbide
extended solid solution based on b-Ta2±xC, the solubility of
Ti varies: *0–30 at.% at 2400–2600 �C, *0–20 at.% at
3000 �C and *0–10 at.% at 3200 �C), (b-Ti, Ta), C
Graphite is in equilibrium with (Ta,Ti)C1–x.

[138, 242, 391,
419, 440, 468, 513,
662, 747, 813, 837,
881]

C–Ta–Ti–U TaC1–x–TiC1–x–UC1±x is plotted at 2000–2050 �C:
(Ta,Ti,U)C1–x (TaC1–x–TiC1–x–UC1±x extended solid
solution based on TaC1–x–TiC1–x and TaC1–x–UC1±x

monocarbide continuous solid solutions with great
miscibility gap because of low mutual solubilities in the
TiC1–x–UC1±x system)

[391]

C–Ta–Ti–W TaC1–x–TiC1–x–d-WC1±x is plotted at 1450, 2200 and
2500 �C: (Ta,Ti,W)C1–x (TaC1–x–TiC1–x–d-WC1±x

extended solid solution based on TaC1–x–TiC1–x

monocarbide continuous solid solution)
The solubilities of d-WC1±x in TaC1–x and TiC1–x are *10
and *35 mol.%, respectively; the solubilities of TaC1–x

and TiC1–x in d-WC1±x are low.

[250, 419, 465,
589]
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System Type of phase diagram (temperature and composition
sections, constituent phases or phase fields) and/or
character of interphase interaction and materials
compatibility

References

C–Ta–U Plotted at 1200 and 1700 �C: (Ta,U)C1–x (TaC1–x–UC1±x

monocarbide continuous solid solution), a-Ta2+xC, f-U2C3,
a-UC2–x, b-UC2–x, U, Ta, C
Depend. on compos., graphite is in equilibrium with
(Ta,U)C1–x or (Ta,U)C1–x ? UC2–x; the compos. of
(Ta,U)C1–x in equilibrium with C ? UC2–x is corresp. to
(Ta0.78U0.22)C0.99 (at 1700 �C) and (Ta0.85U0.15)C1–x (at
2200 �C), and shifts to lower U concentrations with temp.
increase. At 1400 �C (66 h exposure) no appreciable
reaction is occurred on the contact surface between metal
Ta and UC1.06, at 1800 �C (3 h exposure)—the interaction
is noticeable.

[138, 242, 391,
812, 822]

C–Ta–U–V TaC1–x–VC1–x–UC1±x is plotted at 2000–2050 �C:
(Ta,V,U)C1–x (TaC1–x–VC1–x–UC1±x extended solid
solution based on TaC1–x–VC1–x and TaC1–x–UC1±x

monocarbide continuous solid solutions with great
miscibility gap because of low mutual solubilities in the
pair VC1–x–UC1±x)

[391]

C–Ta–U–Zr TaC1–x–ZrC1–x–UC1±x is plotted at 2050 �C: (Ta,Zr,U)C1–x

(TaC1–x–ZrC1–x–UC1±x monocarbide continuous solid
solution)
At *2100 �C (U0.5Zr0.5)C1±x is compatible for periods of
up to 35 min. with metal Ta.

[391, 812]

C–Ta–V Plotted at 1400 �C: Ta2±yVC2–x (Ta1.8072.04V1.070.96C1.7471.80

at 1650 �C), (Ta,V)C1–x (TaC1–x–VC1–x monocarbide
continuous solid solution), (Ta,V)2±xC (a-Ta2+xC–b-V2±xC
semicarbide continuous solid solution), (Ta,V), C
TaC1–x–VC1–x is plotted: miscibility gap (critical point—
*1300 �C at *Ta0.4V0.6C1–x, at 1000 �C ranges from
*Ta0.85V0.15C1–x to *Ta0.05V0.95C1–x).
Graphite is in equilibrium with (Ta,V)C1–x.

[391, 723, 813,
837]

C–Ta–V–W a-Ta2+xC–b-V2±xC–a-W2+xC is plotted at 1650 and
2000 �C: (Ta,V,W)2±xC (extended solid solution based on
a-Ta2+xC–b-V2±xC and b-V2±xC–a-W2+xC semicarbide con-
tinuous solid solutions), (Ta,V,W)2±xC ? (Ta,V,W)C1–x ?

(Ta,V,W), (Ta,V,W)C1–x ? (Ta,V,W)

[435]
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C–Ta–W Plotted at 1500–3500 �C: (Ta,W)C1–x (TaC1–x–c-WC1–x

monocarbide continuous solid solution at temp.
*2500–2750 �C, or monocarbide extended solid solution
based on TaC1–x at temp. B*2500 �C and C*2750 �C
with the max solubility of W corresp. to compos.:
*(Ta0.9W0.1)C1–x at 1500 �C, *(Ta0.8W0.2)C1–x at
1800 �C and *(Ta0.7W0.3)C1–x at 2000 �C), (Ta,W)2±xC
(b-Ta2±xC–c-W2±xC semicarbide continuous solid solution
in the limited range of temp. *2460–2790 �C),
a-(Ta,W)2+xC (semicarbide extended solid solution based
on a-Ta2+xC at temp. B*1950–2200 �C), b-(Ta,W)2±xC
(semicarbide extended solid solution based on b-Ta2±xC at
*1950–2450 �C and *2750–3400 �C), a-(W,Ta)2+xC
(semicarbide extended solid solution based on a-W2+xC at
temp. *1250–2100 �C), b-(W,Ta)2+xC (semicarbide
extended solid solution based on b-W2+xC at temp.
*2100–2450 �C), c-(W,Ta)2±xC (semicarbide extended
solid solution based on c-W2±xC at temp. *2300–
2450 �C), d-WC1±x (max. solubility of Ta is *4 at.% at
2760 �C), f-Ta4C3–x, Ta6C5±x, (Ta,W), C
Eutectic b-(Ta,W)2±xC–(Ta,W) (2860 �C, *25 at.%
W, *11 at.% C)
Depend. on compos., graphite is in equilibrium with
d-WC1±x ? (Ta,W)C1–x or (Ta,W)C1–x.

[138, 242, 391,
419, 514, 591, 723,
773, 801–804, 827,
837]

C–Ta–Zr Plotted at 1000–3900 �C: (Ta,Zr)C1–x (TaC1–x–ZrC1–x

monocarbide continuous solid solution at temp.
*940–3400 �C), a-(Ta,Zr)2+xC (semicarbide extended
solid solution based on a-Ta2+xC at temp. B*2100 �C
with the solid solubility of Zr—up to *12 at.% at temp.
1775–1820 �C), b-(Ta,Zr)2±xC (semicarbide extended solid
solution based on b-Ta2±xC at 1930–3300 �C with the solid
solubility of Zr—up to *14 at.% at 2500 �C), (Ta,b-Zr), C
Eutectic (Ta,Zr)C1–x–(Ta,b-Zr) (*1800 �C)
TaC1–x–ZrC1–x is plotted: miscibility gap (critical point—
*940 �C at *Ta0.6570.70Zr0.3070.35C1–x, at 600 �C ranges
from *Ta0.2Zr0.8C1–x to *Ta0.95Zr0.05C1–x).
Graphite is in equilibrium with (Ta,Zr)C1–x.

[138, 242, 391,
419, 421, 423, 468,
515, 622, 805–807,
813, 837]

C–Tb–U No diagram plot
UC1±x–TbC1–x monocarbide continuous solid solution, or
extended solid solution based on UC1±x (?).

[391]

C–Tc–Ti Plotted schematically [840]
C–Tc–U Plotted at 1500 �C: UTcC2 (\1800 �C), UTc3C1–x

(0.55 B x B 0.65, ?), UTc3C1+x (?), UTc2, TcC1–x (or
Tc3±xC, ?), UC1±x, f-U2C3, a-UC2–x, b-UC2–x, a-U, b-U,
c-U, Tc, C

[391]
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Table 2.14 (continued)

System Type of phase diagram (temperature and composition
sections, constituent phases or phase fields) and/or
character of interphase interaction and materials
compatibility

References

C–Tc–V Plotted schematically [840]
C–Tc–W Plotted schematically [840]
C–Tc–Zr Plotted schematically [840]
C–Th–Ti Plotted at 1500 �C: ThC1±x, a-ThC2–x, b-ThC2–x, c-ThC2–x,

TiC1–x, a-Ti, b-Ti, a-Th, b-Th, C
The solid solubilities of metal Th and Th carbides in TiC1–x

and those of TiC1–x in metal Th and Th carbides are low.

[391]

C–Th–U Plotted at 1000–1800 �C: (U,Th)C1±x (UC1±x–ThC1±x

monocarbide continuous solid solution based on UC1±x–
b-UC2–x, a-Th–ThC1±x and ThC1±x–c-ThC2–x continuous
solid solutions with specific miscibility gaps, homog. range
(limits) at 1800 �C: *UC0.9–UC1.9–ThC1.9–ThC0.2 with
two miscibility gaps (two-phase regions) UC1.1–
(U0.9Th0.1)C1.4–UC1.7 and ThC1.1–(U0.15Th0.85)C1.2–
ThC1.3), at temp. \1700 �C—separated regions based on
UC1±x, c-ThC2–x, ThC1±x and a-Th solid solutions),
a-(U,Th)C2–x (dicarbide extended solid solution based on
a-UC2–x), b-(Th,U)C2–x (dicarbide extended solid solution
based on b-ThC2–x), a-(Th,U)C2–x (dicarbide extended
solid solution based on a-ThC2–x), f-U2C3, a-Th, b-Th,
c-U, C
UC1±x (x = 0)–ThC1±x (x = 0) is plotted: no mutual
solubilities at 500 �C, the critical point of the miscibility
gap—*1600 �C, (U0.5Th0.5)C1.0 (the compos. corresp. to
the min. melt. point of the (U,Th)C1±x phase (x = 0)–
2200 �C).

[138, 242, 391,
516–517]

C–Th–U–Zr UC1±x–ThC1±x–ZrC1–x is plotted at 2000 �C:
(U,Th,Zr)C1±x (UC1±x–ThC1±x–ZrC1–x extended solid
solution based on UC1±x–ThC1±x and UC1±x–ZrC1–x

continuous solid solutions with great miscibility gap
because of very low mutual solubilities in the pair ThC1±x–
ZrC1–x)

[391]

C–Th–W Plotted at 1500 �C: ThC1±x, c-ThC2–x, a-W2+xC, d-WC1±x,
b-Th, W, C
The solubilities of Th carbides in W carbides and those of
W carbides in Th carbides are low.

[138, 391]

C–Th–Y Plotted at 1600 �C: (Th,Y)C1–x (ThC1±x–YC1±x monocar-
bide continuous solid solution), (Th,Y)C2±x (c-ThC2–x–
b-YC2±x dicarbide continuous solid solution), b-Y2C3–x,
b-Th, b-Y, C
Graphite is in equilibrium with (Th,Y)C2±x.

[391]

C–Th–Zr Plotted at 1100 and 1500 �C: ThC1±x, a-ThC2–x, b-ThC2–x,
c-ThC2–x, ZrC1–x, a-Th, b-Th, a-Zr, b-Zr, C
The solid solubilities of metal Th and Th carbides in ZrC1–x

and those of ZrC1–x in metal Th and Th carbides are low.
Graphite is in equilibrium with c-ThC2–x ? ZrC1–x.

[391, 518–520]

(continued)
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Table 2.14 (continued)

System Type of phase diagram (temperature and composition
sections, constituent phases or phase fields) and/or
character of interphase interaction and materials
compatibility

References

C–Ti–Tl No diagram plot
Ti2TlC (Mn+1AXn-phase), Ti3TlC, ?

[680–681, 744–
745, 860]

C–Ti–U Plotted at 1500 �C: UC1±x, f-U2C3, a-UC2–x, b-UC2–x,
TiC1–x, a-Ti, b-Ti, a-U, b-U, c-U, C
The max. solid solubilities of U carbides in TiC1–x and
those of TiC1–x in U carbides are low. Graphite is in
equilibrium with f-U2C3 ? TiC1–x.

[242, 391]

C–Ti–U–Zr UC1±x–TiC1–x–ZrC1–x is plotted at 2000–2050 �C:
(U,Ti,Zr)C1±x (UC1±x–TiC1–x–ZrC1–x extended solid
solution based on TiC1–x–ZrC1–x and UC1±x–ZrC1–x

monocarbide continuous solid solutions with great
miscibility gap because of low mutual solubilities in the
pair UC1±x–TiC1–x)

[391]

C–Ti–V Plotted at 1000–2700 �C: (V,Ti)C1–x (VC1–x–TiC1–x

monocarbide continuous solid solution at temp. B2625 �C;
the compos. of the phase at the min. melt point—
*(V0.9Ti0.1)C0.8), b-(V,Ti)2±xC (semicarbide extended
solid solution based on b-V2±xC at temp. B2000 �C; the
max. solubility of Ti corresp. to compos.
(V0.8270.93Ti0.0770.18)2±xC), b0-V2+xC, f-V4C3–x, V6C5±x,
V8C7±x, (b-Ti, V), C
VC1–x (x = 0.12)–TiC1–x (x & 0) is plotted: completely
soluble in each other
Graphite is in equilibrium with (V,Ti)C1–x.

[138, 242, 391,
419, 425, 521, 615,
810, 813, 815, 837,
1008]

C–Ti–W Plotted at 1500–3100 �C: Ti2W4C3–x (0 \ x \ 1, at least at
1100 �C, ?), (Ti,W)C1–x (extended solid solution based on
TiC1–x at temp. \2530 �C with the max. solubility of W
corresp. to compos. (Ti0.7W0.3)C1–x at 1500 �C,
(Ti0.45W0.55)C1–x at 2000 �C and (Ti0.3W0.7)C1–x at
2400 �C, or TiC1–x–c-WC1–x monocarbide continuous solid
solution at temp. *2530–2780 �C with max. melt. point
3130 �C corresp. to (Ti0.55W0.45)C0.75), a-W2+xC, b-W2+xC,
c-W2±xC, d-WC1±x, (b-Ti,W), C
Eutectic (Ti,W)C1–x–c-W2±xC–W (2680 �C, 13 at.% Ti, 23
at.% C)
TiC1–x–W is plotted: eutectic—*2650–2700 �C,
*24–28 mol.% TiC1–x (*19–22 at.% C)
(Ti0.5W0.5)C1–x–C is plotted: eutectic—3030 �C, *56 at.% C

[138, 242, 391,
522, 662, 773, 827,
835, 837, 848,
1014]

(continued)
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Table 2.14 (continued)

System Type of phase diagram (temperature and composition
sections, constituent phases or phase fields) and/or
character of interphase interaction and materials
compatibility

References

C–Ti–Zr Plotted at 600, 1500 and 2100 �C: (Ti,Zr)C1–x (TiC1–x–
ZrC1–x monocarbide continuous solid solution at higher
temp., or monocarbide extended solid solutions based on
TiC1–x and ZrC1–x at lower temp.), (b-Ti,b-Zr), C
ZrC1–x–TiC1–x is plotted: miscibility gap in the solid state
(critical point—*2000 �C, at *Zr0.270.4Ti0.670.8C1–x,
gap width at 1500 �C—from Zr0.170.2Ti0.870.9C1–x to
Zr0.8Ti0.2C1–x)
Depend. on temp., graphite is in equilibrium with
(Zr,Ti)C1–x or (Zr,Ti)C1–x ? (Ti,Zr)C1–x.

[138, 242, 391,
424–425, 626, 813,
816, 817]

C–Tl–Zr No diagram plot
Zr2TlC (Mn+1AXn-phase)

[680–681, 744–
745, 860]

C–Tm–U No diagram plot
UC1±x–TmC1–x monocarbide continuous solid solution or
extended solid solution based on UC1±x

[391]

C–U–V Plotted at 1600 �C: UVC2 (\1800 �C), a-V2+xC, b-V2±xC,
b0-V2+xC, f-V4C3–x, V6C5±x, V8C7±x, VC1–x, UC1±x,
f-U2C3, a-UC2–x, b-UC2–x, a-U, b-U, c-U, V, C
The solubilities of U carbides in V carbides and those of V
carbides in U carbides are low. Graphite is in equilibrium
with a-UC2–x ? VC1–x. At 1000 �C (66 h exposure) the
carburization of metal V is occurred on the contact surface
with UC1.06, at 1400 �C (66 h exposure)—the interaction is
significant.

[242, 391, 822]

C–U–W Plotted at 1700 and 2200 �C: g-UWC2–x (x & 0.3, from
2150 �C to *2570–2580 �C, a low C form of UWC2),
UWC2 (\2570–2580 �C, ?), U4W4C7 (or UWC1.75,
B*2300 �C), a-W2+xC, d-WC1±x, UC1±x, f-U2C3,
a-UC2–x, b-UC2–x, U, W, C
The homog. ranges of ternary phases are very small. The
solubilities of U carbides in W carbides and those of W
carbides in U carbides are low. Depend. on compos.,
graphite is in equilibrium with a-UC2–x ? UWC2–x, or
d-WC1±x ? UWC2–x.

[138, 242, 391,
612, 620, 812]

C–U–W–Zr No diagram plot
At *2100 �C (U0.5Zr0.5)C1±x is compatible for periods of
up to 35 min. with metal W.

[812]

C–U–Y Plotted at 1600 �C: (U,Y)C1±x (UC1±x–YC1±x monocar-
bide continuous solid solution), b-(Y,U)C2±x (dicarbide
extended solid solutions based on b-UC2–x and b-YC2±x at
temp. \*1800 �C, or b-UC2–x–b-YC2±x continuous solid
solution at higher temp.), f-U2C3, b-Y2C3–x, a-U, b-U, c-U,
a-Y, b-Y, C

[138, 391]

(continued)
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Table 2.14 (continued)

System Type of phase diagram (temperature and composition
sections, constituent phases or phase fields) and/or
character of interphase interaction and materials
compatibility

References

C–U–Yb No diagram plot
UC1±x–YbC1–x monocarbide continuous solid solution or
extended solid solution based on UC1±x.

[391]

C–U–Zr Plotted at 1700–3420 �C: (U,Zr)C1–x (UC1±x–ZrC1–x

monocarbide continuous solid solution), f-U2C3, a-UC2–x,
b-UC2–x, a-U, b-U, c-U, a-Zr, b–Zr, C
UC1±x (x = 0)–ZrC1–x (x = 0.19) is plotted: completely
soluble in each other
a-UC2–x (b-UC2–x)–ZrC1–x (x & 0) is plotted: quasi-
eutectic—2410 �C, *80 mol.% b-UC2–x, (*12 at.%
Zr, *63 at.% C); at b-(U,Zr)C2–x–(Zr,U)C1–x–(yC) quasi-
eutectic temp., max. solubility of Zr in b-(U,Zr)C2–x–*2–4
at.% (corresp. to *(U0.94Zr0.06)C1.94 compos.) and in
(Zr,U)C1–x–*40 at.% (corresp. to *80–90 mol.%
(Zr0.870.9U0.170.2)C1.0 ? *10–20 mol.% C)
At 1700–2200 �C graphite is in equilibrium with (Zr,U)C1–x

or (Zr,U)C1–x ? UC2–x. At higher temp.the compos. of
(Zr,U)C1–x, which is in equilibrium with C ? UC2–x, shifts
to lower U concentrations from *(Zr0.670.65U0.3570.4)C1–x

(at 1700 �C) to *(Zr0.770.8U0.270.3)C1–x (at 2000–
2200 �C). At 1000 �C (66 h exposure) no appreciable
reaction was occurred on the contact surface of metal Zr
with UC1.06, at 1400 �C (66 h exposure)—small reaction
zone was found.

[138, 242, 391,
436, 520, 523–527,
822]

C–V–W Plotted at 1500–2600 �C: (V,W)C1–x (monocarbide
extended solid solution based on VC1–x at temp.
\*2600 �C, VC1–x–c-WC1–x monocarbide continuous
solid solution at temp. *2600–2700 �C), b-(V,W)2±xC
(b-V2±xC–b-W2+xC semicarbide continuous solid solution),
d-WC1±x, (V,W), C
Depend. on compos., graphite is in equilibrium with
d-WC1±x ? (V,W)C1–x, or (V,W)C1–x.

[138, 242, 391,
528, 773, 827,
837]

C–V–Zr Plotted at 1000 �C: ZrV2–x (\1280–1300 �C), ZrC1–x,
a-V2+xC, b-V2±xC, b0-V2+xC, f-V4C3–x, V6C5±x, V8C7±x,
VC1–x, a-Zr, b-Zr, V, C
VC1–x (x = 0.12)–ZrC1–x (x & 0) is plotted: eutectic—
*2460–2530 �C, *23–34 mol.% ZrC1–x; at the eutectic
temp. the solubility of ZrC1–x in VC1–x is *2.5–5.0 mol.%
and that of VC1–x in ZrC1–x is *8.0–8.5 mol.%.

[244, 391, 425,
487, 813]
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The results obtained by Wang et al. [646] indicate that at room temperature
surface energy of graphene, graphene oxide and natural graphite flakes are 47, 62
and 55 mJ m-2, respectively. Before, a 150 mJ m-2 value for the surface energy of
the basal plane of graphite was measured at room temperature by wetting exper-
iments [910]. The formation of a surface-orientated perpendicular to the basal
plane needs the rupture of C–C chemical bonds. The surface energy for this
orientation has not been determined experimentally, but is expected to be an order
of magnitude higher than that of the basal plane. In the case of vitreous carbon, the
value was measured and found to be 32 mJ m-2 [910]. This is five times lower
than that of the graphite basal plane and may be explained by the low density of
vitreous carbon. The average static contact angles of graphene/graphite with some
liquids, which were measured by the droplet on the film surface at room tem-
perature, are listed in Table 2.15 [646, 909]. The quantitative characteristics of the

Table 2.14 (continued)

System Type of phase diagram (temperature and composition
sections, constituent phases or phase fields) and/or
character of interphase interaction and materials
compatibility

References

C–W–Zr Plotted at 1100–2600 �C: (Zr,W)C1–x (ZrC1–x–c-WC1–x

monocarbide continuous solid solution at temp. [2500 �C,
or extended solid solution based on ZrC1–x), ZrW2

(\*2160–2210 �C), a-W2+xC, b-W2+xC, c-W2±xC,
d-WC1±x, a-Zr, b-Zr, W, C
Eutectic (Zr,W)C1–x–c-W2±xC–W (2620 �C, 65 at.% W,
26.4 at.% C)
Eutectic (Zr,W)C1–x–ZrW2–b-Zr (B1740 �C, 7 at.% W, 3.5
at.% C)
ZrC1–x–W is plotted: eutectic—2800 �C, *30 mol.%
ZrC1–x; the solubility of W in ZrC1–x is *7 mol.%
The solubility of Zr in c-W2+xC is 3.5 mol.%. At higher
temp. graphite is in equilibrium with single solid phase
(Zr,W)C1–x.

[242, 391, 429–
430, 529, 591,
647–648, 773, 827,
837]

a See notes to Table 2.13

Table 2.15 Average static contact angles (in degrees) of graphite, graphene oxide and graphene
with some liquids measured by the droplet on the film surface at room temperature [646]a

Materials Water Formamide Diiodometane Ethylene glycol Glycerol

Graphite 98 45 22 56 67
Graphene oxide 67 19 39 22 50
Graphene 127 80 43 76 111

a For water, formamide and glycerol the contact angles on de-ashed natural graphite (in degrees) were
71.5–86.6, 46.5–60.7 and 61.3–77.8, respectively, with measured surface tensions at 20.0 ± 0.5 �C:
water—72.6, formamide—58.7, ethylene glycol—47.6 and glycerol—63.7, 10-3 N m-1 [909]
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Table 2.16 Wettability of graphite materials by some non-ferrous metal alloys (melts) in vac-
uum [530, 661, 910]

Alloy composition Wetting contact angle, degree Temperature, �C

Ag–0.1 at.% Ti 85 1000
Ag–1.0 at.% Ti 7 1000
Al–1.7–2.0 at.% Ti 142–145 1000

140 1100
75 1200

Al–12 at.% Si 145–150 1000
140–142 1150
97 1200
30 1300

Cu–0.01 at.% Cr 140 1150
Cu–0.1 at.% Cr 90 1150
Cu–0.6 at.% Cr 84 1150
Cu–1.0 at.% Cr 45b 1130

20–30c 1500
Cu–6.1 at.% Cr 40 1150
Cu–12.0 at.% Cr 23 1150
Cu–1.25 at.% V 118 1150

110 1200
75 1250

Cu–3.75 at.% V 90 1150
75 1200

Cu–6.2 at.% V 130 1150
60 1200
40 1250

Cu–2.9 at.% Sn–2.7 at.% Ti 28 1150
Cu–2.9 at.% Sn–4 at.% Ti 21 1150
Cu–5.6 at.% Sn 135 1150
Cu–5.6 at.% Sn–1.4 at.% Ti 48 1150
Cu–5.6 at.% Sn–3.95 at.% Ti 21 1150
Cu–5.6 at.% Sn–4.1 at.% Ti 10 1150
Cu–11.5 at.% Sn 135 1150
Cu–11.5 at.% Sn–0.75 at.% Ti 70 1150
Cu–11.5 at.% Sn–1.45 at.% Ti 22 1150
Cu–11.5 at.% Sn–2.9 at.% Ti 14 1150
Cu–20 at.% Sn 160 1150
Cu–50 at.% Sn 147 1150
Cu–5.0 at.% Ni 140 1300
Cu–9.3 at.% Ni 140 1300
Cu–9.3 at.% Ni–0.7 at.% Nb 150 1200

140 1250
120 1300

Cu–9.3 at.% Ni–1.4 at.% Nb 150 1200
95 1250
50 1300
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wettability of graphite materials by some non-ferrous metal alloys (melts) at
elevated and high temperatures are shown in Table 2.16 [530, 661, 910], and
wetting characteristics in alkali metal halide–graphite systems are given in Table
2.17 [910].

The character of chemical interaction and general reactions of carbon (graphite)
with common chemicals (solids, aqueous solutions) and complex gases are sum-
marized in Table 2.18.

Table 2.16 (continued)

Alloy composition Wetting contact angle, degree Temperature, �C

Cu–9.3 at.% Ni–2.05 at.% Nb 5 1300
Cu–9.3 at.% Ni–3.45 at.% Nb 35 1250
Cu–9.3 at.% Ni–7.05 at.% Nb 40 1200
Cu–9.3 at.% Ni–1.25 at.% V 110 1150

67 1200
55 1250

Cu–9.3 at.% Ni–3.75 at.% V 115 1150
Cu–9.3 at.% Ni–6.2 at.% V 70 1150

30 1200
Cu–21.0 at.% Ni 134 1500
Cu–25.0 at.% Ni 128 1500
Cu–25.0 at.% Ni–8.0 at.% Sn–6.0 at.% W 115 1300
Cu–28.0 at.% Ni–4.0 at.% Sn–6.0 at.% W 90 1300
Cu–30.0 at.% Ni 120 1500
Cu–35.0 at.% Ni 115 1500
Cu–35.0 at.% Ni–3.0 at.% Sn–9.0 at.% W 85 1300
Cu–36.0 at.% Ni–7.0 at.% Sn–9.0 at.% W 61 1420
Cu–5.0 at.% Co 138 1300
Cu–10.2 at.% Ti 0 1150
Cu–24.0 at.% Mn 70 1200
Ni–45.4 at.% Pd 137 1240
Sn–0.9 at.% Ti 76 1150
Sn–7.1 at.% Ti 5 1150
Sn–25.0 at.% Ni 143 1500

a For the same alloy on vitreous carbon in high vacuum, contact angle values (in degrees) are
37–45 at 1100 �C and *40 at 1150 �C [910]
b In Ar atmosphere
c In Ar–5 % H2 gas medium

Table 2.17 Wetting contact angles (in degrees) of pure molten halides MeX (Me = Li, Na, K,
Rb; X = F, Cl, Br) on graphite in dry inert gas atmosphere at 1000 �C [910]

Halides LiX NaX KX RbX

Fluoride 143 139 81 -

Chloride 134 127 73 46
Bromide - 120 73 -
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Table 2.18 The interaction of carbon (graphite) with some chemicals and complex gases [5, 82,
238, 531–532]

Reagent, formula Character of chemical interaction, general reactions

Air,
N2 ? O2

In air the oxidation of C initiates from 450 to 500 �C and leads to the
formation of gaseous oxides:
2C ? O2 $ 2CO
C ? O2 $ CO2

Water,
H2O

At ambient temp. C adsorbs water vapour from atmosphere
intensively. The interaction between C and water vapour initiates from
650 to 800 �C:
C ? H2O $ CO ? H2

Phosphine,
PH3

The interaction with PH3 is initiated by electrical discharge between C
electrodes:
C ? PH3 ? HCP ? H2

Potassium hydroxide, No interaction
KOH
Potassium carbonate,
K2CO3

During heating in ammonia containing media, the interaction results
in the formation of potassium cyanide:
C ? K2CO3 ? 2NH3 ? 2KCN ? 3H2O

Calcium cyanamide
with soda,

The interaction between C and calcium cyanamide—soda melt results
in the formation of sodium cyanide:

CaCN2 ? Na2CO3 C ? CaCN2 ? Na2CO3 ? CaCO3 ? 2NaCN
Nitric acid,
HNO3

The interaction with hot concentrated nitric acid results in the
oxidation of C and formation of mellitic (also called graphitic or
benzenehexacarboxylic) acid:
33C ? 18HNO3 ? 2C6(COOH)6 ? 9CO2 ? 9N2O ? 3H2O

Sulphuric acid, No interaction
H2SO4

Hydrochloric acid, No interaction
HCl
Hydrofluoric acid, No interaction
HF
Chromic acid, The interaction results in the oxidation of C:
H2CrO4 ? H2SO4, 3C ? 4H2CrO4 ? 6H2SO4 ? 2Cr2(SO4)3 ? 3CO2 ? 10H2O,
or K2Cr2O7 ? H2SO4 3C ? 2K2Cr2O7 ? 8H2SO4 ? 2Cr2(SO4)3 ? 2K2SO4 ? 3CO2 ?

8H2O
Potassium chlorate with
nitric acid,
KClO3 ? HNO3

The interaction results in the oxidation of C and formation of mellitic
(also called graphitic or benzenehexacarboxylic) acid:
15C ? 6KClO3 ? 6HNO3 ? C6(COOH)6 ? 3CO2 ? 3Cl2 ? 6KNO3

Sulphuric acid with
nitric acid,

During heating, the interaction results in the formation of graphite
bisulphate:

H2SO4 ? HNO3 192C ? 24H2SO4 ? 2HNO3 ? 8C24HSO4�2H2SO4 ? N2O ? 5H2Oa

Sulphuric acid with
chromium trioxide,

During heating, the interaction results in the formation of graphite
bisulphate:

H2SO4 ? CrO3 144C ? 21H2SO4 ? 2CrO3 ? 6C24HSO4�2H2SO4 ? Cr2(SO4)3 ?

6H2Oa

Sulphuric acid with
potassium
permanganate,

During heating, the interaction results in the formation of graphite
bisulphate:

(continued)
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The self-diffusion characteristics of carbon atoms, diffusion characteristics in
the carbon—element and carbon—chemical compound systems in the wide range
of temperatures, and summarized data on the physico-chemical interaction of
carbon with the elements of periodic table are given in Addendum.
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Chapter 3
Tungsten

3.1 Structures

Tungsten (or wolfram) is the element No. 74 of the periodic table (period—6,
group—6 (or VIB), relates to transition metals) with the ground state level 5D0 and
electron configuration 1s22s22p63s23p63d104s24p64d104f145s25p65d46s2. The gen-
eral oxidation states (numbers) of tungsten in various chemical compounds are
(–2), (–1), 0, (+1), (+2), (+3), (+4), (+5) and (+6); the oxidation states (+6) and
(+4) are the most common; the radii of tungsten are:

atomic (metallic, CN = 8)—0.137 nm,
atomic (metallic, CN = 12)—0.141 nm,
atomic (covalent, VI, single bond)—0.125 nm,
atomic (covalent, VI, double bond)—0.121 nm,
ionic (-1)—0.2265 nm,
ionic (+1)—0.136 nm,
ionic (+2)—0.117 nm,
ionic (+3)—0.101 nm,
ionic (+4)—0.066 nm (CN = 6),
ionic (+5)—0.062 nm (CN = 6),
ionic (+6)—0.060 nm (CN = 6),
ionic (+6)—0.051 nm (CN = 5),
ionic (+6)—0.042 nm (CN = 4);

its electronegativity is 1.7 in Pauling scale, or 1.40 in Allred—Rochow scale [1–3, 10–
11, 87]. The only stable modification of elemental tungsten (or a-W) has body-centred
cubic (bcc) metal crystal structure (space group—Im(-3)m) with lattice parameter
a = 0.31652 nm (Z = 2) at 25 �C (minimum interatomic distance—0.27412 nm,
CN = 8) [4], slip planes are (110) or (122) and slip direction \111[ [87, 322].

So-called b-W phase occurs only in the presence of oxygen and has probably the
composition, which is close to *W3O (stable at temperatures \630–650 �C, crystal
structure—cubic, space group—Pm(-3)n and lattice parameter a = 0.5046 nm
at 25 �C); and so-called c-W phase (face-centred cubic (fcc) structure,

I. L. Shabalin, Ultra-High Temperature Materials I,
DOI: 10.1007/978-94-007-7587-9_3, � Springer Science+Business Media Dordrecht 2014
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a = 0.413 nm) was only found in thin sputtered layers and amorphous specimens at
very beginning of sputtering [87]. Neither b-W nor c-W are stable when heated up to
temperatures C*700 �C and both of them transform to a-W.

At room temperature, the XRD density of tungsten is 19.246 g cm-3 and
recommended value for the bulk density of common metal parts—
19.20–19.25 g cm-3 (molar volume—9.53 cm3); at the melting temperature
density is 16.7 ± 0.6 g cm-3. The densities of metastable b-W and c-W are
18.9–19.1 and 15.8 g cm-3, respectively [5, 87].

3.2 Thermal Properties

Tungsten has the highest melting point of all the pure metals and the second
highest all over the periodic table after carbon. The general thermodynamic
properties of tungsten are summarized in Table 3.1. For the molar heat capacity
cp ¼ f ðT;KÞ, J mol�1 K�1, the following relationships are recommended:

in the range of temperatures from 298 to 2500 K [6]

cp ¼ 24:03þ 3:182� 10�3
� �

T ; ð3:1Þ

in the range of temperatures from 388 to 3100 K [5]

cp ¼ 23:25þ 4:13� 10�3
� �

T þ 1:87� 10�7
� �

T2: ð3:2Þ

For the specific heat capacity c ¼ f ðT;KÞ; J kg�1 K�1, in the range of temperatures
from 273 to 3300 K the equation is given [7] as

cp ¼ 135:76þ 9:1159� 10�3
� �

T þ 2:3134� 10�9
� �

T3 � 6:5233� 105
� �

T�2:

ð3:3Þ

Tungsten has the lowest vapour pressure of all metals. The equilibrium vapour
pressure of tungsten P, Pa, is obeyed the rules:

in the range of temperatures from 298 to 2350 K [10]

lgP ¼ �44094=T þ 1:3677lgT þ 7:951; ð3:4Þ

in the range of temperatures from 2200 to 2500 K [10]

lgP ¼ �57687=T � 12:2231lgT þ 59:533; ð3:5Þ

in the range of temperatures from 2600 to 3100 K [12]

lgP ¼ �45385=T þ 12:865; ð3:6Þ

in the range of temperatures from 3560 to 5645 K [6]

lgP ¼ �43794=T þ 1:4927lgT þ 0; 0888� 10�3
� �

T þ 7:6203; ð3:7Þ
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Table 3.1 General thermodynamic properties of tungsten

Characteristics Symbol Unit Value References

Standard molar entropy (at
298.15 K and 100 kPa)

S�298 J mol-1K-1 32.76 ± 0.4 [5]

33.5 [6]
32.618 [11]

Molar enthalpy difference H298–H0 kJ mol-1 4.970 [11]
Standard molar heat capacity
(at 298.15 K and 100 kPa)

c�p,298 J mol-1K-1 24.3 [5, 8, 11]

24.98 [6]
Specific heat capacity (at
298.15 K)

c J kg-1K-1 132.0 [5, 10]

131.2 [7]
Molar enthalpy (heat) of
melting (at the melting point)

DHm kJ mol-1 52.3 [8, 11]

46 [87]
35 [392]

Specific enthalpy (heat) of
melting (at the melting point)

kJ kg-1 220 ± 36 [9]

284.5 [10]
Molar enthalpy (heat) of
vaporization (at the boiling
point)

DHv kJ mol-1 797 [5]

806.7 [8, 11]
Specific enthalpy (heat) of
vaporization (at the boiling
point)

kJ kg-1 4330 [5]

4680 ± 25 [12]
Melting point Tm K (�C) 3680 ± 20

(3410 ± 20)
[5, 13]

3693 (3420) [11]
3687 (3414) [10, 23]
3660 (3390) [14]
3650 (3380) [19]

Boiling point Tb K (�C) 6000 ± 200
(5700 ± 200)

[9, 87]

6200 (5900) [8]
5930 (5660) [23]
5828 (5555) [10–11]
5640 (5370) [14]

Critical pointa K (�C), GPa 13400 ± 1400
(13100 ± 1400),
0.337 ± 0.085

[337]

a Critical density—4.31 g cm-3
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where T is temperature, K. At 2000 �C, the vapour pressure is 8.15 9 10-8 Pa and
at 3000 �C it is *0.1 Pa [87]. In high vacuum, the rate of tungsten vaporization at
the temperatures of 1880, 2150, and 2500 �C approximately amounts to 0.1,
10 lm, 1 mm per year, respectively [5]. The values of standard molar entropy
S�298, molar cp and specific c heat capacities, enthalpies (heats) of melting and
vaporization, molar and specific mass enthalpy differences HT–H298, vapour
pressures and mass/linear vaporization rates for tungsten are given in Addendum
in comparison with carbon (graphite) and other ultra-high temperature materials
(refractory metals) in the wide ranges of temperatures. At room temperature, the
thermal conductivity of tungsten is about 175 W m-1 K-1. In the range of tem-
peratures 1200–2800 K, the coefficient of thermal conductivity k, W m-1 K-1,
obeys the following equation:

k ¼ 108:34� 1:052� 10�2T þ 23419:9=T ; ð3:8Þ

where T is temperature, K. At the melting point, the value of k drops from 89.5 to
70.5 W m-1 K-1 [87]. The variation of the thermal conductivity of tungsten with
temperature is shown on the basis of several studies [15–19] in Fig. 3.1.

At room temperature, the coefficient of linear thermal expansion of pure
tungsten a = (4.3 7 4.7) 9 10-6 K-1 [11, 87], while for the interval from 20 to
1700 �C the recommended value is 5.0 9 10-6 K-1 [5]. For tungsten treated
variously, the average value of a increases almost linearly with temperature
growth and differs from (4 7 6) 9 10-6 K-1 (at 0 �C) to (7 7 11) 9 10-6 K-1
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Fig. 3.1 Variation of the thermal conductivity of tungsten with temperature (curve—recom-
mended values, arrows—data spread available in the literature) [15–19]
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(at 3000 �C) [5, 11, 19]. The relative thermal expansion Dl=l0 can be calculated
more accurately according to the following equations [87]:

in the range of temperatures from 293 to 1395 K

Dl=l0 ¼ 4:266� 10�6 T � 293ð Þ þ 8:479� 10�10 T � 293ð Þ2�1:974

� 10�13 T � 293ð Þ3; ð3:9Þ

in the range of temperatures from 1395 to 2495 K

Dl=l0 ¼ 5:48� 10�3 þ 5:416� 10�6 T � 1395ð Þ þ 1:952

� 10�10 T � 1395ð Þ2þ 4:422� 10�13 T � 1395ð Þ3; ð3:10Þ

in the range of temperatures from 2495 to 3600 K

Dl=l0 ¼ 12:26� 10�3 þ 7:451� 10�6 T � 2495ð Þ þ 1:654

� 10�9 T � 2495ð Þ2þ 7:568� 10�14 T � 2495ð Þ3; ð3:11Þ

where T is temperature, K. The thermal expansion of tungsten components in the range
of temperatures from 25 to 2500 �C is expressed by the equation as follows [20–21]:

Lt � L25 �Cð Þ
�

L25 �C ¼ A0 þ A1t þ A2t2; ð3:12Þ

where L25�C and Lt are linear dimensions at 25 �C and higher temperature,
respectively; t denotes the value of temperature, �C; A0, A1 and A2 are the coeffi-
cients, which mainly depend on manufacturing methods and geometric forms:

for powder metallurgy produced rods A0 = -8.69 9 10-5, A1 = 3.83 9 10-6,
A2 = 7.92 9 10-10;
for powder metallurgy produced sheets A0 = -4.58 9 10-5, A1 = 3.65 9 10-6,
A2 = 9.81 9 10-10;
for arc cast sheet A0 = -6.76 9 10-5, A1 = 3.91 9 10-6, A2 = 8.98 9 10-10.

At the melting temperature, the surface tension of liquid tungsten is about
2.32–2.55 N m-1 (its temperature coefficient is -0.29 9 10-3 N m-1 K-1); the
molar volume increases by 8 % on melting [11, 87]. In comparison with other
ultra-high temperature materials (graphite and refractory metals), the values of
thermal conductivity and thermal expansion of tungsten in the wide range of
temperatures are summarized in Addendum.

3.3 Electro-Magnetic and Optical Properties

At room temperature, the specific electrical resistance (resistivity) of pure tungsten
q = 54.0–56.5 nX m. At higher temperatures the resistivity is almost obeyed the
classic metal model (with small negative deviation from linearity) and slightly
exceeds 1 lX m at 3000 �C [5, 11]. The variation of resistivity at the melting point
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of tungsten is qliq/qsol = 1.08 [14]. In the interval from 20 to 1730 �C the tem-
perature coefficient of resistivity of tungsten is *5.5 9 10-3 K-1 (the pressure
coefficient is -1.33 9 10-5 MPa-1) [5, 11, 23]. The following relationships for
resistivity q, nX m, are recommended [18, 87]:

in the range of temperatures from 300 to 1240 K

q ¼ �16:4011þ 0:219691T þ 4:33471� 10�5
� �

T2; ð3:13Þ

in the range of temperatures from 1240 to 2570 K

q ¼ �194:101þ 0:467093T þ 4:06012� 10�5
� �

T2; ð3:14Þ

where T is temperature, K. Tungsten is a type I superconductor with a transition
temperature of 0.0154 ± 0.0005 K. The critical magnetic field strength Hc

(T ? 0) is 91.5 A m-1 [87]. At 20 �C the Hall coefficient of tungsten is
R = 0.856 9 10-10 m3 A-1 s-1 (B = 0.5–2.0 T), Seebeck coefficient (absolute
thermoelectric power) is +1.5 lV K-1 [11, 23]. Tungsten is a paramagnetic metal
with molar magnetic susceptibility vm (SI) = 6.66 9 10-4 cm3 mol-1 (at 22 �C)
slightly increasing with temperature growth [11, 22].

The variations of main optical properties of tungsten with wavelength k are
following [14]:

index of refraction (single crystal or polycrystalline materials)—from 2.49
(k = 0.3 lm) to 3.44 (k = 0.6 lm), or to 17.5 (k = 20.0 lm);
index of absorptance (single crystals)—from 2.58 (k = 0.3 lm) to 2.92
(k = 0.6 lm), or to 66.0 (k = 20.0 lm);
reflective index under normal incidence (polished materials)—from 0.50
(k = 0.3 lm) to 0.51 (k = 0.6 lm), or to 0.95 (k = 9.0 lm).

The monochromatic emittance (spectral emissivity) ek of tungsten as a function of
wavelength has a maximum in the range of 0.3–0.4 lm; the cross-point, where
all the emittance wavelength isoterms (from 1600 to 2800 �K) cross, corre-
sponds to k = 1.27 lm (ek = 0.33). In the range of temperatures 0–3000 �C ek
(k = 0.65 lm) of non-oxidized tungsten varies from 0.43–0.46 to 0.38 decreasing
almost linearly with temperature growth, while the integral emittance eT increases
with temperature increase and amounts to 0.32–0.34 at ultra-high temperatures
[5, 14, 251]; in the wide range of temperatures (400–3600 K) eT can be well
represented by the following empirical equation [338]:

eT ¼ �2:6875� 10�2 þ 1:819696� 10�4
� �

T � 2:1946163� 10�8
� �

T2; ð3:15Þ

where T is temperature, K. The thermoionic emission characteristics (electron
work function and Richardson constants) of variously oriented tungsten single
crystals [5] are given in Table 3.2.

The recommended values of electrical resistivity, magnetic susceptibility,
integral and spectral emittances and thermoionic emission characteristics (electron
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Table 3.2 Thermoionic
characteristics of single
crystal and polycrystalline
tungsten [5, 10, 14, 262–263]

(hkl)-index Richardson
constant,
104 A m-2 K-2

Electron work
function, eV

(116) 53 4.20–4.39
(111) 36–122 4.20–4.45
(012) – 4.34
(122) – 4.35
(113) – 4.46–4.50
(010) – 4.47
(112) 125 4.5–5.3
(123) – 4.52
(001) 156 4.52–4.59
(100) 156 4.56–4.63
(110) – 5.35
Polycrystalline – 4.54–4.55

work function and Richardson constant) for tungsten are given in comparison with
other ultra-high temperature elements (carbon and refractory metals) in Addendum.

3.4 Physico-Mechanical Properties

Most of the physico-mechanical properties of tungsten are extremely sensitive to
the microstructure character, which is strongly dependent on metal working
(treatment), as well as to the relatively minute amounts of contaminations by the
interstitial atomic species, such as oxygen, nitrogen, carbon and hydrogen. Cer-
tainly, hardness of tungsten ranges widely, e.g. in HV30 numbers—from 300
(recrystallized) up to 650 (worked/deformed) [11, 23, 87]. For various micro-
structure states, the hardness (HB) comes to the following values [5]:

cast and cold worked (hardened, purity 99.95 %)—415 kgf mm-2 (4.1 GPa);
cast and annealed (recrystallized, purity 99.95 %)—320 kgf mm-2 (3.1 GPa);
sintered from powder (density 17.5–18.0 g cm-3)—140–150 kgf mm-2

(1.4–1.5 GPa).

The hardness of polycrystalline tungsten increases considerably as the grain size is
reduced. It was shown that hardness and average grain size follow a Hall—Petch
relationship:

H ¼ H0 þ KHL�1=2; ð3:16Þ

where H0 = 350 kgf mm-2, KH = 10 kgf mm-3/2 and L is the average grain size.
Hardness values of up to 1200 kgf mm-2 (2 kgf load) were obtained on submi-
crongrained materials [87]. The temperature behaviour of hardness is complicated
because of the presence of two flexion points (approximately, at the temperatures of
(0.15–0.25) Tm and (0.3–0.5)Tm) on the hardness-temperature curve, which are
connected with changing the mechanism of deformation (Fig. 3.2a) [24].
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The value of ultimate tensile strength of hardened pure tungsten at room
temperature amounts to 1.5–1.9 GPa, while for annealed tungsten it ranges from
0.3 to 0.6 GPa (0.2 % offset yield strength—0.55 GPa, elongation—2 %) [23].
For the various components made from unalloyed tungsten these characteristics
comes to the following values [5]:

tungsten wire (diameter 15–20 lm)—4.17–4.60 GPa;
cast and cold worked (hardened, diameter 5 mm, length 25 mm, purity
99.95 %)—*0.9 GPa;
cast and annealed (recrystallized, purity 99.95 %)—*0.5 GPa);
sintered from powder (density 17.5–18.0 g cm-3)—0.78–0.88 GPa;
plasma sprayed (density 16–17 g cm-3)—0.035–0.046 GPa.

A typical example of the variation of ultimate tensile strength of pure tungsten
with temperature is shown in Fig. 3.2b for the specimens (rods, diameter
2.36–4.06 mm) produced by various methods, such as powder metallurgy, arc
casting, electron beam melting, and chemical vapour deposition, with subsequent
annealing at the various temperatures from 1370 to 2845 �C [25–28]. In general,
the following rules exist for tungsten [87]:

a wrought (as-worked) structure, consisting of deformation direction elongated
crystals, is stronger than an annealed or recrystallized one (in particular, this is
valid for the strength in deformation direction, so-called ‘‘texture strengthening’’);
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the lower the working temperature and the more energy is stored during
deformation, the higher is the strength (so-called ‘‘work hardening’’);
the smaller the grain size, the higher is the strength (so-called ‘‘fine-grain
strengthening’’);
different fabrication processes (extrusion, swaging, rolling and drawing) yield
different properties, and even after final working, there remain origin-related
differences in the properties of arc-melted and produced by powder metallurgy
methods tungsten.

At room temperature, the fracture toughness of single crystal tungsten varies depending
on crystallographic direction from 8 to 31 MPa m1/2. With temperature increase the
value of this factor rises and for polycrystalline tungsten in the state as-worked it
amounts to *40 MPa m1/2 at 800 �C [276]. At room temperature, the apparent work
of fracture (impact testing) of tungsten produced by powder metallurgy method
(50–60 % wrought additionally) is 245–294 kJ m-2 [14]. The fatigue-related prop-
erties of tungsten in the various test conditions and frequencies are summarized in [33].

The ductile-to-brittle transition temperature of tungsten is very sensitive to
contamination (the higher purity of metal is corresponding to lower transition
temperatures) as well as strongly dependent on annealing temperature. The rod
(diameter 5 mm, length 25 cm) made from high purity single crystal tungsten has
demonstrated plasticity behaviour at cryogenic temperatures t = -170 �C [19].
For tungsten produced by powder metallurgy, arc casting or electron beam melt-
ing, the ductile-to-brittle transition temperature increases from 100 to 150 �C (for
the metal in the state as-worked) up to 300–450 �C (for the metal annealed at
1300–2300 �C) [27]. At the temperatures more than 400 �C the elongation of
tungsten amounts to 40–60 %, the reduction in area—more than 60 % (for arc cast
rods the reduction in area exceeds 98 %) [19, 25, 28].

The values of prolonged strength are of great importance for the evaluation of
operational time of high-temperature components and structures in the engineering
practice. Highly strong unalloyed tungsten loses its rupture strength catastrophically
with increasing temperature, e.g. 1-h rupture strength of 0.13 mm diameter wire
falls below its level at 250 �C five times with temperature increasing to 1400 �C
[29]. Some creep properties of tungsten at 2250–2800 �C are given in Table 3.3
[19], the creep rupture data (rupture stress vs. time-to-rupture) for pure tungsten
wire (diameters 0.127 and 0.183 mm) in the state as-drawn at the testing temper-
atures from 649 up to 2527 �C are shown in Fig. 3.3 [29–30]. For polycrystalline
tungsten, the creep rate can be expressed by following equation [87, 339]:

_e ¼ Brn exp � Q

RT

� �
; ð3:17Þ

where _e ¼ oe=ot ¼ ol=lot is the steady-state creep rate in s-1, B and n are creep
pre-exponential and exponent constants, respectively, r is the applied stress, Q is
the activation energy of creep, R is the gas constant and T is temperature in K. The
values for B, n and Q vary considerably, depending on the respective material and
testing conditions. They are characteristic for the dominating creep mechanism.
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For large samples of unalloyed tungsten at temperatures higher than 2200 �C
(*0.65 Tm), n = 5 and Q = 585 kJ mol-2. This value of the activation energy is
close to that of self-diffusion for tungsten atoms in polycrystalline metal tungsten
(see Table A.9 in Addendum). It was therefore assumed that under these condi-
tions the deformation of the grains by dislocation climb or glide processes is the

Table 3.3 High-temperature
creep rate of tungsten (testing
time—4 h)

Temperature, �C Stress, MPa Creep rate, s-1

2250 18.6 10-6

27.4 10-5

41.2 10-4

55 10-3

2500 5.4 10-6

15.2 10-5

23.5 10-4

2700 13.7 10-5

18.6 10-4

23.5 10-3

2800 10.3 5 9 10-6

11.7 10-5

14.2 10-4

18.6 4 9 10-4
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Fig. 3.3 Creep rupture (rupture stress vs. logarithm time-to-rupture) data for pure tungsten wire
(diameter 0.127 mm) in the state as-drawn at the temperatures: 1—649 �C, 2—816 �C,
3—982 �C, 4—1093 �C, 5—1260 �C and 6—1371 �C [29] (Inset—logarithm rupture stress
vs. logarithm time-to-rupture for pure tungsten wire (diameter 0.183 mm) at 2527 �C (heating
rate -*2000 �C s-1), in vacuum higher than 7 9 10-5 Pa [30])
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rate-controlling stage of the creep. For thin wires, having a grain size comparable
to the creep specimen diameter, n = 2 and Q = 276 kJ mol-2 were obtained, as
characteristic for grain boundary diffusion. In this case, the creep deformation
occurred almost entirely by grain boundary diffusion sliding (offsetting) without
extensive grain deformation [87]. In the high stress regime ([60 MPa) and in the
range of temperatures 2500–3000 �C, the creep exponent constants n for tungsten
were found to be in the interval from 8 up to 25 [30–32].

At room temperature, the main elastic properties of pure tungsten have the
following numerical values [11, 19, 23, 87]:

Young’s modulus E, GPa 390–415
Coulomb’s (shear) modulus G, GPa 152–177
Poisson’s ratio m 0.28–0.30
Bulk (compression) modulus K, GPa 305–311
Volume compressibility j, MPa-1 0.3 9 10-5

Longitudinal velocity of sound VS, m s-1 5174–5180
Transversal velocity of sound VT, m s-1 2840–2870
Elastic compliance s11, TPa-1 2.45

s44, TPa-1 6.24
s12, TPa-1 -0.69

Elastic stiffness c11, GPa 523
c44, GPa 160
c12, GPa 203
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Fig. 3.4 Variations of Young’s (E), Coulomb’s (shear) (G) and bulk (compression) (K) moduli
and Poisson’s ratio (m) of pure polycrystalline tungsten with temperature on the basis of several
sources [5, 11, 19, 34–35]
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The variations of Young’s and Coulomb’s (shear) moduli and Poisson’s ratio of
tungsten with temperature are shown in Fig. 3.4 [34–35]. In the range of temperatures
from 20 to 1730 �C, the following equation for the magnitude of Young’s modulus
ET at temperature T, K was recommended for single crystal tungsten [5]:

ET ¼ E293
Tm � T

Tm

� �n

; ð3:18Þ

where n = 0.263, E293 is the magnitude of Young’s modulus at 20 �C and Tm is
melting temperature, K.

The magnitudes of physico-mechanical (strength, elasticity) properties of
unalloyed tungsten in the wide range of temperatures are summarized in Adden-
dum in comparison with other ultra-high temperature materials (graphite and
refractory metals).

3.5 Nuclear Physical Properties

The isotopes of tungsten (standard atomic mass—183.84 u) from 158W to 192W,
including metastable states (158mW, 179m1-3W, 180m1-2W, 183mW, 185mW, 186m1-2W
and 190mW), and their general characteristics are summarized in Table 3.4; the
naturally occurring isotopes are listed in order of decreasing abundance, and unstable
artificial (radioactive) isotopes—in order of decreasing half-life period of decay.

Table 3.4 General characteristics of the isotopes of tungsten [10, 14, 270–272]

Isotope Mass, u Abundance, % Half-life
period

Decay mode, excitation (radiation)
energy, MeV

184Wa 183.950931 30.64 – –
186Wb 185.954364 28.43 – –
182Wc 181.948204 26.50 – –
183Wd 182.950223 14.31 – –
180We 179.946704 0.12 1.8 9 1018 y a
181W 180.948197 – 121 d K-capture; c, 0.03, 0.6, 0.8
185W 184.953419 – 75.1 d b-, 0.426 (90 %), 0.37 (10 %); c, 0.056,

0.57, 0.77
188W 187.958489 – 69.8 d b-

178W 177.945876 – 21.6 d K-capture; c, *0.3
187W 186.957160 – 23.7 h b-, 1.33 (30 %), 0.63 (70 %); c, 0.072,

0.134, 0.48, 0.686, 0.78
176W 175.94563 – 2.5 h K-capture (99 %); b+ (0.5 %); c, *1.3

(continued)
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Table 3.4 (continued)

Isotope Mass, u Abundance, % Half-life
period

Decay mode, excitation (radiation)
energy, MeV

177W 176.94664 – 132 min b+; c, 0.5, 1.2
179W 178.947070 – 37.05 min b+

175W 174.94672 – 35.2 min b+

174W 173.94608 – 33.2 min b+

190W 189.96318 – 30.0 min b-

189W 188.96191 – 11.6 min b-

173W 172.94769 – 7.6 min b+

172W 171.94729 – 6.6 min b+

179m1W – – 6.4 min Isomer, c (99.72 %); b+ (0.28 %)
170W 169.949228 – 2.42 min b+ (99 %), a (1 %)
171W 170.94945 – 2.38 min b+

185mW – – 1.60 min Isomer, c, 0.197
169W 168.951779 – 1.27 min b+

168W 167.951808 – 51 s b+ (99.99 %), a (0.032 %)
191W 190.96660 (?) – 20 s (?) ?
167W 166.954816 – 19.9 s b+ ([99.9 %), a (\0.1 %)
166W 165.955027 – 19.2 s b+ (99.96 %), a (0.035 %)
192W 191.96817 (?) – 10 s (?) ?
164W 163.958954 – 6.3 s b+ (97.4 %), a (2.6 %)
183mW – – 5.2 s Isomer, c, 0.309
165W 164.958280 – 5.1 s b+ (99.8 %), a (0.2 %)
163W 162.96252 – 2.8 s b+ (59 %), a (41 %)
162W 161.963497 – 1.36 s b+ (53 %), a (47 %)
161W 160.96736 (?) – 0.41 s a (73 %), b+ (23 %)
160W 159.96848 – 90 ms a (87 %), b+ (14 %)
159W 158.97292 (?) – 8.2 ms a (82 %), b+ (18 %)
180m1W – – 5.47 ms Isomer, c, 1.529
190mW – – \3.1 ms Isomer, c, 2.381, (?)
186m2W – – [3 ms Isomer, c, 3.542 (?)
158W 157.97456 (?) – 1.37 ms a
158mW – – 0.14 ms Isomer, c, 1.889, (?)
186m1W – – 18 ls Isomer, c, 1.517, (?)
180m2W – – 2.33 ls Isomer, c, 3.264, (?)
179m3W – – 0.75 ls Isomer, c, 3.348, (?)
179m2W – – 0.39 ls Isomer, c, 1.631, (?)

a Believed to undergo a decay with a half-life period [1.8 9 1020 y (?)
b Believed to undergo a decay with a half-life period [4.1 9 1018 y (?)
c Believed to undergo a decay with a half-life period [1.7 9 1020 y (?)
d Believed to undergo a decay with a half-life period [8 9 1019 y (?)
e Primordial radionuclide
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The nuclear magnetic resonance (NMR) characteristics for 183W are:

Relative sensitivity (1H = 1) 7.20 9 10-4

Recepticity (13C = 1) 0.0589
Gyromagnetic ratio, rad T-1 s-1 1.1145 9 107

Frequency (1H = 100 MHz; 2.3488 T), MHz 4.161
Reference WF6 [87]

Nuclear physical properties of tungsten (isotopic mass range, total number of
isotopes, thermal neutron macroscopic cross sections, moderating ability and
capture resonance integral), compared with other ultra-high temperature elements
(carbon and refractory metals), are given in Addendum.

3.6 Chemical Properties

The comprehensive information on the chemical properties and interaction of
tungsten with all the elements of the periodic table is given in Table 3.5. The
tungsten containing systems and corresponding binary compounds is described and
considered there in accordance with the groups of elements from 1 to 17.

Table 3.5 Chemical interaction of tungsten with elements of the periodic table (binary systems
in accordance with the groups of elements)a

System Type of phase diagram
(constituent phases,
temperatures and compositions
of transformations)

Character of interaction References

Group 1
W–H H, WHx (?), W

No diagram plot
No chemical interaction at high and
ultra-high temp. (up to melt. point)
under standard pressure. At
cryogenic temp. and low pressures,
a distinct amount of H is adsorbed.
The adsorption declines with temp.
growth; at higher temp. the
solubility of H in W is very low.
Increasing H content in W results in
a loss of mechanical strength. The
isobaric solubility of H (x, at.%) is
obeyed the following rules
at 900–1750 �C, 0.1–10 MPa:
lgx = 0.5lgp - 1.49 - 5250/T,
at 1600–2430 �C, 0.1–10 MPa:
lgx = 0.5lgp - 3.62 - 1090/T,
at 2430–3400 �C, 0.1–10 MPa:
lgx = 0.5lgp - 2.40 - 4380/T,
where p is pressure H2, Pa, and T is
temp., K. Metastable WH is
synthesized at ultra-high pressures
([15 GPa).

[19, 36–39, 265,
323]
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Table 3.5 (continued)

System Type of phase diagram
(constituent phases,
temperatures and compositions
of transformations)

Character of interaction References

W–Li a-Li, b-Li, c-Li, no binary
compounds, W
No diagram plot

No chemical interaction. At
715 �C the solubility of W in
liquid Li was found at *4 9 10-3

at.%; for 650–1150 �C the
calculated values of this solubility
are in the interval from 10-6 to
10-11 at.%. The solubility of Li in
W is very low too. W is resistant to
liquid Li, satisfactory results were
gained in the static conditions
during 100 and 1000 h exposure
testing at 1210–1490 �C.

[5, 40–41, 87]

W–Na a-Na, b-Na, no binary
compounds, W
No diagram plot

No chemical interaction. The
solubility of W in liquid Na is
estimated at *10-11 at.%. The
solubility of Na in W is very low
too. W is highly resistant to
corrosion in liquid Na at temp.
B700 �C.

[5, 40, 42, 87]

W–K K, no binary compounds, W
No diagram plot

No chemical interaction. The
solubility of W in molten K is
very low.

[87]

W–Rb Rb, no binary compounds, W
No diagram plot

No chemical interaction. The
solubility of W in molten Rb is
very low.

[46, 87]

W–Cs Cs, no binary compounds, W
No diagram plot

No chemical interaction. W is
highly resistant to Cs melt and
vapour (with low O contamination),
good performance during 4000 h at
35 �C, and 500 h at 980 and 1370 �C.
Excellent stability against Cs
vapour at elevated temp. up to
1900 �C.

[5, 87]

W–Fr No data – –
Group 2
W–Be a-Be, b-Be, WBe22 (or WBe20,

WBe24, incongruent melting, ?),
WBe12 (\*1750 �C,
incongruent melt. point,
invariable compos.), WBe2±x

(\*2250–2520 �C, congruent
melt. point, homog. range
— 28–36 at.% W), WBe
(metastable, ?), W
Eutectic WBe2±x–W (2100 �C,
*60 at.% W)

The solubility of W in b-Be is 0.05
at.% and that of Be in W is *3
at.% at 1000–1300 �C and *5
at.% at 2100 �C. The reaction
between mixed W and Be powders
initiates from 750 to 880 �C, all the
binary compounds are formed by
diffusion interaction after heat
treatment in vacuum or inert gas
atmosphere for 4 h exposure at
1100 �C.

[5, 36, 43–46, 87,
264]

(continued)
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Table 3.5 (continued)

System Type of phase diagram
(constituent phases,
temperatures and compositions
of transformations)

Character of interaction References

W–Mg Mg, no binary compounds, W
No diagram plot

No chemical interaction, at least at
temp. \1000 �C. The solubility of
W in solid and molten Mg is very
low.

[5, 40, 87]

W–Ca a-Ca, b-Ca, no binary
compounds, W
No diagram plot

No chemical interaction. The
solubility of W in molten Ca is
very low.

[5, 43, 87, 194]

W–Sr a-Sr, b-Sr, no binary
compounds, W
No diagram plot

No chemical interaction. The
solubility of W in molten Sr is
very low.

[87, 194]

W–Ba Ba, no binary compounds, W
No diagram plot

No chemical interaction. The
solubility of W in molten Ba is
very low. In vacuum at 1300 �C,
Ba wets W.

[87, 194, 342]

W–Ra Ra, no binary compounds, W
No diagram plot

No interaction. [194]

Group 3
W–Sc a-Sc, b-Sc, no binary

compounds, W
Eutectic b-Sc–W (1510 �C,
*1.3–2.7 at.% W)

The solubility of W in liquid Sc
is 2.1 at.% (1695 �C), 4.5 at.%
(1930 �C) and 7.9 at.% (2045 �C),
and that of Sc in solid W is
B0.0165 at.% (at 1625 �C). For
diffusion rate in the system at
various temp. see Addendum.

[47–48, 87, 398]

W–Y a-Y, b-Y, no binary
compounds, W
Eutectic b-Y–W (*1520 �C,
*0.07–0.5 at.% W)

The solubility of W in liquid Y is
0.5 at.% (2100 �C), and that of Y
in solid W is \1 at.% (1625 �C).
For diffusion rate in the system at
various temp. see Addendum.

[46–48, 397]

Lanthanides
W–La a-La, b-La, c-La, no binary

compounds, W
Eutectic (degenerated) c-La–W
(*920 �C,\0.01 at.% W, ?)
Miscibility gap in the liquid
state (*1–99 at.% W at
*3390 �C)

The solubility of W in liquid La is
8 9 10-7 at.% at the melt. point of
La (920 �C) and 0.025 at.% at
1940 �C.

[40, 46, 48, 87,
350]

W–Ce a-Ce, b-Ce, c-Ce, d-Ce,
CeW (?), CeW2 (?), W
Eutectic (degenerated) d-Ce–W
(*795 �C,\0.01 at.% W, ?)
Miscibility gap in the liquid
state (*3–97 at.% W at
3340 �C)

The solubility of W in liquid Ce is
2.3 9 10-4 at.% at the melt. point
of Ce (795 �C) and 0.09 at.% at
1940 �C. At temp. \1200 �C W is
highly resistant to corrosion in
liquid Ce. For diffusion rate in the
system at various temp. see
Addendum.

[5, 43, 48–50,
351]
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Table 3.5 (continued)

System Type of phase diagram
(constituent phases,
temperatures and compositions
of transformations)

Character of interaction References

W–Pr a-Pr, b-Pr, no binary
compounds, W
Eutectic (degenerated) b-Pr–W
(*935 �C,\0.01 at.% W, ?)
Miscibility gap in the liquid state
(2–98 at.% W at 3355 �C)

The solubility of W in liquid Pr is
1.3 9 10-4 at.% at the melt. point
of Pr (935 �C) and 0.09 at.% at
2035 �C.

[46–49, 348]

W–Nd a-Nd, b-Nd, no binary
compounds, W
Eutectic (degenerated)
b-Nd–W (*1010 �C,
*6 9 10-4 at.%, ?)

The solubility of W in liquid Nd is
5.9 9 10-4 at.% at the melt. point
of Nd (1010 �C) and 0.25 at.% at
2140 �C.

[40, 46, 48–49]

W–Pm No data – –
W–Sm a-Sm, b-Sm, c-Sm, no binary

compounds, W
Eutectic (degenerated)
c-Sm–W (*1070 �C,
\*0.002 at.% W, ?)

The solubility of W in liquid Sm is
1.8 9 10-3 at.% at the melt. point
of Sm (1072 �C) and 0.015 at.% at
1765 �C.

[46–47, 49]

W–Eu Eu, no binary compounds, W
Eutectic (degenerated) Eu–W
(*820 �C, \*5 9 10-4

at.% W, ?)

The solubility of W in liquid Eu is
\10-3 at.% at the melt. point of
Eu (822 �C) and 9 9 10-4 at.% at
1820 �C (?).

[37, 46, 48–49,
51]

W–Gd a-Gd, b-Gd, no binary
compounds, W
Eutectic (degenerated)
b-Gd–W (*1310 �C,
\*0.02 at.% W, ?)

The solubility of W in liquid Gd is
1.3 9 10-2 at.% at the melt. point
of Gd (1311 �C) and 0.225 at.% at
2020 �C.

[37, 46, 48–49]

W–Tb a0-Tb, a-Tb, b-Tb, no binary
compounds, W
Eutectic (degenerated)
b-Tb–W (*1355 �C,
\*0.03 at.% W, ?)

The solubility of W in liquid Tb is
3.2 9 10-2 at.% at the melt. point
of Tb (1360 �C) and 0.47 at.% at
2020 �C.

[46–47, 49, 352]

W–Dy a0-Dy, a-Dy, b-Dy, no binary
compounds, W
Eutectic (degenerated)
b-Dy–W (*1410 �C,
\*0.05 at.% W, ?)

The solubility of W in liquid Dy is
6.5 9 10-2 at.% at the melt. point
of Dy (1412 �C) and 0.71 at.% at
2075 �C.

[37, 46, 49]

W–Ho a-Ho, b-Ho, no binary
compounds, W
Eutectic (degenerated)
b-Ho–W (*1470 �C,
\*0.1 at.% W, ?)

The solubility of W in liquid Ho is
7.5 9 10-2 at.% at the melt. point
of Ho (1470 �C) and 2.22 at.% at
2070 �C.

[37, 46, 49]

W–Er a-Er, b-Er, no binary
compounds, W
Eutectic (degenerated) b-Er–W
(*1520 �C,\*0.1 at.% W, ?)

The solubility of W in Er is
8.2 9 10-2 at.% at the melt. point of
Er (1522 �C) and 1.1 at.% at 2030 �C.

[37, 46, 49]
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Table 3.5 (continued)

System Type of phase diagram
(constituent phases,
temperatures and compositions
of transformations)

Character of interaction References

W–Tm a-Tm, b-Tm, no binary
compounds, W
Eutectic (degenerated)
b-Tm–W (*1545 �C,
\*0.3 at.% W, ?)

The solubility of W in liquid Tm is
0.322 at.% at the melt. point of Tm
(1545 �C) and 1.78 at.% at 2095 �C.

[46–49]

W–Yb a-Yb, b-Yb, c-Yb, no binary
compounds, W
Eutectic (degenerated)
c-Yb–W (*820 �C, ?)
No diagram plot

The solubility of W in Yb is
\1.9 9 10-4 at.% (820–1685 �C)
and 7 9 10-4 at.% at 1710 �C.

[46–49]

W–Lu a-Lu, b-Lu, no binary
compounds, W
Eutectic (degenerated)
b-Lu–W (*1650 �C,
\*0.4 at.% W, ?)
Miscibility gap in the liquid
state (*17–83 at.% W at
*3080 �C)

The solubility of W in liquid Lu is
0.461 at.% at the melt. point of Lu
(1656 �C) and 2.24 at.% at 2100 �C.

[40, 46, 48–49,
349]

Actinides
W–Ac No data – –
W–Th a-Th, b-Th, no binary

compounds, W
Eutectic (degenerated, ?)
b-Th–W (*1385–1700 �C,
*0.01–8 at.% W, ?)
Data on the system available in
literature are controversial.

The solid solubility of Th in W is
0.09 at.% at 1250 �C and 0.24 at.%
at 2000 �C. In vacuum, molten Th
wets W. For diffusion rate in the
system at various temp. see
Addendum.

[5, 46–47, 342,
353–356]

W–Pa No data – –
W–U a-U, b-U, c-U, no binary

compounds, W
Peritectic (?) c-U (*1135-1140
�C, *0.5–1.5 at.% W, ?)
Eutectic (degenerated, ?)
c-U–W (*1135 �C, ?)
Data on the system available in
literature are controversial

The solid solubility of W in a-U
and b-U is negligible and does not
affect the temp. of the polymorphic
transitions of U. At 1000 �C the
solid solubility of U in W is *0.1
at.% and that of W in c-U is
*0.2–0.9 at.%. The melt. point of
U is raised a little by addition of
W (?). The solubility of W in
liquid U is 11.9 at.% (2210 �C) and
33.2 at.% (2660 �C). The kinetics
of W dissolution in liquid U is very
slow. At 1250 �C liquid U
impregnates W porous preforms
perfectly. For diffusion rate in the
system at various temp. see
Addendum.

[5, 46–47, 52–53,
193, 357]

W–Np No data – –
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Table 3.5 (continued)

System Type of phase diagram
(constituent phases,
temperatures and compositions
of transformations)

Character of interaction References

W–Pu a-Pu, b-Pu, c-Pu, d-Pu, d0-Pu,
e-Pu, no binary compounds, W
Eutectic (degenerated) e-Pu–W
(*640 �C, ?)
Peritectic (?) e-Pu (?)
Data on the system available in
literature are controversial

The mutual solid solubilities of Pu
in W and W in the modifications of
Pu are negligible. W does not affect
the temp. of Pu polymorphic
transformations. The solubility of
W in liquid Pu is 3.8 9 10-3 at.%
(700 �C) and 3.8 9 10-2 at.%
(950 �C).

[46–47, 54, 358–
359]

W–Am No data – –
Group 4
W–Ti a-Ti, a0-Ti (metastable

martensite, *0–2 at.% W),
a0 0-Ti (metastable, *2–5.5
at.% W), x-(Ti,W)
(metastable, intermediate
between b-Ti and a-Ti
structure, *6–10 at.% W),
b-Ti, TiW4 (?), W
Continuous solid solution
b-Ti–W (up to melt. points,
miscibility gap: critical point
—*1230–1290 �C, 33–35
at.% W; 9.75–72 at.% W at
740 �C)

For the alloys containing 10–50 at.%
W, the melt. point increases to
1800–1900 �C. In the presence of W
temp. of a-Ti–b-Ti polymorphic
transformation decreases to 740 �C
(9.75 at.% W). The max. solubility of
W in a-Ti is B0.2 at.% (740 �C), it
corresponds to the *25 at.%
solubility of Ti in W at the same
temp. The corrosion resistance of W
to liquid Ti is low. For diffusion rate
in the system at various temp. see
Addendum.

[5, 46–47, 55–56,
87, 211, 292]

W–Zr a-Zr, b-Zr, ZrW2

(\*2160–2210 �C,
incongruent melt. point,
invariable compos.), W
Eutectic ZrW2–b-Zr
(*1735–1795 �C, *9–10
at.% W)

The solid solubility of W in b-Zr is
*4 at.% at *1735–1795 �C) and
*0.25 at.% at 863 �C, the max.
solubility in a-Zr is 0.5 at.%. The
solubility of Zr in W is *3.5–10.0
at.% (*2160–2210 �C), *1.5
at.% (*1735–1795 �C) and *0.9
at.% (1500 �C). For diffusion rate
in the system at various temp. see
Addendum.

[5, 46–47, 57–59,
87]

W–Hf a-Hf, b-Hf, HfW2±x

(\*2495–2530 �C,
incongruent melt. point,
Laves phase, homog.
range—66–67 at.% W), W
Eutectic HfW2±x–b-Hf
(*1930–1980 �C, *18–22
at.% W)

The solid solubility of W in b-Hf is
*13.5 at.% (*1930–1980 �C) and
*8 at.% (*1460–1560 �C), and
solubility in a-Hf is *0.7–0.9 at.%
(*1460–1560 �C). The solubility
of Hf in W is *9 at.%
(*2495–2530 �C), *1.7–4.0 at.%
(2000 �C) and *1.1–3.0 at.%
(1500 �C). For diffusion rate in the
system at various temp. see
Addendum.

[5, 37, 46, 57,
60–61, 87]
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Table 3.5 (continued)

System Type of phase diagram
(constituent phases,
temperatures and compositions
of transformations)

Character of interaction References

Group 5
W–V V, no binary compounds, W

Continuous solid solution V–W
For diffusion rate in the system at
various temp. see Addendum.

[5, 46–47, 62,
394]

W–Nb Nb, no binary compounds, W
Continuous solid solution
Nb–W

For diffusion rate in the system at
various temp. see Addendum.

[5, 40, 46, 63–
64]

W–Ta Ta, no binary compounds, W
Continuous solid solution
Ta–W

For diffusion rate in the system at
various temp. see Addendum.

[5, 46–47, 65]

Group 6
W–Cr Cr, CrW3 (?), W

Continuous solid solution
Cr–W (up to melt. points,
miscibility gap: critical point—
1677 �C, 50 at.% W; from
*4.5–5 to *95–95.5 at.% W
at 500 �C)

W is resistant to the vapour of Cr
at high temp. in vacuum. For
diffusion rate in the system at
various temp. see Addendum.

[5, 37, 46, 66–68,
87]

W–Mo Mo, no binary compounds, W
Continuous solid solution
Mo–W

For diffusion rate in the system at
various temp. see Addendum.

[40, 46, 63, 69–
71]

Group 7
W–Mn a-Mn, b-Mn, c-Mn, d-Mn, no

binary compounds, W
No diagram plot

a-Mn possesses a large solid
solubility in W at 800 �C (?). No
solubility of W in liquid Mn (?).
For diffusion rate in the system at
various temp. see Addendum.

[5, 40, 72, 319]

W–Tc Tc, r-Tc3±xW (\*1900 �C,
homog. range—*24.5–26.5
at.% W at 1800 �C,
*22.5–33.0 at.% W at
1200 �C and *22–35 at.% W
at 1000 �C), W
Eutectic r-Tc3±xW–W
(*1800 �C, *37 at.% W)

The solid solubility of W in Tc is
*14 at.% at 1900 �C and *7 at.%
at 1200 �C, and that of Tc in W is
*55 at.% at 1800 �C and *33
at.% at 1200 �C.

[46–47, 73, 360]
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Table 3.5 (continued)

System Type of phase diagram
(constituent phases,
temperatures and compositions
of transformations)

Character of interaction References

W–Re Re, v-WRe3–x (\2125–2130
�C, homog. range—*25–28
at.% W at 1100 �C and
*26–28 at.% W at 1500 �C),
r-W2Re3±x (\*2890–3005 �C,
incongruent melt. point, homog.
range—from *28.5–35 to
*45–56.5 at.% W at 2000 �C
and from *34 to *60 at.% W
at 1100 �C), W
Extended solid solution based
on Re (up to *15–20 at.% W at
*2815–2830 �C)
Extended solid solution based
on W (up to *37–45 at.% Re at
*2890–3005 �C)
Eutectic r-W2Re3±x–Re
(*2815–2830 �C, *25–26
at.% W)

The solid solubility of W in Re is
*15–20 at.% (*2800–2830 �C),
*9–11 at.% (*1600–2100 �C)
and*4.5 at.% (1100 �C). The solid
solubility of Re in W is *37–45
at.% (*2800–3000 �C) and
*28–32 at.% (*1100–1600 �C).
For diffusion rate in the system at
various temp. see Addendum.

[46–47, 57, 74–
77]

Group 8
W–Fe a-Fe (d-Fe), c-Fe, k-Fe2W

(B*1060 �C, Laves phase,
metastable), l-Fe7W6–x (or
Fe3W2, *1190–1635 �C,
incongruent melt. point,
homog. range—from 39 to
*40.5–44.5 at.% W,
metastable, ?), d-FeW1±x

(*400–1215 �C, homog.
range—*48.5–52.5 at.%
W, ?), W

W stabilizes a-Fe modification,
increasing the temp. of a-Fe–c-Fe
transformation and decreasing the
temp. of c-Fe–d-Fe transformation
(c-Fe region is locked by a-Fe
region). The max. solid solubility
of W in c-Fe is 1.46 at.% (1140 �C).
The max. solubility of W in a-Fe is
14.3 at.% (1548 �C), it declines
with temp. decrease to 4.6 at %
(1190 �C). The max. solid
solubility of Fe in W is *2.6 at.%
(1635 �C). For diffusion rate in the
system at various temp. see
Addendum.

[5, 37, 46, 78–79,
87, 199]
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Table 3.5 (continued)

System Type of phase diagram
(constituent phases,
temperatures and compositions
of transformations)

Character of interaction References

W–Ru Ru,r-Ru2W3±x (*1670–2300�C,
incongruent melting, homog.
range—*59–63 at.% W at
1700 �C, *58.5–68.5 at.% W
at 1920 �C and *59–67
at.% W at 2100 �C), W
Extended solid solution based on
Ru (up to*48 at.% W at 2205 �C)
Extended solid solution based on
W (up to *23 at.% Ru
at *2300 �C)
Eutecticr-Ru2W3±x–Ru (2205 �C,
*55 at.% W)

The solid solubility of W in Ru
declines from *48 at.% (2205 �C) to
*42 at.% (*1670 �C), and that of Ru
in W declines from *23 at.%
(*2300 �C) to *13 at.%
(*1670 �C).

[5, 46–47]

W–Os Os, r-OsW3±x (\2945 �C,
incongruent melt. point,
homog. range—*64–79 at.%
W at 2725 �C and *65–80
at.% W at 1000 �C), W
Extended solid solution based
on Os (up to *55 at.% W at
*2725 �C)
Extended solid solution based
on W (up to *18.5 at.% Os at
*2945 �C)
Eutectic r-OsW3±x–Os
(*2725 �C, *58 at.% W)

The solid solubility of W in Os
declines from *55 at.%
(*2725 �C) to *32 at.%
(1200 �C), and that of Os in W
declines from *18.5 at.%
(*2945 �C) to *6 at.% (1200 �C).
For diffusion rate in the system at
various temp. see Addendum.

[40, 46, 80–82,
87]

Group 9
W–Co e-Co, a-Co, j-Co3±xW

(\*1090–1100 �C, homog.
range—22.9–25.3 at.% W),
l-Co7W6±x (\*1690 �C,
incongruent melt. point,
homog. range—43.3–48.5 at.%
W), Co2W3 (?), W
Eutectic l-Co7W6±x–a-Co
(1470 �C, *21 at.% W)

The presence of W results in
decrease in the temp. of Co
magnetic transformation, but does
not affect the temp. of a-Co–e-Co
transformation. In the alloys with W
content\8 at.% the a-Co–e0-Co
martensite transformation is
observed. The solubility of W in
a-Co is *17.5 at.% (1470 �C), 13.0
at.% (1093 �C), 4.0 at.% (865 �C),
and solubility in e-Co is *1 at.%
(350 �C). The max. solubility of
Co in W is 0.9 at.% (1690 �C). For
diffusion rate in the system at
various temp. see Addendum.

[5, 37, 46, 83–85,
396]
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Table 3.5 (continued)

System Type of phase diagram
(constituent phases,
temperatures and compositions
of transformations)

Character of interaction References

W–Rh Rh, Rh3W (from*1200 �C to ?,
ordered phase, ?), e-Rh2±xW
(\*2250–2255 �C, congruent
melt. point corresp. to RhW1.0,
homog. range—43–58 at.% W
at 2240 �C, 19–53 at.% W at
2000 �C and 20.5–42.5 at.% W
at 1200 �C), W
Peritectic Rh (*2075–2125 �C,
*19 at.% W)
Extended solid solution based
on Rh (up to *19 at.% W
at *2100 �C)
Extended solid solution based
on W (up to *6 at.% Rh
at *2240 �C)
Eutectic e-Rh2±xW–W
(*2240 �C, *67 at.% W)

The presence of W results in
increase in the melt. temp. of Rh.
The max. melt. point (*2100 �C)
and max. solid solubility of W in
Rh (*19 at.%) are corresponding
to the peritectic alloy.

[5, 46–47,
86–87]

W–Ir Ir, d-Ir3–xW (?), b-Ir3W2±x

(\*2500 �C, congruent melt.
point corresp. to IrW1.4, homog.
range—*22–66 at.% W at
2300–2400 �C,*22–57 at.% W
at *1815 �C and *19–53 at.%
W at *1200 �C), e-IrW1±x (?),
r-IrW3±x (from 1795–1850 �C
to 2520–2570 �C, incongruent
melt. point, homog. range—
*75–77 at.% W at
2200–2300 �C), W
Extended solid solution based
on Ir (up to *19 at.% W at
*2310 �C)
Extended solid solution based
on W (up to *10 at.% Ir at
*2545 �C)
Eutectic b-Ir3W2±x–Ir
(*2285–2335 �C, 21 at.% W)
Eutectic b-Ir3W2±x–r-IrW3±x

(*2440–2490 �C, *70
at.% W)

The presence of W results in
decrease in the melt. temp. of Ir
alloys. The solubility of W in Ir
declines with temp. decreasing:
13.7 at.% (1300 �C), 12.6 at.%
(1100 �C) and 11.5 at.% (900 �C).
The solid solubility of Ir in W is
*6 at.% (2800 �C), *10 at.%
(max. solubility corresp. to
*2545 �C, peritectic temp. of
r-phase), *4–5 at.% (*1815 �C),
*2 at.% (1400 �C) and *1 at.%
(1000 �C). For diffusion rate in the
system at various temp. see
Addendum.

[5, 40, 46, 88]
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Table 3.5 (continued)

System Type of phase diagram
(constituent phases,
temperatures and compositions
of transformations)

Character of interaction References

Group 10
W–Ni Ni, Ni6W (?), b-Ni4+xW

(\970 �C, homog. range—
18–19.4 at.% W at 200–600
�C), d-NiW1–x (\*1060 �C,
homog. range—49–50 at.% W
at 200–900 �C), c-NiW2

(\*1025 �C, limited homog.
range near 66 at.% W), W
Eutectic Ni–W (*1490–1510 �C,
20.7 at.% W)

The direct interaction between W
and Ni results in the formation of
b-phase. The solid solubility of W
in Ni declines with temp.
decreasing: 17.5 at.%
(*1490–1510 �C), 16.3 at.%
(970 �C), 13.1 at.% (800 �C), 12.0
at.% (600 �C) and 11.8 at.%
(500 �C). The solubility of Ni in W
is 0.6 at.% (1925 �C), 0.5 at.%
(1640 �C), and 0.2–0.3 at.%
(1500 �C). For diffusion rate in the
system at various temp. see
Addendum.

[5, 40, 46, 88–90,
399]

W–Pd Pd, no binary compounds, W
Peritectic Pd (*1805–1825 �C,
*20–22 at.% W)

The presence of W results in
increase in the melt. temp. of Pd.
The max. melt. point (*1815 �C)
and max. solid solubility of W in
Pd (*20–22 at.%) are correspond-
ing to the peritectic alloy. The
solubility of W in Pd declines
slightly with temp. decreasing; at
1100 �C it amounts to *16.0–21.5
at.%. The solubility of Pd in W is
*3.6–5.0 at.% at 1805–1825 �C)
and *2.7 at.% at 1500 �C. In
vacuum, molten Pd wets W.

[5, 40, 46, 91,
342]

W–Pt Pt, c-Pt2W (*1400 �C, ?),
e-PtW (*1400 �C, ?), W
Peritectic Pt (*2460–2465 �C,
*60–64 at.% W)

The presence of W results in
increase in the melt. temp. of Pt. The
max. melt. point (*2460–2465 �C)
and max. solid solubility of W in Pt
(*60–64 at.%) are corresp. to the
peritectic alloy. At 2460–2465 �C,
the solubility of Pt in W is
B*3.5–5.0 at.%.

[5, 46–47, 92]
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Table 3.5 (continued)

System Type of phase diagram
(constituent phases,
temperatures and compositions
of transformations)

Character of interaction References

Group 11
W–Cu Cu, no binary compounds, W

Eutectic (degenerated, ?)
Cu–W (*1084 �C, ?)
Miscibility gap in the liquid
state (from *3–4 to *91–93
at.% W at *3240–3250 �C)

The mutual solid solubilities of W
and Cu are extremely low. The
solubility of W in molten Cu is
negligible; no wetting in standard
conditions at temp. [1100 �C. In
ultra-high vacuum, the wetting
angle of molten pure Cu on W:
40.0� (with special cleaning
surface) and 53.5� (without
cleaning). For diffusion rate in the
system at various temp. see
Addendum.

[5, 37, 87, 109–
114, 342–343]

W–Ag Ag, no binary compounds, W
Miscibility gap in the liquid
state (*1–99 at.% W at
*3400 �C)

The mutual solid solubilities of W
and Ag are negligible. No
solubility of W in molten Ag; no
wetting in standard conditions. In
ultra-high vacuum the wetting
angle of molten pure Ag on W:
24.7� (with special cleaning
surface) and 58.6� (without
cleaning).

[5, 43, 87, 93,
342–343]

W–Au Au, no binary compounds, W
Eutectic (degenerated) Au–W
(*1063 �C, *0.14 at.% W, ?)

The mutual solid solubilities of W
and Au are negligible. No
solubility of W in molten Au. In
ultra-high vacuum the wetting
angle of molten pure Au on W:
21.8� (with special cleaning
surface) and 25.3� (without
cleaning).

[43, 46, 87, 343,
361]

Group 12
W–Zn Zn, no binary compounds, W

No diagram plot
No interaction at least at temp.
\1350 �C. W is not dissolved and
wetted by molten Zn. W is highly
resistant to corrosion and erosion
in liquid Zn (after 50 h exposure at
700 �C weight loss of W amounts
to 0.04 %).

[5, 46–47, 87,
94]

W–Cd Cd, no binary compounds, W
No diagram plot

No interaction. [87]

W–Hg Hg, no binary compounds, W
No diagram plot

Practically, no interaction between
W and molten (or vaporized) Hg
in the wide range of temp.
up to 1000 �C. At room temp.
the solubility of W in Hg is
\10-5 at.%. W is highly resistant
to corrosion and erosion in Hg.

[5, 37, 87, 95]
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Table 3.5 (continued)

System Type of phase diagram
(constituent phases,
temperatures and compositions
of transformations)

Character of interaction References

Group 13
W–B b-B, WB*12 (\2440 �C,

congruent melt. point, ?),
WB4+x (or W1–xB3, W2–xB9,
\*1990–2050 �C, incon-
gruent melt. point, homog.
range—*18–20 at.% W),
a-W2B5–x (\*900–1500 �C,
metastable,?), b-W2B5–x

(or WB2–x, e-phase, from
*900–1500 �C to
*2300–2380 �C, congruent
melt. point corresp. to *WB2.1,
homog. range—*32.5–33.5
at.% W at *2340 �C,
*32–33.5 at.% W at 2170 �C
and *31.5–33.5 at.% W at
1800 �C), a-WB1±x

(\1960–2400 �C, the temp. of
polymorphic transformation
increases with the growth of B
content, homog. range—
*48–51.5 at.% W at
2110–2170 �C and *50–51
at.% W at 1800 �C), b-WB1±x

(from 1960–2170 �C to
*2650–2860 �C, congruent
melt. point corresp. to *WB0.9,
homog. range—*48–52.5 at.%
W at *2340 �C and *49–52.5
at.% W at 2110–2170 �C),
W2±xB (\*2650–2770 �C,
congruent melt. point corresp. to
*WB0.5, homog. range—
*66–68 at.% W at
2580–2600 �C, *67–67.5 at.%
W at 2110 �C and *66.5–67.5
at.% W at 1800 �C), W
Eutectic WB*12–b-B
(*2100 �C, ?)
Eutectic WB4+x–b-B
(*1900–1990 �C,*4–9 at.% W)
Eutectic WB*12–b-W2B5–x

(*2270–2290 �C, ?)

The max. solid solubility of B in
W is 0.1–0.2 at.% at 2600 �C and
that of W in B is B1 at.%. Direct
interaction between W and B at
500–1200 �C in vacuum, H2 or
inert gas atmosphere results in the
formation of the borides. For
diffusion rate in the system at
various temp. see Addendum.

[5, 36, 43, 46, 87,
96–98, 102, 160–
161, 210, 305,
319, 329]
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Table 3.5 (continued)

System Type of phase diagram
(constituent phases,
temperatures and compositions
of transformations)

Character of interaction References

Eutectic b-WB1±x–b-W2B5–x

(*2330–2345 �C, *36–38
at.% W)
Eutectic W2±xB–b-WB1±x

(*2570–2590 �C, *56–59
at.% W)
Eutectic W2±xB–W
(*2590–2650 �C, *72–75
at.% W)

W–Al Al, c-WAl12 (\697 �C,
incongruent melt. point,
invariable compos.), b-WAl12

(metastable, ?), b0-WAl12

(metastable, ?), d-WAl5–x

(\870–871 �C, incongruent
melt. point corresp. to
*WAl4.6, homog. range—
17–18 at.% W), e-WAl4±x

(\*1325 �C, incongruent
melt. point corresp. to*WAl3.7,
homog. range—19–22.5 at.%
W), f-WAl3±x (*1300–1345
�C, incongruent melt. point
corresp. to *WAl3.0, homog.
range—24–25.5 at.% W),
g-W3Al7±x (*1325–1420 �C,
incongruent melt. point corresp.
to *WAl2.3, homog. range—
29–30.5 at.% W), h-WAl2±x

(*1335-1650 �C, incongruent
melt. point corresp. to*WAl1.7,
homog. range—31–37 at.% W),
W
Peritectic Al (660.5 �C, 0.0235
at.% W)

The solid solubility of W in Al
is *0.02–0.25 at.% (550–650
�C), and that of Al in W is *15
at.% (1100–1400 �C). At higher
temp. the solid solubility of Al
in W declines considerably.
The reaction between W and Al
initiates at temp.[650–680 �C.
In vacuum W is wetted by
molten Al poorly and reacts
mildly; however, at higher
temp. the corrosion resistance
of W is low, as W dissolves in
molten Al.

[5, 36, 43, 46, 87, 99,
333, 342]

W–Ga Ga, no binary compounds, W
Eutectic (degenerated) Ga–W
(*29 �C, ?)

No interaction in solid state at
common conditions. The
solubility of W in liquid Ga is
(0.473.0) 9 10-3 at.%
(815 �C). W is highly resistant
to corrosion in Ga. The
metastable binary compounds
were synthesized under high
pressures (7.7 GPa).

[5, 37, 100, 362]

(continued)

3.6 Chemical Properties 263



Table 3.5 (continued)

System Type of phase diagram
(constituent phases,
temperatures and compositions
of transformations)

Character of interaction References

W–In In, no binary compounds, W
No diagram plot

Practically, no interaction. At
600 �C the solubility of W in
molten In is *10-6 at.%.

[46, 87, 297]

W–Tl a-Tl, b-Tl, no binary
compounds, W
No diagram plot

No interaction. The solubility
of W in Tl melt is negligible.

[46, 87]

Group 14
W–C See C–W in Table 2.13.
W–Si Si, WSi2 (\*2020–2180 �C,

congruent melt. point,
invariable compos.), W2Si3 (?),
W5Si3+x (or W3Si2–x,
\*2095–2370 �C, congruent
melt. point corresp. to
*WSi0.6, homog. range—
60–62.5 at.% W), W5Si2 (?),
W5Si (?), W
Eutectic WSi2–Si
(*1390–1400 �C, *0.8–2.6
at.% W)
Eutectic WSi2–W5Si3+x

(*1940–2010 �C, *41–47
at.% W)
Eutectic W5Si3+x–W
(*2085–2210 �C, *68–80
at.% W)

The solid solubility of W in Si
is very low. The max. solid
solubility of Si in W amounts
to *5.5 at.% at 2085–2210 �C;
at higher and lower temp. the
solubility of Si declines
considerably. W silicides are
synthesized directly from the
elements in vacuum or inert gas
atmosphere at 1100–1500 �C.
In vacuum, at 1400–1600 �C
the contact interaction between
W and WSi2 compact bodies is
intensive. For diffusion rate in
the system at various temp. see
Addendum.

[5, 36, 46–47, 87,
101–102, 327]

W–Ge Ge, WGe2 (?), W2Ge3 (\*750
�C, invariable compos., ?),
W5Ge3 (?), W
Eutectic (degenerated) Ge–W
(*935 �C, ?)

The solid solubility of W in Ge
is very low. The solubility of
W in liquid Ge at 1700 �C is
*3–6 at.%. The max.
solubility of Ge in W is *3
at.% at 935 �C. In vacuum,
molten Ge wets W, which is
highly resistant to corrosion in
Ge.

[5, 36–37, 46, 87,
342, 363]

W–Sn a-Sn, b-Sn, no binary
compounds, W
No diagram plot

No interaction in solid and
liquid states at temp.\1680 �C.
At 2000 �C the solubility of W
in molten Sn is *10-3 at.%. In
H2 at temp. C1000 �C, Sn wets
W well (contact angle \90�).

[5, 46–47, 87, 342]
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Table 3.5 (continued)

System Type of phase diagram
(constituent phases,
temperatures and compositions
of transformations)

Character of interaction References

W–Pb Pb, no binary compounds, W
Eutectic (degenerated, ?)
Pb–W (*328 �C, ?)

The solubility of W in Pb is
B6 9 10-3 at.% (1200 �C). In
H2 at temp. C1000 �C, molten
Pb wets W well (contact angle
\90�). The data available in
literature on the stability of W
in molten Pb are controversial.

[5, 40, 46, 87, 241,
284, 342]

Group 15
W–N N, dR

V–WN2 (or WN2, invariable
compos.), dH

IV-WN1+x (or
WN1.67, metastable, invariable
compos.), dH

III-WN1+x (or
WN1.56, metastable, invariable
compos.), W2N3 (or WN1.5,
metastable, invariable compos.),
c0-WN1+x (or c-W3N4, WN1.33,
metastable, invariable compos.),
c-WN (or d-WN, WN1.0,
\*985–1020 �C, invariable
compos.), d-WN1–x (or WNB1.0,
\600 �C), b-W2±xN (or c-WNx,
WN0.67-1.0, from *285–290 �C
to *1880–1875 �C, homog.
range—*50–70 at.% W, ?),
dH

IV-WN1–x (or WN0.91,
metastable, invariable compos.),
dR

VI-WN1–x (or WN0.85,
metastable, invariable compos.),
dH

I *-WN1–x (or WN0.74,
superlattice, metastable,
invariable compos.), dH

I -WN1–x

(or WN0.74-0.87, metastable,
homog. range—53–57 at.% W),
dH

II-W2N (or WN0.5, metastable,
invariable compos.), W

The solubility of N in W (0.001
\ x, at.% \0.01) in the range
of temp. 2400–3050 �C is
obeyed the rule:
lgx = 0.5lgp - 0.036 -

10200/T,
where p is pressure N2, MPa,
and T is temp., K. However, in
general, the data available in the
literature on the solubility of N
in W are controversial. The W
nitrides are synthesized mainly
by the interaction of W with
NH3. Only WN2 is formed
directly by the reaction with N2

at temp.[2000 �C. For the most
part, the W nitrides are not
stable at higher temp.,
decomposing rapidly, in
vacuum and under lower
pressures especially.

[5, 36, 40, 103–108,
265, 364–365]
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Table 3.5 (continued)

System Type of phase diagram
(constituent phases,
temperatures and compositions
of transformations)

Character of interaction References

W–P P, a-WP2, b-WP2, WP, W2P
(?), W3P (?), W
No diagram plot

W phosphides are synthesized
from the elements at 700–950
�C. The compounds decompose
in vacuum at higher temp. For
diffusion rate in the system at
various temp. see Addendum.

[5, 36, 40, 87]

W–As As, WAs2 (\800 �C), W2As3,
W4As5, W2As (?), W
No diagram plot

No solubility of As in W. Only
WAs2 and W2As3 could be
synthesized from the elements
(at 600–620 �C). W arsenides
exhibit no homog. range.

[36, 43, 87, 115]

W–Sb Sb, WSb (?), W In vacuum at temp. [1200 �C,
molten Sb wets W. Data on the
interaction between W and Sb
available in literature are
controversial.

[46–47, 115, 342,
366]

W–Bi Bi, no binary compounds, W
No diagram plot

At temp.\800 �C, no solubility
of W in liquid Bi. At 1000 �C
W is highly resistant to
corrosion in Bi. In H2 at temp.
C1000 �C, molten Bi wets W
very slowly (contact angle
decreases during the wetting
process).

[5, 43, 87, 115, 342]

Group 16
W–O O, l-WO3 (or WO3(M),

\-143�C, ?), k-WO3 (or
WO3(L), \-143 �C, ?), j-
WO3 (or WO3(K), \-143 �C,
?), h-WO3 (or WO3(H),
\-143 �C, ?), g-WO3 (or
WO3(G), (-143) to (-40) �C),
f-WO3 (or WO3(F), (-40) to
(+17) �C), e-WO3–x

(or WO3(E), 17–330 �C),
d-WO3–x (or WO3(D), 330–740
�C), c-WO3–x (or WO3(C),
740–900 �C, homog. range—
26.9–27.2 at.% W), b-WO3–x

(or WO3(B), 900–1230 �C,
homog. range—25.6–26 at.%
W), a-WO3–x (or WO3(A),
from 1230 to *1474–2130 �C
(?), congruent melt. point,
homog. range—25.0–25.2 at.%
W), W40O118 (?), WnO3n–1

The solubility of O in W is
absolutely negligible. The
reaction between W and O
starts at *400 �C. In terms of
rate equations the initial
oxidation of W at the temp.
B500 �C is parabolic and
results in the formation of
dense protective oxide scales.
Subsequently with temp.
growth the oxidation process
shifts to the linear law and
formation of outer porous layer
of WO3 without protective
properties. At the temp.
\1000 �C the formation of
solid double-layered (dense
and porous) oxide scales is
observed. At the higher temp.
the vaporization of oxide scales
takes on greater importance,

[5, 36, 40, 46, 87,
116–125, 147, 241,
265, 275, 284, 367]
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Table 3.5 (continued)

System Type of phase diagram (constituent
phases, temperatures and
compositions of transformations)

Character of interaction References

*600–1400 �C, ?), WnO3n–2

homologous series of oxides (or
Magneli’s phases, e.g., W25O73,
W24O70, W20O58, from *500 to
*1600 �C, congruent melt. point
corresp. to *WO2.91), W24O68

(from *600–800 �C to
*1300–1500 �C, invariable
compos.), W18O49 (or WO2.72 from
585 to *1600–1900 �C, melt.
point, invariable compos., ?),
WO2±x (\*1230–1570 �C (?),
incongruent melt. point, homog.
range—*29–48 at.% W, ?),
W3O (?), W
Eutectic a-WO3–x–WnO3n–2

(*1460 �C, *25.2 at.% W)
Eutectic W18O49–WnO3n–2

(*1590 �C, *25.9 at.% W)

vaporization equalize with each
other. In air at atmospheric
pressure the highly intensive
oxidation of W begins from 800 to
1000 �C. For diffusion rate in the
system at various temp. see
Addendum.

W–S a-S, b-S, WS3 (\*300–400 �C,
invariable compos.), a-WS2 (?),
b-WS2–x (\*2400 �C, congruent
melt. point at the high equilibrium
pressure of S vapour, or *1800 �C,
at the low pressure of S vapour;
homog. range—33.3–33.9 at.%
W), W21S8 (?), W14S5 (?), W
Eutectic WS2–x–W
(*1800–2000 �C, or 1480 �C at the
low pressure of S vapour, *40–60
at.% W)
Miscibility gap in the liquid state
(critical point—*2800 �C,
*65–75 at.% W; from *55–58
to *85–88 at.% W at
*2100–2400 �C)
Miscibility gap in the liquid state
(critical point—?; from *24–26
to *2–4 at.% W at *1150 �C)

Practically, no mutual solid
solubilities between the elements.
Molten and vapour S attacks W
slowly. b-WS2–x is synthesized by
the interaction of W powder with S
vapour at *700–900 �C. Powder
mixtures start reacting at *400 �C.
Nanotubes constructed from
b-WS2–x have been prepared. For
diffusion rate in the system at
various temp. see Addendum.

[5, 36, 46–47,
87, 126, 279–
281, 368]
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Table 3.5 (continued)

System Type of phase diagram (constituent
phases, temperatures and
compositions of transformations)

Character of interaction References

W–Se Se, WSe3 (invariable compos.),
WSe2–x (homog. range—33.4–33.9
at.% W), WSe, W
No diagram plot

Practically, no mutual solid
solubilities. WSe and WSe2–x

are synthesized directly from the
elements; W–Se mixtures start
reacting at 300–400 �C. WSe2–x

decomposes at temp. [850 �C.
Nanotubes constructed from
WSe2–x have been prepared.

[5, 36, 47, 87,
298]

W–Te Te, WTe2 (\1005–1035 �C,
incongruent melt. point, invariable
compos., ?), W
Peritectic Te (*451 �C, ?)

Practically, no mutual solid
solubilities. WTe2 is synthesized
from the elements; W–Te mixtures
react slowly at 600–700 �C.

[36, 46–47,
87]

W–Po a-Po, b-Po, no binary compounds,
W
Eutectic (degenerated, ?) Po–W
(*255 �C, ?)
No diagram plot

Practically, no mutual solid
solubilities of the components. No
interaction with Po vapours at
temp. B700 �C.

[46–47]

Group 17
W–F F, a-WF6 (\-8 �C), b-WF6

(from -8 to +2 �C, melt. point,
invariable compos.; boil. point
+17 �C), WF5 (?), WF4 (invariable
compos.), W
No diagram plot

At room temp. the direct
interaction between W and F2

results in the formation of WF6.
WF4 is synthesized by indirect
chemical reaction pathways.

[2–3, 36, 87,
369–372]

W–Cl Cl, a-WCl6 (\150 �C), b-WCl6
(from 150 to *275–285 �C, melt.
point, invariable compos.), WCl5
(or WxCl5x, \248 �C, melt. point,
invariable compos.), WCl4
(invariable compos.), WCl3 (or
W6Cl18, ?), WCl2 (or W6Cl12, high
melt. point, invariable compos.), W
No diagram plot

At 250–300 �C the direct
interaction between W and Cl2
results in the formation of WCl6.
WCl2 is a dominant product at
temp. [1600–1700 �C. Other W
chlorides are synthesized by
special chemical reaction
pathways.

[2–3, 36, 87,
373, 393]

W–Br Br, WBr6 (\309 �C, melt. point,
invariable compos.), WBr5

(\295 �C, melt. point, invariable
compos.), WBr4 (invariable
compos.), WBr3 (invariable
compos.), W3Br8 (or W6Br16, ?),
W3Br7 (or W6Br14, ?), WBr2 (or
W6Br12, invariable compos.), W
No diagram plot

The direct interaction between W
and Br2 starts at 450–500 �C and
mainly results in the formation of
WBr6 at 450–600 �C, or WBr5 at
600–800 �C. Other W bromides are
synthesized indirectly.

[2–3, 36, 87,
374–376]
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The data on the selected ternary, quaternary, quasi-binary and quasi-ternary
tungsten containing systems, which are the most important for the design, man-
ufacture and application of ultra-high temperature materials, are summarized in
Table 3.6. The composition and temperature stability regions for the main binary
and ternary tungsten containing high-temperature phases are given in Tables 3.5,
and 3.6 taking into account the spread of numerical magnitudes available in lit-
erature currently.

Table 3.5 (continued)

System Type of phase diagram (constituent
phases, temperatures and
compositions of transformations)

Character of interaction References

W–I I, WI4(invariable compos.),
WI3(invariable compos.), WI2

(or W6I12, invariable compos.),
WI (?), W
No diagram plot

The direct interaction between W
and I2 vapour starts at 550–700 �C
and results in the formation of WI2

(or W6I12). Other W iodides are
synthesized indirectly.

[2–3, 36, 87]

W–At No data – –
a The intervals of temperatures and compositions for the melting and invariant equilibria points,
homogeneity ranges and thermal stability regions of constituent phases are given taking into
account the minimal and maximal values (data spread) available in literature

Table 3.6 Chemical interaction of tungsten with elements and compounds at high temperatures
(selected ternary, quaternary, quasi-binary and quasi-ternary systems in alphabetical order)a

System Type of phase diagram (temperature and composition
sections, constituent phases or phase fields) and/or
character of interphase interaction and materials
compatibility

References

W–Al–B–N No diagram plot
In vacuum the interaction between metal W and a-BN–AlN
equimolar compos. starts from 1600 �C (in powder
mixtures—from 1500 �C) and leads to the formation of
W2±xB and a-WB1±x.

[146]

W–Al–C See C–Al–W in Table 2.14.
W–Al–Mo–Ni General consideration [395]
W–Al–O WO3–Al2O3 is plotted: Al2WnO3(n+1) (or Al2O3�nWO3,

n &2.5 7 3, \1254 �C), WO3, Al2O3; Al2WnO3(n+1)–
Al2O3 eutectic—*1230 �C, *60–70 mol.% WO3;
Al2WnO3(n+1)–WO3 eutectic—1190 �C, *70–80 mol.%
WO3

In vacuum the interaction between bulk W and Al2O3

initiates from 1900 �C; it is characterized by the increase of
porosity in the metal-oxide contact zone because of the
vaporization of the volatile products of reaction (metal Al
and W oxides), but the rate of this process is very low. W
dissolves in molten Al2O3 bringing about a marked change
in the surface tension of the melt in contact with solid W.
Mainly molten Al2O3 reacts with W at its grain boundaries
(intergranular attack).

[87, 147, 159,
306–307, 326]
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Table 3.6 (continued)

System Type of phase diagram (temperature and composition
sections, constituent phases or phase fields) and/or
character of interphase interaction and materials
compatibility

References

W–B–Bi No diagram plot
No interaction between b-W2B5–x and Bi in Ar at
temp. B320 �C.

[102]

W–B–C See C–B–W in Table 2.14.
W–B–C–Hf See C–B–Hf–W in Table 2.14.
W–B–C–La–Si See C–B–La–Si–W in Table 2.14.
W–B–C–N See C–B–N–W in Table 2.14.
W–B–C–Si See C–B–Si–W in Table 2.14.
W–B–Ce Plotted at 600 and 800 �C: CeB6±x (\2550 �C), CeB4

(\2380 �C), W2±xB, a-WB1±x, b-WB1±x, b-W2B5-x,
WB4+x, b-B, a-Ce, b-Ce, c-Ce, d-Ce, W
No ternary compounds and solid solutions based on binary
compounds. At 1800 �C the interaction between CeB6±x

and W results in the formation of a-WB1±x, b-WB1±x and
W solid solution in CeB6±x.

[102, 127,
309–330]

W–B–Co Plotted at 800 (partially) and 1000 �C: W2Co21B6, WCoB,
W2CoB2, W3CoB3, Co3B (\1125 �C), Co2B (\1280 �C),
CoB (\1460 �C), W2±xB, a-WB1±x (up to 5 at.% Co at
1000 �C), b-WB1±x, b-W2B5-x, WB4+x, j-Co3W1±x,
l-Co7W6±x, b-B, e-Co, a-Co, W
At 1575 �C the interaction between a-WB1±x and Co in H2

results in the formation of a new phase.

[102, 130,
317–318, 377]

W–B–Co–Ti No diagram plot
Co borides enhance the decomposition of the extended
solid solution based on TiB2±x into the phases (Ti,W)B2±x

and b-(W,Ti)2B5-x.

[171, 176]

W–B–Cr Plotted at 800, 1000 and 1500 �C: W2CrB2 (or W3.2Cr1.8B3,
or (W,Cr)3B2), (W,Cr)B4+x (extended solid solution based
on WB4+x, \5 at.% Cr), b-(W,Cr)2B5-x (extended solid
solution based on b-W2B5-x—up to (W0.79Cr0.21)2B5-x),
a-(W,Cr)B1±x (extended solid solution based on
a-WB1±x—up to (W0.86Cr0.14)B1±x), b-(W,Cr)B1±x (solid
solution based on b-WB1±x, ?), (W, Cr)2±xB (highly
extended solid solution based on W2±xB—up to
(W0.08Cr0.92)2±xB), (Cr,W)B4 (or (Cr,W)B6 (?), solid
solution based on CrB4 or CrB6 (?), \*1450–1500 �C,
\5 at.% W), (Cr,W)B2±x (solid solution based on
CrB2±x, \2200 �C, \2 at.% W), (Cr,W)3B4±x (solid
solution based on Cr3B4±x, \2070–2075 �C, \5 at.% W),
a-(Cr,W)B1-x (solid solution based on a-CrB1-x,
B1000 �C, ?), b-(Cr,W)B1-x (highly extended solid
solution based on b-CrB1–x—up to (Cr0.2W0.8)B1-x (at
1500 �C), or b-CrB1–x–b-WB1±x continuous solid solution
(?), \2095–2100 �C), (Cr, W)5B3-x (solid solution based
on Cr5B3-x, \*1900 �C, \5 at.% W), (Cr,W)2±xB (solid
solution based on Cr2±xB, \1850–1870 �C, B3 at.% W),
b-B, Cr, W
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Table 3.6 (continued)

System Type of phase diagram (temperature and composition
sections, constituent phases or phase fields) and/or
character of interphase interaction and materials
compatibility

References

At lower temp. the extent of the solid solutions based on the
binary borides with higher boron contents slightly
decreases.

[37, 46, 102,
160, 187]

W–B–Cr–Ti (Ti,Cr)B2±x-(W,Cr)2B5–x (with 10 mol.% CrB2) is plotted:
eutectic—*2000 �C, *80 mol.% b-(W,Cr)2B5-x; the
solubility of (W,Cr)2B5-x in (Ti,W,Cr)B2±x, extended
solid solution based on TiB2±x, increases with temp. growth
considerably and amounts to C60 mol.% at the eutectic
temp.; at 1000–2000 �C the homog. range of
(Ti,W,Cr)B2±x is much broader than that of (Ti,W)B2±x;
the solubility limits of (Ti,Cr)B2±x in b-(W,Ti,Cr)2B5-x,
extended solid solution based on b-W2B5-x, is much higher
than that of TiB2±x in b-(W,Ti)2B5-x

[188, 212]

W–B–Dy Plotted at 1000 �C: DyWB4, Dy3WB7, DyB2 (\2100 �C),
DyB4 (\2500 �C), DyB6±x (\2200 �C), DyB12

(\2100 �C), DyB66 (\2025 �C), W2±xB, a-WB1±x,
b-WB1±x, b-W2B5-x, WB4+x, b-B, a-Dy, b-Dy, W
No solid solutions based on binary and ternary compounds.

[314, 317,
330]

W–B–Er Plotted at 1000 �C: ErWB4, Er3WB7, (Er,W)B2 (extended
solid solution based on ErB2—up to *(Er0.85W0.15)B2

compos., \*2185 �C), ErB4 (\*2500 �C), ErB12

(\2080 �C), ErB66 (\*2070 �C), W2±xB, a-WB1±x,
b-WB1±x, b-W2B5-x, WB4+x, b-B, Er, W
No marked solubility of a third component in binary
compounds.

[98, 128, 317,
330]

W–B–Fe Plotted at 1000 and 1050 �C: WFeB, a-W2FeB2

(\1300 �C), b-W2FeB2 (or W1.75Fe1.25B2, or
(WxFe1-x)3B2,[1300 �C, ?), W4FeB6 (or W0.7Fe0.170.15B,
?), W2FeB4 (?), W14Fe3B20 (?), (WxFe1-x)3B (or W2FeB,
?), Fe2B (\1407 �C), FeB (\1588 �C), d-FeW, l-Fe7W6-x,
k-Fe2W, W2±xB, a-WB1±x, b-WB1±x (stabilized by Fe at
lower temp. with W7.5714Fe1.573B11720 compos.),
b-W2B5-x, WB4+x, b-B, a-Fe, c-Fe, d-Fe, W
In vacuum, at 1550 �C the interaction between b-W2B5-x

and Fe leads to the formation complex borides (ternary
compounds).

[102, 129–132,
317–318, 331]

W–B–Gd Plotted at 1000 �C: GdWB4, Gd3WB7, GdB66 (\2150 �C),
GdB6±x (\2510 �C), GdB4 (\*2650 �C), Gd2B5

(\2100 �C), GdB2 (\*2050 �C), W2±xB, a-WB1±x,
b-WB1±x, b-W2B5-x, WB4+x, b-B, a-Gd, b-Gd, W
No solid solutions based on ternary and binary compounds.
Gd inhibits a-WB1±x–b-WB1±x solid state phase
transformation.

[43, 313, 317,
330]
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System Type of phase diagram (temperature and composition
sections, constituent phases or phase fields) and/or
character of interphase interaction and materials
compatibility

References

W–B–Hf Plotted at 1400 and 1500 �C: Hf9W4B (\*1930, �C,
incongruent melt. point), HfW4B5, (Hf,W)12B2–x, (Hf,W)B2

(extended solid solution based on HfB2±x—up to
*(Hf0.77W0.23)B2±x compos., \3250–3410 �C),
b-(W,Hf)B1±x (extended solid solution based on
b-WB1±x—up to *(W0.8Hf0.2)B1±x compos.; Hf stabilizes
b-WB1±x,), HfB1±x (\2100 �C), HfW2–x (\*2510 �C),
W2±xB, a-WB1±x, b-W2B5-x, WB4+x, b-B, a-Hf, b-Hf, W
HfB2±x–W2B5-x is plotted: eutectic—*2290–2330 �C,
*94 mol.% W2B5-x; at the eutectic temp. the max. solid
solubility of W in HfB2±x corresp. to *(Hf0.77W0.23)B2±x

compos. and that of Hf inb-W2B5–x—to*(W[0.97Hf\0.03)2B5-x

HfB2±x–W is plotted: eutectic—*2250–2310 �C, *15 mol.%
HfB2±x; at the eutectic temp. the max. solid solubility of W in
HfB2±x corresp. to *(Hf0.9W0.1)B2±x compos. and those of Hf
and B in W are\1 at.% and\0.5 at.%, respectively

[5, 63, 133–
139, 219, 274,
282–283, 317]

W–B–Ho No diagram plot
HoWB4, Ho3WB7

[317, 330]

W–B–In No diagram plot
No interaction between b-W2B5-x and In in Ar at
temp. B500 �C.

[102]

W–B–Ir Plotted at 1200 �C: W2Ir3B5, (or (W,Ir)5B6), W8Ir6B31 (or
(W,Ir)B2, W0.52Ir0.38B2), Ir2B3±x (\1300–1330 �C), Ir3B4+x

(\*1600 �C), a-IrB1+x, b-IrB1+x, a-IrB1-x (B1100 �C, ?),
b-IrB1-x (*1100–1340 �C), Ir3B2±x (\1260–1300 �C),
W2±xB, a-WB1±x, b-WB1±x, b-W2B5-x, WB4+x, b-Ir3W2±x,
e-IrW1±x, r-IrW3±x b-B, Ir, W

[317, 320]

W–B–La Plotted at 600 and 800 �C: LaB6±x (\*2500–2715 �C),
LaB4 (\1800 �C), W2±xB, a-WB1±x, b-WB1±x, b-W2B5-x,
WB4+x, b-B, a-La, b-La, c-La, W
W2B5-x–LaB6±x is plotted: eutectic—*2190–2250 �C,
*70 mol.% b-W2B5-x; virtually no mutual solubility
between the components
No ternary compounds and solid solutions based on binary
compounds. At 1400–1600 �C W and LaB6±x are
compatible with each other without any contact interaction.
At 1600–1800 �C weak interphase interaction is observed.
At 1800–2100 �C the interaction between W and LaB6±x

results in the formation of solid solution of W in LaB6±x,
W2±xB, a-WB1±x and b-WB1±x.

[5, 102, 127,
140–141, 309–
311, 330]
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System Type of phase diagram (temperature and composition
sections, constituent phases or phase fields) and/or
character of interphase interaction and materials
compatibility

References

W–B–Lu Plotted at 800 �C: Lu3WB7 (or Lu2WB6, ?), (Lu,W)B2

(solid solution based on LuB2—up to compos.
(Lu0.85W0.15)B2, \*2250 �C), LuB66 (\*2100 �C),
LuB12 (\*2170 �C), LuB4 (\*2550 �C), W2±xB,
a-WB1±x, b-W2B5-x, WB4+x, b-B, Lu, W
No solid solutions based on binary compounds apart from a
solubility of W in LuB2.

[302, 330]

W–B–Mn Plotted at 800 �C: (W,Mn)3B2 (?), (Mn,W)3B4 (or
(Mn1-xWx)3B4, at least 0 B x B 0.33, extended
solid solution based on Mn3B4 \*1750–1830 �C), MnB4

(\*1380–2160 �C, ?), MnB2 (*1100–1990 �C), MnB
(\1890 �C), Mn2B (\1580 �C), Mn4B (\1120–1285 �C),
WB4+x, a-W2B5–x, b-W2B5–x, a-WB1±x, b-WB1±x, W2±xB,
b-B, a-Mn, b-Mn, c-Mn, d-Mn, W

[46, 319, 324–
325]

W–B–Mo Plotted at 1100 and 1500 �C: (W,Mo)B*12

(WB*12-MoB*12 continuous solid solution), (W,Mo)B4+x

(WB4+x–MoB4–x continuous solid solution,
\1755–2050 �C, ?), b-(W, Mo)2B5–x (solid solution based
on b-W2B5–x, \4 at.% Mo), (Mo,W)2B5–x (solid solution
based on Mo2B5–x, \1600–2200 �C, \ 4 at.% W),
a-(W,Mo)B1±x (a-WB1±x-a-MoB1±x continuous solid
solution at *1750–2180 �C, or extended solid solutions
based on a-WB1±x and a-MoB1±x at temp.\*1750 �C, ?),
b-(W,Mo)B1±x (b-WB1±x-b-MoB1±x continuous solid
solution, *1800–2680 �C, ?), (W,Mo)2±xB
(W2±xB–Mo2±xB continuous solid solution,
\2140–2770 �C), (Mo,W)B2±x (extended solid solution
based on MoB2±x, 1515–2375 �C), b-B, (W,Mo)
At 1600–2200 �C the contact interaction between b-W2B5–x

and compact Mo leads to the formation of Mo2±xB. The
contact interaction between Mo2B5–x and compact W
initiates from 1300 �C and results in the formation of solid
solutions and W2±xB.

[43, 46, 102,
142, 160–163]

W–B–N Plotted at 1200, 1400 and 1600 �C: (pressure Ar or
N2 - 0.1 MPa): a-BN (\3000 �C), W2±xB, a-WB1±x,
b-W2B5–x, WB4+x, b-B, N, W
At 1200–1600 �C under gas pressure (0.1 MPa) W and
a-BN reacts to form W2±xB ? N2, at 1600 �C W2±xB
becomes incompatible with a-BN and decomposes to form
a-WB1±x and N2. At temp.[1300 �C in vacuum (10-4 Pa)
W ? a-BN starting compositions decompose into (W2±xB,
a-WB1±x, a-WB1±x) ? a-BN with N2 released. At temp.
[1600 �C in vacuum (0.1–0.001 Pa) bulk dense W is not
compatible in the contact with a-BN, and the reaction takes
place also through vapour phase; at 2450 �C the interaction
between W and a-BN leads to the formation of b-W2B5–x.

[5, 87, 102,
143–146]
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System Type of phase diagram (temperature and composition
sections, constituent phases or phase fields) and/or
character of interphase interaction and materials
compatibility

References

W–B–N–O No diagram plot
At 1400 �C WO3 is reduced by a-BN to metal W.

[102, 147]

W–B–Nb Plotted at 1500 �C: (Nb,W)B (extended solid solution
based on NbB1±x—up to compos. (Nb0.2W0.8)B, or
NbB1±x-b-WB1±x continuous solid solution at higher
temp. (?), \2270–2665 �C), (Nb,W)3B2 (extended solid
solution based on Nb3B2—up to compos. (Nb0.42W0.58)3B2),
\1860–2230 �C), (W,Nb)2±xB (extended solid solution
based on W2±xB—up to compos. (W0.78Nb0.22)2±xB),
Nb3B4 (\2700 �C), Nb5B6 (\2295 �C), NbB2±x

(\3000 �C), a-WB1±x, b-W2B5–x, WB4+x, b-B, (W,Nb)
The solubilities of W in Nb3B4 and NbB2±x and that of Nb
in a-WB1±x and b-W2B5–x are slight (\5 at.%). In vacuum,
at temp. 1400–2200 �C the interaction between b-W2B5–x

and compact Nb leads to the formation of NbB2±x.

[102, 305]

W–B–Nb–Si WSi2–NbB2±x is plotted: eutectic—*1960–2000 �C,
*80 mol.% WSi2; virtually no mutual solubility between
the components

[148]

W–B–Ni Plotted at 800 and 950 �C: x-W2NiB2, W3NiB3 (or
(W, Ni)4B3), WNi20B17, W7–xNi2B7+y (x & 0.2, y & 0.2,
Y-phase), WNi4B15, W3NiB2 (?), W4/3Ni2/3B*9 (or
W4Ni2B27, ?), Ni3B (\1156 �C), Ni2B (\1125 �C),
a-Ni4B3–x (or o-Ni4B3, \1025 �C), b-Ni4B3+x (or
m-Ni4B3, \1031 �C), NiB (\1035 �C), b-Ni4+xW,
d-NiW1–x, c-NiW2, W2±xB, a-WB1±x, b-W2B5–x, WB4+x,
b-B, Ni, W
The mutual solubilities between ternary and binary phases
are low. At 1200 �C W2±xB, a-WB1±x and b-W2B5–x

interact with Ni intensively.

[102, 303, 130,
317–318, 379]

W–B–Ni–Ti No diagram plot
Ni borides enhance the decomposition of the extended solid
solution based on TiB2±x into the phases (Ti,W)B2±x and
b-(W,Ti)2B5–x.

[171, 175]

W–B–O–Zr No diagram plot
In vacuum, at temp. [1300 �C the interaction between
b-W2B5–x and ZrO2-x results in the formation of W2±xB,
a-WB1±x and ZrB2±x.

[102]

W–B–Os No diagram plot
W2-xOs1+xB2 (x = 0.15), WOs2B6 (or W0.3Os0.7B,
(W,Os)B2)

[317, 380–
381]

(continued)

274 3 Tungsten



Table 3.6 (continued)

System Type of phase diagram (temperature and composition
sections, constituent phases or phase fields) and/or
character of interphase interaction and materials
compatibility

References

W–B–P Plotted at 800 �C (in the range of 0–66 at.% P): a-PB
(\825 �C), b-PB, P2B13–x, WP, a-WP2, b-WP2, W2±xB,
a-WB1±x, b-W2B5–x, WB4+x, P, b-B, W
No ternary compounds or solid solutions based on binary
compounds. WP, a-WB1±x and a-PB are in equilibria with
each other. W is in equilibria with W2±xB and WP.

[301]

W–B–Pd No diagram plot
W4Pd2B15 (or W4/3Pd2/3B5, W1.37Pd0.63B15), WPdB9

(or W1.5Pd1.5B15), W4Pd5B11 (or W19Pd26B55,
W1.33Pd1.82B3.65)

[317, 382]

W–B–Pr Plotted at 600–800 �C: no ternary compounds, Pr2B5 (or
PrBx, x & 2.5–2.6, \*2000 �C), PrB4 (\*2350 �C),
PrB6±x (\2610 �C), W2±xB, a-WB1±x, b-WB1±x,
b-W2B5–x, WB4+x, b-B, a-Pr, b-Pr, W

[314, 383]

W–B–Re Plotted at 1500 �C: W6Re12B (or W6.7Re13.3B1.1, ?), WReB
(?), (W,Re)2±xB (extended solid solution based on
W2±xB—up to *(W0.4Re0.6)2±xB), a-(W,Re)B1±x

(extended solid solution based on a-WB1±x—up
to *(W0.5Re0.5)B1±x, ?), b-(W,Re)B1±x (?), (Re,W)B2±x

(extended solid solution based on ReB2±x—up
to *(Re0.4W0.6)B2±x, \*2400 �C), (Re,W)7B3+x

(extended solid solution based on Re7B3+x—up
to *(Re0.7W0.3)7B3+x, \*2000 �C), (Re,W)3±xB
(extended solid solution based on Re3±xB—up
to *(Re0.6W0.4)3±xB, \*2150 �C), b-(W,Re)2B5–x (solid
solution based on b-W2B5–x), WB4+x, v-WRe3–x,
r-W2Re3±x, b-B, Re, W

[317, 346–
347]

W–B–Ru No diagram plot
W2-xRu1+xB2 (or W1.75Ru1.25B2, W2RuB2, (W,Ru)3B2),
W1-xRu1+xB2 (or (W0.5Ru0.5)B, (W,Ru)B), W1-xRuxB2 (or
(W0.3Ru0.7)B2, (W,Ru)B2)

[317, 320, 378,
380, 384]

W–B–Sc Plotted at 1000 �C: (Sc,W)B2 (extended solid solution
based on ScB2—up to compos. *(Sc0.7W0.3)B2,
\2250 �C), ScB12 (\2040 �C), W2±xB, a-WB1±x,
b-W2B5–x, WB4+x, b-B, a-Sc, b-Sc, W
No ternary compounds and solid solutions based on binary
compounds apart from (Sc, W)B2.

[43, 46, 286,
330]

W–B–Si Plotted at 1800 �C: W3–xSiB, W5Si3–xBy (or W10Si3B3,
W5(Si0.5B0.5)3, W5(Si,B)3, *1800–2500 �C, ?), SiB3±x

(\1270 �C), SiB6 (\1850 �C), SiBn (\*2025 �C), WSi2,
W2±xB, a-WB1±x, b-WB1±x, b-W2B5–x, WB4+x, b-B, Si, W

[5, 46, 149,
284, 385]
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sections, constituent phases or phase fields) and/or
character of interphase interaction and materials
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W–B–Si–Ta WSi2–TaB2±x is plotted: eutectic—*1990–2050 �C,
*85 mol.% WSi2; virtually no mutual solubility between
the components

[148]

W–B–Si–Ti No diagram plot
At 2000–2050 �C the weak interaction between W silicides
(W5Si3+x, WSi2) and TiB2±x is observed.

[102, 150]

W–B–Si–V WSi2–VB2±x is plotted: eutectic—*1920–1960 �C,
*65 mol.% WSi2; virtually no mutual solubility between
the components

[148]

W–B–Si–Zr No diagram plot
At 2000–2050 �C the weak interaction between W silicides
(W5Si3+x, WSi2) and ZrB2±x is observed.

[102, 150]

W–B–Sn No diagram plot
No interaction between b-W2B5–x and Sn in Ar at
temp. B800 �C.

[102]

W–B–Ta Plotted at 1400 �C: k-(Ta,W)B1±x (extended solid solution
based on k-TaB1±x—up to *(Ta0.2W0.8)B1±x, \3090 �C),
(Ta,W)3B2±x (extended solid solution based on Ta3B2±x—
up to *(Ta0.5W0.5)3B2±x, \2180 �C), (W,Ta)2±xB
(extended solid solution based on W2±xB—up to
*(W0.6Ta0.4)2±xB), Ta2+xB (*1900–2420 �C), Ta3B4±x

(\3030 �C), TaB2±x (\*3040 �C), a-WB1±x, b-WB1±x,
b-W2B5–x, WB4+x, b-B, Ta, W
In vacuum, at 1500–2000 �C the interaction of the compact
W with TaB2±x leads to the formation of a-WB1±x; at
higher temp. this interaction is very intensive, and the
product on the contact is b-W2B5–x. The contact interaction
between b-W2B5–x and compact Ta (at temp. [1600 �C, in
vacuum) results in the formation of Ta3B4±x; at 1980 �C
the interaction between W2±xB and Ta leads to the
formation of W, Ta2+xB and k-TaB1±x.

[5, 102, 165]

W–B–Tb Plotted at 1000 �C: TbWB4, Tb3WB7, TbB2 (\*2100 �C),
TbB4 (\*2600 �C), TbB6±x (\2340 �C), TbB12

(\2200 �C), TbB66 (\*2100 �C), W2±xB, a-WB1±x,
b-WB1±x, b-W2B5–x, WB4+x, b-B, a-Tb, b-Tb, W
No solid solutions based on binary compounds.

[314, 317,
330]

W–B–Th Plotted at 1800 �C: ThWB4, ThB4 (\2475 �C), ThB6+x

(\2450 �C), *ThB66777 (\*2150 �C), W2±xB,
a-WB1±x, b-WB1±x, b-W2B5–x, WB4+x, a-Th, b-Th,
b-B, W

[5, 317, 386]
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W–B–Ti Plotted at 25, 1000 and 1400 �C: Ti2W3B5 (or
Ti173W274B5, ?), TiWB2 (?), (Ti,W)B1–x (extended
solid solution based on TiB1–x—up to (Ti0.7W0.3)
B1–x, \*2200 �C), a-(W,Ti)B1±x (solid solution based on
a-WB1±x, the solubility of Ti \ 5 at.%), b-(W, Ti)B1±x

(solid solution based on b-WB1±x), (Ti,W)B2±x (solid
solution based on TiB2±x, \3225 �C), (W,Ti)2±xB
(solid solution based on W2±xB), a-(W,Ti)2B5–x (solid
solution based on a-W2B5–x), b-(W,Ti)2B5–x (solid solution
based on b-W2B5–x), WB4+x, b-B, a-Ti, b-Ti, W
TiB2±x—W2B5–x is plotted: eutectic—*2160–2230 �C,
*80–90 mol.% b-W2B5–x; the solubility of W2B5–x in
(Ti, W)B2±x increases with temp. growth considerably
and amounts to C63 mol.% at the eutectic temp.
(or [85 mol.% in metastable state) and solubility of TiB2±x

in b-W2B5–x reaches *3 mol.% at the same temp.
TiB2±x–W is plotted: TiWB2 (\*2680 �C, congruent
melt. point, invariable compos., ?); TiB2±x-TiWB2

eutectic—*2350–2560 �C (?), *12 mol.% W;
TiWB2-W eutectic—*2180–2390 �C (?), *88 mol.%
W; the solubility of TiB2±x in W is *1 mol.% and that
of W in TiB2±x is *5 mol.%.
TiB2±x-W is plotted: eutectic—*2200–2350 �C (?)
The solubility of W in TiB2±x and that of Ti in WB4+x,
b-W2B5–x, a-WB1±x and W2±xB are low.
Data on the system available in literature are controversial.
The interaction of the bulk dense W with TiB2+x at 1800 �C
leads to the contact formation of TiWB2 (?), TiB1–x, W2±xB
and a-WB1±x and at temp. C2000 �C—TiWB2 (?), TiB1–x,
and b-WB1±x.

[5, 43, 46, 102,
151–154, 164–
177, 187–188,
211]

W–B–Tm Plotted at 800 �C: TmWB4, Tm3WB7, TmB66 (\2100 �C),
TmB12 (\2180 �C), TmB4 (\2550 �C), TmB2 (\2250 �C),
W2±xB, a-WB1±x, b-WB1±x, b-W2B5–x, WB4+x, b-B, Tm, W
No solid solutions based on binary and ternary compounds
apart from a low solubility of W in TmB2.

[302, 330]

W–B–U Plotted at 1000 �C: UWB4, U2WB6, UB12 (\2145 �C),
UB4 (\2495 �C), UB2 (\2385 �C), W2±xB, a-WB1±x,
b-WB1±x, b-W2B5–x, WB4+x, b-B, a-U, b-U, c-U, W
No solid solutions based on binary and ternary compounds.

[312, 317,
321]

W–B–Y Plotted at 1000 �C: YWB4, Y3WB7, YB66 (\2100 �C),
YB12 (\2200 �C), YB6±x (\2600 �C), YB4 (\2800 �C),
YB2 (\2100 �C), W2±xB, a-WB1±x, b-WB1±x, b-W2B5–x,
WB4+x, b-B, a-Y, b-Y, W
No solid solutions based on binary and ternary compounds
apart from a low solubility of Y in b-W2B5–x. Y inhibits
a-WB1±x-b-WB1±x solid state phase transformation.

[309–310, 315,
317, 330]
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Table 3.6 (continued)

System Type of phase diagram (temperature and composition
sections, constituent phases or phase fields) and/or
character of interphase interaction and materials
compatibility

References

W–B–Yb No diagram plot
Yb3WB7

[330]

W–B–Zr Plotted at 1400 and 1500 �C: ZrxWyBz (or ZrWB, ?),
Zr9W4B (or (Zr,W)13B, metastable, ?), ZrB2±x

(\3225–3265 �C), ZrB12 (*1695–2290 �C), W2±xB,
a-WB1±x, b-W2B5–x, WB4+x, ZrW2, b-B, a-Zr, b-Zr, W
ZrB2±x-W2B5–x is plotted: eutectic—*2150–2250 �C,
*80–95 mol.% b-W2B5–x; the solid solubility of W2B5–x

in ZrB2±x is *5–15 mol.% (?)
ZrB2±x-WB1±x is plotted: eutectic—2530 �C,
*70 mol.% b-WB1±x

ZrB2±x-W2±xB is plotted: eutectic—2480 �C,
*60 mol.% W2±xB
ZrB2±x-W is plotted: eutectic—*2210–2290 �C,
*60–70 mol.% W
The mutual solubilities of binary compounds in the system
are very low. All tie lines are connected to the dominating
phase ZrB2±x.
The interaction of the compact W with ZrB2±x at
1200–2100 �C is weak and leads to the formation of
W2±xB, a-WB1±x and b-W2B5–x; at temp. C2100 �C—
b-WB1±x and b-W2B5–x. At 2200 �C, during 3 h sintering
procedure the interphase interaction in ZrB2±x-W
powdered mixture results in the formation of (Zr,W)B2±x

and b-(W,Zr)B1±x.

[5, 43, 46, 63,
102, 150, 155–
157, 166, 178–
186, 274, 308,
316–317, 334]

W–Be–O BeO–WO3 is plotted: eutectic—1185 �C, *60–70 mol.%
WO3

In vacuum (0.01–0.05 Pa) the interaction between W and
BeO initiates from 1800 to 2000 �C (0.5–1.0 h exposure). It
is characterized with the abrupt increase of porosity in the
metal-oxide contact zone because of the vaporization of the
volatile products of reaction (W oxides and beryllides).

[5, 19, 147, 87,
158]

W–Bi–Pb No diagram plot
At 1095 �C in the dynamic conditions, the Bi–Pb eutectic
alloy (55 at.% Bi) penetrates into sintered W intensively.

[5]

W–C–Co See C–Co–W in Table 2.14.
W–C–Co–Fe–Ni See C–Co–Fe–Ni–W in Table 2.14.
W–C–Co–Ni See C–Co–Ni–W in Table 2.14.
W–C–Co–Os See C–Co–Os–W in Table 2.14.
W–C–Co–Re See C–Co–Re–W in Table 2.14.
W–C–Co–Ru See C–Co–Ru–W in Table 2.14.
W–C–Co–Ti See C–Co–Ti–W in Table 2.14.
W–C–Cr See C–Cr–W in Table 2.14.
W–C–Cr–Fe See C–Cr–Fe–W in Table 2.14.
W–C–Cr–O See C–Cr–O–W in Table 2.14.
W–C–Fe See C–Fe–W in Table 2.14.
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Table 3.6 (continued)

System Type of phase diagram (temperature and composition
sections, constituent phases or phase fields) and/or
character of interphase interaction and materials
compatibility

References

W–C–Fe–Ni See C–Fe–Ni–W in Table 2.14.
W–C–Hf See C–Hf–W in Table 2.14.
W–C–Hf–Ni See C–Hf–Ni–W in Table 2.14.
W–C–Hf–Ti See C–Hf–Ti–W in Table 2.14.
W–C–Hf–V See C–Hf–V–W in Table 2.14.
W–C–Ir See C–Ir–W in Table 2.14.
W–C–Mg–O See C–Mg–O–W in Table 2.14.
W–C–Mn See C–Mn–W in Table 2.14.
W–C–Mo See C–Mo–W in Table 2.14.
W–C–Mo–Zr See C–Mo–W–Zr in Table 2.14.
W–C–N See C–N–W in Table 2.14.
W–C–N–Nb See C–N–Nb–W in Table 2.14.
W–C–N–Ti See C–N–Ti–W in Table 2.14.
W–C–Nb See C–Nb–W in Table 2.14.
W–C–Nb–O See C–Nb–O–W in Table 2.14.
W–C–Nb–Ta See C–Nb–Ta–W in Table 2.14.
W–C–Nb–Ti See C–Nb–Ti–W in Table 2.14.
W–C–Ni See C–Ni–W in Table 2.14.
W–C–Ni–Zr See C–Ni–W–Zr in Table 2.14.
W–C–O See C–O–W in Table 2.14.
W–C–O–Ta See C–O–Ta–W in Table 2.14.
W–C–O–Ti See C–O–Ti–W in Table 2.14.
W–C–O–V See C–O–V–W in Table 2.14.
W–C–O–Zr See C–O–W–Zr in Table 2.14.
W–C–Os See C–Os–W in Table 2.14.
W–C–Pd See C–Pd–W in Table 2.14.
W–C–Pt See C–Pt–W in Table 2.14.
W–C–Pu See C–Pu–W in Table 2.14.
W–C–Pu–U See C–Pu–U–W in Table 2.14.
W–C–Re See C–Re–W in Table 2.14.
W–C–Rh See C–Rh–W in Table 2.14.
W–C–Ru See C–Ru–W in Table 2.14.
W–C–Si See C–Si–W in Table 2.14.
W–C–Ta See C–Ta–W in Table 2.14.
W–C–Ta–Ti See C–Ta–Ti–W in Table 2.14.
W–C–Ta–V See C–Ta–V–W in Table 2.14
W–C–Tc See C–Tc–W in Table 2.14.
W–C–Th See C–Th–W in Table 2.14.
W–C–Ti See C–Ti–W in Table 2.14.
W–C–U See C–U–W in Table 2.14.
W–C–U–Zr See C–U–W–Zr in Table 2.14.
W–C–V See C–V–W in Table 2.14.
W–C–Zr See C–W–Zr in Table 2.14.
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Table 3.6 (continued)

System Type of phase diagram (temperature and composition
sections, constituent phases or phase fields) and/or
character of interphase interaction and materials
compatibility

References

W–Ca–O Plotted at 1400 and 1700 �C: CaWO4 (\1575–1585 �C),
Ca3WO6 (\2230–2270 �C), CaWO3, CaO (\2575 �C),
WO2, W18O49, W20O58, a-WO3–x, b-WO3–x, O, Ca, W
WO3–CaO is plotted: CaO, Ca3WO6 (\2230–2270 �C),
CaWO4 (\1575–1585 �C), WO3; CaWO4–a-WO3–x

eutectic—*1130–1140 �C, 75 mol.% WO3; Ca3WO6–
CaWO4 eutectic—*1485–1540 �C, *45 mol.% WO3

The interaction between W and CaO initiates from 1900 to
2000 �C; it is characterized by the reduction of CaO to Ca
and formation of CaWO3, CaWO4, Ca3WO6, WO2 and
a-WO3–x.

[87, 158, 345]

W–Cd–Bi–Pb–Sn No diagram plot
At 600 �C W is highly resistant to Wood’s metal
(Bi-26.7Pb-13.3Sn-10Cd).

[5]

W–Ce–O WO3–CeO2–x–Ce2O3 is plotted at 700–1000 �C:
3Ce2O3�WO3 (or Ce6WO12), 3Ce2O3�2WO3 (or
Ce6W2O15), b-Ce2O3�WO3 (or b-Ce2WO6, \1360 �C),
c-Ce2O3�WO3 (or c-Ce2WO6, [1360 �C), a-Ce2O3�2WO3

(or a-Ce2W2O9, \1105 �C), b-Ce2O3�2WO3 (or
b-Ce2W2O9, [1105 �C), a-Ce2O3�3WO3 (or a-Ce2W3O12),
b-Ce2O3�3WO3 (or b-Ce2W3O12), 2Ce2O3�9WO3 (or
Ce4W9O33, \1026 �C), CeO2–x, Ce2O3, WO3

In vacuum, at 1700 �C W interacts with CeO2–x intensively.

[5, 147, 240]

W–Co–Mo Plotted at 1000 �C: j-Co3(W,Mo)1±x, (j-Co3W1±x

–j-Co3Mo1±x continuous solid solution, \*1025–1095
�C), l-Co7(W,Mo)6–x

(l-Co7W6–x–l-Co7Mo6–x continuous solid solution,
\*1510–1690 �C), h-Mo2Co9–x (*1020–1200 �C),
r-Mo3Co2–x (*900–1620 �C), e-Co, a-Co, (W, Mo)

[37, 46, 199–
200, 390, 387]

W–Co–Nb Plotted at 900 �C: v-Co7(Nb,W)2±x (extended solid solution
based on v-Co7Nb2±x, \1050 �C), k3-Co3(Nb,W) (extended
solid solution based on k3-Co3Nb, *1000–1240 �C),
k2(a)-Co2±x (Nb, W) (\*1200 �C, extended solid solution
based on k2(a)-Co2±xNb, ?), k2(b)-Co2±x(Nb,W) (solid
solution based on k2(b)-Co2±xNb, from 1200 to
*1480–1520 �C,), k1-Co5Nb3–x (*1200–1420 �C),
l-Co(Nb,W)1±x (extended solid solution based on
l-CoNb1±x, \1480 �C,), j-Co3(W,Nb)1±x (extended solid
solution based on j-Co3W1±x), l-Co7(W,Nb)6–x (extended
solid solution based on l-Co7W6–x), e-Co, a-Co, (W,Nb)

[37, 46, 199–
200, 332]
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Table 3.6 (continued)

System Type of phase diagram (temperature and composition
sections, constituent phases or phase fields) and/or
character of interphase interaction and materials
compatibility

References

W–Co–Ta Plotted at 900 and 1000 �C: Co3(Ta,W) (extended solid
solution based on Co3Ta with max. W content—up to 5
at.% at 1000 �C, *950–1000 �C), k3-Co3–x(Ta,W)
(extended solid solution based on k3-Co3–xTa with max. W
content—up to 5 at.% at 1000 �C, \1450 �C),
k2-Co2±x(Ta,W) (extended solid solution based on
k2-Co2±xTa with max. W content—up to 13 at.%,
\*1595–1650 �C), l-Co(Ta,W)1±x (extended solid
solution based on l-CoTa1±x with max. W content—up to 9
at.%, \1700 �C), Co(Ta,W)2 (extended solid solution
based on CoTa2 with max. W content—up to 9 at.%,
\1800 �C), j-Co3(W,Ta)1±x (extended solid solution
based on j-Co3W1±x with max. Ta content—up to 8 at.%),
l-Co7(W,Ta)6–x (extended solid solution based on
l-Co7W6–x with max. Ta content—up to 18 at.%),
j-Co7Ta2 (\950 �C), k1-Co5Ta3 (1130–1540 �C), e-Co,
a-Co, (W,Ta)
The solubility of Co in (W,Ta) is B 1 at.%.

[37, 199–200,
291]

W–Cr–Mo Plotted at 1000–2400 �C: (W,Cr,Mo) continuous solid
solution based on W–Mo and Mo–Cr continuous solid
solutions at higher temp. and W–Mo continuous solid
solution at lower temp. (miscibility gaps are adjoined to
W–Cr side at temp. *1450–1675 �C, or to W–Cr and
Mo–Cr sides at temp. \1450 �C, variable with temp.),
(W,Cr,Mo)

[37, 46, 189–
190, 265, 284]

W–Cr–Mo–Si WSi2–MoSi2–CrSi2 is plotted at 1400 �C: (W,Mo,Cr)Si2
(extended solid solution based on WSi2–a-MoSi2 con-
tinuous solid solution—up to compos. *(W0.3Cr0.7)Si2
and *(Mo0.5Cr0.5)Si2), (Cr,W,Mo)Si2 (extended solid
solution based on CrSi2 up to compos. *(Cr0.8W0.2)Si2
and *(Cr0.6Mo0.4)Si2)
(W0.5Mo0.5)Si2–CrSi2 is plotted: at 1400 �C the solubility
of (W0.5Mo0.5)Si2 in CrSi2 is 18 mol.% and that of CrSi2 in
(W0.5Mo0.5)Si2 is 50 mol.%

[227]

W–Cr–N Plotted at 1100 �C (pressure N2 B 30 MPa): Cr2+xN
(\1740–1800 �C), CrN1–x (\*1050 �C), CrN2

(\*700 �C), N, Cr, W
W is in equilibrium with Cr nitrides; the mutual solubilities
of metal W and Cr nitrides are low

[37, 46, 143]

W–Cr–Nb Plotted at 700–1500 �C: (W,Nb,Cr) continuous solid
solution based on W–Nb continuous solid solution (wide
miscibility gap is adjoined to Nb–Cr side) at higher temp.,
(Cr,W,Nb) extended solid solution based on Cr at lower
temp., k2-(Nb,W)Cr2±x (\1585–1625 �C, max. solubility
of W at 1100–1400 �C—*8 at.%; the addition of W
reduces the stability of the phase, depend. on compos. W
substitutes whether for Nb or Cr sites), k1-(Nb, W)Cr2±x

(from 1585 to 1625 �C to *1670–1820 �C), Cr, (W,Nb)

[37, 40, 46,
241, 284, 288,
290]

(continued)

3.6 Chemical Properties 281



Table 3.6 (continued)

System Type of phase diagram (temperature and composition
sections, constituent phases or phase fields) and/or
character of interphase interaction and materials
compatibility

References

W–Cr–Os Plotted at 1000 �C: (W,Cr,Os) extended solid solution
based on W–Cr continuous solid solution with miscibility
gap adjoined to W–Cr side from *6.5–10.5 to *84–88
at.% W and max. solubility of Os—*30-45 at.% (?), or
(W,Cr,Os) extended solid solution based on Cr with max.
solubility of W—*6.5–10.5 at.% and Os—*30–45 at.%
(?), Cr3±xOs (\1540 �C), r-Cr2±xOs (975–1675 �C),
r-OsW3±x, Cr, Os, W

[37, 40, 284]

W–Cr–Re Plotted at 1000 and 1500 �C: (W,Cr,Re) extended solid
solution based on W–Cr continuous solid solution with
miscibility gap adjoined to W–Cr side from *6.5–10.5
to *84–88 at.% W and max. solubility of Re—*35–40
at.% (?), or (W,Cr,Os) extended solid solution based on Cr
with max. solubility of W—*6.5–11 at.% and Re—
*35–40 at.% (?), r-W2Re3±x, v-WRe3–x, r-Cr2Re3–x

(\2355 �C), Cr, Re, W

[37, 46–47,
284]

W–Cr–Si–Ti WSi2–CrSi2–TiSi2 is plotted at 1300 �C: (Cr,Ti,W)Si2 (or
(Cr1–xWx)Si2 (0 \ x \*0.2)–(Ti1–xWx)Si2
(*0.05 \ x \*0.4) continuous solid solution),
(W,Cr,Ti)Si2 (extended solid solution based on WSi2;
solubility of Ti is low)

[229]

W–Cr–Ta Plotted at 1000 and 1500 �C: (W,Ta,Cr) continuous
solid solution based on W–Ta continuous solid solution
(wide miscibility gaps are adjoined to W–Cr and Ta–Cr
sides) at higher temp., extended solid solution based on Cr
at lower temp., a-Cr2±xTa (\1660–1695 �C), b-Cr2±xTa
(from 1660 to 1695 �C to *2015–2040 �C), Cr, (W,Ta)

[37, 46–47,
284]

W–Fe–Mo Plotted at 900–1400 �C: k-Fe2(W,Mo) (k-Fe2W–k-Fe2Mo
Laves phase continuous solid solution, B*925–1060 �C),
l-Fe7(W,Mo)6–x (l-Fe7W6–x–l-Fe7Mo6–x continuous solid
solution, *900–1370 �C, or extended solid solution based
on l-Fe7W6–x, *1370–1635 �C, or extended solid solution
based on l-Fe7Mo6–x, \*900–1200 �C), q-Fe3(Mo,W)2–x

(extended solid solution based on q-Fe3Mo2–x (or
Fe62Mo38, R-phase), 1200–1490 �C, the max. solubility of
W is *15 at.%), r-Fe(Mo,W)1±x (extended solid solution
based on r-FeMo1±x, from 1235 �C to 1540–1610 �C, the
max. solubility of W is *15 at.%), d-FeW1±x, a-Fe, c-Fe,
(W,Mo)

[37, 46, 195–
204, 291]

W–Fe–Nb Plotted at 900 �C: Fe2(W,Nb) (k-Fe2W–e-Fe2Nb1±x Laves
phase continuous solid solution, \*1060–1665 �C),
l-Fe7(Nb,W)6+x (extended solid solution based on
l-Fe7Nb6+x, \*1620–1690 �C), l-Fe7(W,Nb)6–x

(extended solid solution based on l-Fe7W6–x), d-FeW1±x,
a-Fe, c-Fe, (W,Nb)

[37, 46, 199–
200, 291]
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Table 3.6 (continued)

System Type of phase diagram (temperature and composition
sections, constituent phases or phase fields) and/or
character of interphase interaction and materials
compatibility

References

W–Fe–Ta Plotted at 900 �C: Fe2(W,Ta) (k-Fe2W–e-Fe2±xTa Laves
phase continuous solid solution, \*1060–1775 �C),
l-Fe7(W,Ta)6–x (extended solid solution based on
l-Fe7W6–x with max. Ta content—up to 6 at.%),
l-Fe(Ta,W)1±x (extended solid solution based on
l-FeTa1±x with max. W content—up to 8 at.%,
\*1800–2000 �C), a-Fe, c-Fe, (W,Ta)
The solubility of Fe in (W,Ta) is B1 at.%.

[37, 46, 199–
200, 291]

W–Hf–N HfN1±x (HfN0.96)–W is plotted (pressure N2 - 1 MPa):
eutectic—*2740–2860 �C, *51–56 mol.% W; at the
eutectic temp. the solid solubility of W in HfN1±x

is *2–2.5 mol.% and that of HfN1±x in W is \2 mol.%
At 2500–2600 �C, in vacuum or inert gas atmosphere W
interacts with HfN1±x weakly (exposure—1–3 h).

[102, 191]

W–Hf–O WO2–WO3–HfO2–x is plotted at 1200 �C:
(W1–xHfx)O2.9–0.9x (0.05 B x B 0.08), HfW2O8 (or
HfO2�2WO3), W18O49, W20O58, WO2, WO3, HfO2–x

WO2–HfO2–x is plotted: solid solution based on a-HfO2–x

(\13 mol.% WO3), W18O49 ([1530 �C), WO2 (\1530 �C),
W; WO2–HfO2–x quasi-eutectic (Liquid ? W $
WO2 ? HfO2–x)—1430 �C, *76 mol.% WO2

WO3–HfO2–x is plotted: HfW2O8 (or HfO2�2WO3,
*1105–1275 �C), WO3, HfO2–x; HfW2O8–WO3 eutectic—
*1230 �C, *77 mol.% WO3; the max. solid solubility of
WO3 in HfO2–x is *6 mol.% and that of HfO2 in WO3 is
negligible
The chemical interaction in solid state between W and
HfO2–x is more intensive in vacuum or H2 than in N2 or Ar;
in vacuum it initiates from 2350 to 2400 �C.

[5, 147, 174,
192]

W–Hf–Os No diagram plot
v-Os29W19Hf10

[389]

W–Hf–Ta Plotted at 2000 �C and higher temp.: (W,Hf,Ta) continuous
solid solution based on W–Ta and b-Hf–Ta continuous
solid solutions (wide miscibility gap is adjoined to W–Hf
side with Ta content B*50–52 at.%), HfW2, a-Hf, b-Hf,
(W,Ta)

[37, 46, 258,
284]

W–K–Na No diagram plot
At 700–1000 �C W is highly resistant to corrosion and
erosion in K–Na (31.9 at.% Na) eutectic alloy.

[5]
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Table 3.6 (continued)

System Type of phase diagram (temperature and composition
sections, constituent phases or phase fields) and/or
character of interphase interaction and materials
compatibility

References

W–La–O WO3–La2O3 is plotted: c-La2O3 (\2040 �C), b-La2O3

(2040–2110 �C), a-La2O3 (*2110–2300 �C), solid
solution based on La6WO12 (or 3La2O3�WO3, from
*1740–1820 to *1960–2150 �C, ?), solid solution based
on La10W2O21 (or 5La2O3�2WO3, \1740–1820 �C), solid
solution based on c-La6W2O15 (or 3La2O3�2WO3,
\630 �C), solid solution based on b-La6W2O15 (or
3La2O3�2WO3, from 630 to *930–950 �C), solid solution
based on a-La6W2O15 (or 3La2O3�2WO3, from *930–950
to *1790–1900 �C), solid solution based on a-La2WO6 (or
La2O3�WO3, \1410–1470 �C), solid solution based on
b-La2WO6 (or La2O3�WO3, from *1410–1470
to *1690–1760 �C), La14W8O45 (or 7La2O3�8WO3,
\1700 �C), b-La2W2O9 (or La2O3�2WO3,
\*1055–1085 �C), a-La2W2O9 (or La2O3�2WO3,
from *1055–1085 to *1550–1600 �C), b-La2(WO4)3 (or
La2O3�3WO3, \1025 �C), a-La2(WO4)3 (or La2O3�3WO3,
from 1025 to 1060–1090 �C), La10W22O81 (or
5La2O3�22WO3, \1030 �C, ?), La4W9O33 (or
2La2O3�9WO3, \1020–1040 �C, ?), c-WO3, b-WO3,
a-WO3; b-La2(WO4)3 (?)–a-WO3 eutectic—1020 �C,
*80 mol.% WO3

In vacuum, at 1100 �C the interaction of W with c-La2O3

results in the formation of xLa2O3�yWO3, 3 \ x \ 5,
1 \ y \ 2.

[5, 147, 213–
218]

W–Mg–O Plotted at 1700 �C: a-MgWO4 (\1165 �C), b-MgWO4

(*1165–1360 �C), MgO (\2825 �C), WO2, W18O49,
a-WO3–x, b-WO3–x, O, Mg, W
WO3–MgO is plotted: MgO, a-MgWO4 (\1165 �C),
b-MgWO4 (*1165–1360 �C), a-WO3–x, b-WO3–x;
a-MgWO4–a-WO3–x eutectic—1120 �C, *70 mol.%
WO3; b-MgWO4–MgO eutectic—*1320 �C,
*40–50 mol.% WO3

In vacuum the interaction between W and MgO initiates
from 2000 to 2100 �C; it is characterized by the reduction
of MgO to Mg and formation of MgWO3, MgWO4, WO2

and a-WO3–x.

[5, 19, 87, 147,
158]

W–Mo–N Plotted at 1100 �C (pressure N2 B 30 MPa):
c-(Mo,W)2N1±x (extended solid solution based on
c-Mo2±xN—up to compos. (Mo0.65W0.35)2±xN), N, (W,Mo)

[143, 388]

W–Mo–Nb Plotted at 2400–3300 �C: W–Mo–Nb continuous solid
solution (W,Mo,Nb)

[5, 40, 46, 265,
284]
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Table 3.6 (continued)

System Type of phase diagram (temperature and composition
sections, constituent phases or phase fields) and/or
character of interphase interaction and materials
compatibility

References

W–Mo–Nb–Si WSi2–MoSi2–NbSi2 is plotted at 1400 �C: (W,Mo,Nb)Si2
(extended solid solution based on WSi2–a-MoSi2 continuous
solid solution—up to compos. *(W0.75Nb0.15)Si2 and
*(Mo0.75Nb0.15)Si2), (Nb,W,Mo)Si2 (extended solid
solution based on NbSi2 up to compos. *(Nb0.7W0.3)Si2
and *(Nb0.4Mo0.6)Si2)
(W0.5Mo0.5)Si2–NbSi2 is plotted: at 1400 �C the solubility of
(W0.5Mo0.5)Si2 in NbSi2 is 35 mol.% and that of NbSi2 in
(W0.5Mo0.5)Si2 is 15 mol.%

[227]

W–Mo–Nb–Zr (W,Mo,Nb,Zr) extended solid solution based on W–Nb,
Mo–Nb and b-Zr–Nb continuous solid solutions,
Zr(W, Mo)2 (ZrW2–ZrMo2 continuous solid solution),
a-Zr, b-Zr, (W, Mo, Nb)

[40, 46–47,
265, 269]

W–Mo–Ni Plotted at 700–1730 �C: b-Ni4(W, Mo)1–x (b-Ni4W1–x–
b-Ni4Mo1–x continuous solid solution, \870–970 �C),
c-Ni3(Mo,W)1–x (extended solid solution based on
c-Ni3Mo1–x, \910 �C, the max. solubility of W is *5
at.%), d-Ni(Mo,W)1±x (extended solid solution based on
d-NiMo1±x, \1360–1365 �C, the max. solubility of W
is *10 at.%), d-NiW1–x, c-NiW2, Ni, (W,Mo)

[40, 46, 189,
199–200, 205–
209, 291, 335]

W–Mo–O Plotted partially at 770 �C: (W,Mo)O2±x (WO2±x–MoO2±x

continuous solid solution, \1530–2325 �C), (Mo,W)nO3n–1

(n = 9 7 12, 14) or (Mo,W)nO3n–m (n = 4, 5, 8 7 16,
m = 1 and n = 17 7 22, m = 2) homologous series of
oxides (e.g., (Mo,W)5O14, (Mo,W)8O23 (\775–780 �C),
(Mo,W)9O26 (\775–785 �C), (Mo,W)10O29, (Mo,W)12O35,
(Mo,W)14O41, (Mo,W)17O49, (Mo,W)18O52),
(Mo,W)m+2O3m+4 (m = 6 7 8) homologous series of
oxides (e.g., a-(Mo,W)4O11 (\550–650 �C), (Mo,W)9O25,
(Mo, W)5O14), b-Mo4O11 (from 550–650 �C to
810–825 �C), WnO3n–2 homologous series of oxides,
W18O49, W24O68, (Mo,W)O3–x (\775–805 �C),
(W,Mo)O3–x

WO3–MoO3 is plotted: (Mo,W)O3–x (solid solution based
on MoO3–x with compos.—up to (Mo0.97W0.03)O3–x),
a-(W0.3570.85Mo0.1570.65)O3–x solid solution
(\750–870 �C), b-(W0.3570.85Mo0.1570.65)O3–x solid
solution (from 750–870 �C to ?), (W,Mo)O3–x (solid
solution based on WO3–x with compos.—up to
(W0.97Mo0.03)O3–x)
Data on the system available in literature are contradictory.

[221–223,
294–296, 300]

W–Mo–Os Plotted at 1000–2375 �C: r-Os(W,Mo)3±x (or r-phase,
r-OsW3±x–r-OsMo2±x continuous solid solution,
\2430–2945 �C,), b-Os(Mo,W)3±x (\*2210 �C,
extended solid solution based on b-OsMo3±x, B*25 at.%
W), Os, (W,Mo)

[40, 46, 69,
284]
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Table 3.6 (continued)

System Type of phase diagram (temperature and composition
sections, constituent phases or phase fields) and/or
character of interphase interaction and materials
compatibility

References

W–Mo–Re Plotted at 1000, 1500 and 1700 �C: (W,Mo,Re) extended
solid solution based on W–Mo continuous solid solution,
r-(W,Mo)2Re3±x (r-W2Re3±x–r-Mo2Re3±x continuous
solid solution), v-(W,Mo)Re3±x (v-WRe3–x–v-MoRe3+x

continuous solid solution), Re, (W,Mo)

[5, 40, 46–47,
265, 284]

W–Mo–Re–Si WSi2–MoSi2–ReSi2 is plotted at 1400 �C: (W,Mo,Re)Si2
(WSi2–a-MoSi2–ReSi2 continuous solid solution)

[227]

W–Mo–S Plotted at 500 and 800 �C: (W,Mo)S2 (\*1750–2400 �C,
WS2–MoS2 continuous solid solution), Mo2S3

(from *600–700 to *1780–1800 �C), WS3, S, (W,Mo)

[40, 46, 224]

W–Mo–Si Plotted at 1000, 1300 and 1900 �C: a-(W,Mo)Si2
(WSi2–a-MoSi2 continuous solid solution,
\1900–2160 �C), b-(Mo,W)Si2 (extended solid solution
based on b-MoSi2—up to compos. b-(Mo0.85W0.15)Si2,
1900–2020 �C), (W,Mo)5Si3±x (W5Si3+x–Mo5Si3±x

continuous solid solution, \2180–2320 �C), Mo3Si
(\2025 �C, no solubility of W), Si, (W,Mo)
At 1300–1700 �C the interaction in the a-MoSi2–W
diffusion couple leads to the formation of (W, Mo)5Si3±x

and W5Si3+x layers.

[40, 46, 102,
225–237, 299,
336]

W–Mo–Si–Ta WSi2–MoSi2–TaSi2 is plotted at 1400 �C: (W,Mo,Ta)Si2
(extended solid solution based on WSi2–a-MoSi2 continuous
solid solution—up to compos. *(W0.75Ta0.25)Si2 and
*(Mo0.85Ta0.15)Si2), (Ta,W,Mo)Si2 (extended solid
solution based on TaSi2 up to compos. *(Ta0.7W0.3)Si2
and *(Ta0.5Mo0.5)Si2)
(W0.5Mo0.5)Si2–TaSi2 is plotted: at 1400 �C the solubility of
(W0.5Mo0.5)Si2 in TaSi2 is 30 mol.% and that of TaSi2 in
(W0.5Mo0.5)Si2 is 20 mol.%

[227]

W–Mo–Si–Ti WSi2–MoSi2–TiSi2 is plotted at 1300 �C: a-(W,Mo)Si2
(WSi2–a-MoSi2 continuous solid solution; the solubility of
TiSi2 is \5 mol.%), b-(W,Mo,Ti)Si2 (or (Ti1–xWx)Si2
(*0.05 \ x \*0.4) - (Ti1–xMox)Si2 (*0.1 \ x \*0.6)
continuous solid solution)
WSi2–MoSi2–TiSi2 is plotted at 1400 �C: a-(W,Mo,Ti)Si2
(solid solution based on WSi2–a-MoSi2 continuous solid
solution—up to compos. *(W0.95Ti0.05)Si2
and *(Mo0.95Ti0.05)Si2), (Ti,W,Mo)Si2 (extended solid
solution based on TiSi2 up to compos. *(Ti0.6W0.4)Si2
and *(Ti0.5Mo0.5)Si2)
(W0.5Mo0.5)Si2–TiSi2 is plotted: at 1400 �C the solubility
of (W0.5Mo0.5)Si2 in TiSi2 is 50 mol.% and that of TiSi2 in
(W0.5Mo0.5)Si2 is 5 mol.%
Data on the system available in literature are controversial.

[227, 229]
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Table 3.6 (continued)

System Type of phase diagram (temperature and composition
sections, constituent phases or phase fields) and/or
character of interphase interaction and materials
compatibility

References

W–Mo–Si–V WSi2–MoSi2–VSi2 is plotted at 1400 �C: (W,Mo,V)Si2
(extended solid solution based on WSi2–a-MoSi2
continuous solid solution—up to compos. (W0.75V0.15)Si2
and (Mo0.9V0.1)Si2), (V,W,Mo)Si2 (extended solid solution
based on VSi2 up to compos. *(V0.7W0.3)Si2
and *(V0.4Mo0.6)Si2)
(W0.5Mo0.5)Si2–VSi2 is plotted: at 1400 �C the solubility of
(W0.5Mo0.5)Si2 in VSi2 is 31 mol.% and that of VSi2 in
(W0.5Mo0.5)Si2 is 15 mol.%

[227]

W–Mo–Ta Plotted in the wide range of temp. up to 2700–3100 �C:
W–Mo–Ta continuous solid solution (W,Mo,Ta)

[40, 46–47,
265, 284, 287]

W–Mo–Ti Plotted at 1000 and 2230 �C: W–Mo–b-Ti continuous solid
solution (at lower temp., small miscibility gap is adjoined to
W–Ti side with Mo content B12–25 at.%), or W–Mo
continuous solid solution (at higher temp.),a-Ti,b-Ti, (W,Mo)

[40, 46–47,
189, 265, 268]

W–Mo–V Plotted at lower temp.: W–Mo–V continuous solid solution,
(W,Mo,V)

[40, 46–47,
265]

W–Mo–Zr Plotted at 1000 �C: Zr(W,Mo)2 (ZrW2–ZrMo2 continuous
solid solution), a-Zr, b-Zr, (W,Mo)

[40, 46–47,
265, 267–268]

W–N–Nb Plotted partially at 1500–2200 �C: b-Nb2±xN, (W,Nb)
The active interaction between metal W and Nb nitrides is
improbable.

[143, 390]

W–N–Si Plotted at 1000 and 1400 �C (under Ar pressure): WSi2,
W5Si3+x, Si3N4 (\*1900 �C), N, Si, W
At 1000 �C W, WSi2 and W5Si3+x are in equilibrium with
Si3N4, and at 1400 �C WSi2 and W5Si3+x are in equilibrium
with Si3N4. In vacuum at 1300 �C, the interaction between
W and Si3N4 results in the formation of W silicides.

[87, 144, 289]

W–N–Ti Plotted at\550 �C: metastable solid solution (Ti,W)N1±x

based on TiN1±x with homog. range *TiN0.4–TiN1.1–WN0.4–
WN1.5 (?), metastable solid solution (W,Ti,N) based on W with
homog. range *W–W0.15Ti0.85–W0.4Ti0.4N0.2–W0.85N0.15

(?), metastable solid solution a-(Ti,N,W) based on a-Ti (?), N
In N2 the interaction between compact W and TiN1±x initiates
at temp.[2000–2200 �C and results to the formation of N
containing solid solution based on W; the interaction in the
W–TiN1±x powdered mixtures at 2100–2200 �C leads to the
formation of complex phases.

[5, 102, 220,
304]

W–N–U Plotted at 1200 �C: a-U2N3+x (\1132 �C), b-U2N3–x (from
940–1100 �C to 1352 �C), UN1–x (\2810–2885 �C), N,
a-U, b-U, c-U, W
UN1–x–W is plotted: eutectic—*2700 �C; the mutual solid
solubilities of the components are low
W is in equilibrium with U nitrides (UN1–x, b-U2N3–x) in
the wide range of temp. Practically, molten UN1–x

(*2850 �C, pressure N2 - 0.25 MPa) does not interact
with W; only the weak penetration of UN1–x along the grain
boundaries of W and slight dissolution of W into the melt
were observed.

[5, 46, 102, 43,
219]
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Table 3.6 (continued)

System Type of phase diagram (temperature and composition
sections, constituent phases or phase fields) and/or
character of interphase interaction and materials
compatibility

References

W–N–Zr No diagram plot
Under N2 pressure (1 MPa), at ultra-high temp. there is no
interaction between W and ZrN1±x in the solid state.

[5, 102, 143]

W–Nb–Ni Plotted at 900–1900 �C: j-Ni3±x(Nb,W) (extended solid
solution based on j-Ni3±xNb (or q-Ni3±xNb),\*1400 �C),
l-Ni6(Nb,W)7–x (extended solid solution based on
l-Ni6Nb7–x, \1290 �C), b-Ni4(W,Nb)1–x (extended solid
solution based on b-Ni4W1–x), f-Ni8±xNb (\535 �C),
d-NiW1–x, c-NiW2, Ni, (W,Nb)

[40, 46, 199–
200, 291, 328]

W–Nb–O Plotted partially at 1500 �C: (Nb,W,O), NbO (\1945 �C),
NbO2 (\1915 �C), O, W
WO3–WO2–Nb2O5 is plotted partially: 3Nb2O5�8WO3 (or
Nb6W8O39), 4Nb2O5�9WO3 (or Nb8W9O47), WO3, W20O58,
W18O49

WO3–Nb2O5 is plotted: a-Nb2O5 (or extended solid
solution based on a-Nb2O5 (?), \1510 �C), 34Nb2O5�WO3

(or Nb68WO173), 30Nb2O5�WO3 (or Nb60WO153,
\1470 �C, metastable), 20Nb2O5�WO3 (or Nb40WO103),
13Nb2O5�WO3 (or Nb26WO68), 6Nb2O5�WO3 (or
Nb12WO33, \1476 �C), 13Nb2O5�4WO3 (or Nb26W4O77,
\1435 �C), 7Nb2O5�3WO3 (or Nb14W3O44, \1440 �C),
8Nb2O5�5WO3 (or Nb16W5O55, *1090–1385 �C),
3Nb2O5�2WO3 (or n-Nb6W2O21, * 1170-1400 �C, ?),
9Nb2O5�8WO3 (or Nb18W8O69, *1265–1375 �C),
Nb2O5�WO3 (or d-Nb2WO8, \1100–1115 �C, ?),
9Nb2O5�16WO3 (or Nb18W16O88, *1250–1380 �C,
metastable), 9Nb2O5�17WO3 (or Nb18W17O91,
*1210–1375 �C, metastable), 6Nb2O5�11WO3 (or
Nb12W11O63), 4Nb2O5�9WO3 (or Nb8W9O47,
*1120–1380 �C), solid solution based on 3Nb2O5�8WO3

(or Nb6W8O39, \*1290 �C), solid solution based on
Nb2O5�3WO3 (or Nb2W3O14, \*1400 �C, ?),
2Nb2O5�7WO3 (or Nb4W7O31, *1245–1357 �C),
Nb2O5�11WO3 (or Nb2W11O38, *1275–1356 �C),
Nb2O5�15WO3 (or Nb2W15O50, *1270–1358 �C), c-WO3,
b-WO3, a-WO3; Nb60WO153–Nb12WO33 eutectic—
1464 �C, *9.5 mol.% WO3; n-Nb6W2O21–Nb2W3O14

eutectic— *1340 �C, *61 mol.% WO3 (?); Nb18W8O69–
Nb18W16O88 eutectic—1364 �C, *63 mol.% WO3;
Nb18W17O91–Nb8W9O47 eutectic—1365 �C, *67 mol.%
WO3; Nb8W9O47–Nb4W7O31 eutectic—1335 �C,
*77 mol.% WO3; Nb4W7O31–Nb2W11O38 eutectic—
1340 �C, *83 mol.% WO3; Nb2W3O14–a-WO3

eutectic— *1300 �C, *89 mol.% WO3 (?)

[40, 46, 238–
239, 254, 275]

W–Nb–Os Plotted at 1000 and 1500 �C: r-Os(W, Nb)3±x solid
solution (?), v-Os3Nb2±x (\*2270 �C), r-OsNb2±x

(\*2200 �C), b-OsNb3–x (\*1975 �C), Os, (W,Nb)

[40, 46, 284]
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Table 3.6 (continued)

System Type of phase diagram (temperature and composition
sections, constituent phases or phase fields) and/or
character of interphase interaction and materials
compatibility

References

W–Nb–Re Plotted at 1000 and 1500 �C: (W, Nb, Re) extended solid
solution based on W–Nb continuous solid solution (up to
45.5–46.5 at.% Re at temp. [1500 �C), r-Nb2Re3–x

(from *2160–2300 �C to *2400–2565 �C), v-NbRe3±x

(\*2520–2745 �C), r-W2Re3±x, v-WRe3–x, Re, (W,Nb)

[40, 46, 284]

W–Nb–Si Plotted at 25–1700 �C: (W,Nb)Si2 (extended solid solution
based on WSi2—up to compos. (W0.85Nb0.15)Si2),
(Nb,W)Si2 (extended solid solution based on NbSi2—up to
compos. (Nb0.6W0.4)Si2, \1940 �C), (W,Nb)5Si3–x

(W5Si3+x–b-Nb5Si3–x continuous solid solution,
*1940–2320 �C; extended solid solution based on
W5Si3+x, *1650–1940 �C; W5Si3+x–a-Nb5Si3–x continuous
solid solution, from ? to 1650 �C), a-(Nb,W)5Si3–x

(extended solid solution based on a-Nb5Si3–x,
*1650–1940 �C), Nb3Si (1770–1980 �C), Si, (W,Nb)
WSi2–NbSi2 is plotted: eutectic—1850 �C, *60 mol.%
WSi2; at the eutectic temp. the solubility of WSi2 in NbSi2
is *40 mol.% and that of NbSi2 in WSi2 is *15 mol.%
The solid solubility of Si in the W–Nb continuous solid
solution increases with W content growth considerably.

[102, 227,
242–248]

W–Nb–Ta Plotted at lower temp.: W–Nb–Ta continuous solid solution,
(W,Nb,Ta)

[40, 46, 284]

W–Nb–Ti Plotted at 600 and 1000 �C: W–Nb–b-Ti continuous solid
solution (at higher temp., the miscibility gap is adjoined to
W–Ti side) or W–Nb continuous solid solution (at lower
temp.), a-Ti, (W,Mo)

[189, 249]

W–Nb–V Plotted at lower temp.: W–Nb–V continuous solid solution,
(W,Nb,V)

[40, 46, 284]

W–Nb–Zr Plotted at 1100, 1600 and 2000 �C: (W,Nb,Zr) extended
solid solution based on W–Nb and b-Zr–Nb continuous
solid solutions, ZrW2, a-Zr, b-Zr, Nb, W
The joined solid solubility of W and Zr in Nb is *5–7 at.%
at 1100 �C and *10–15 at.% at 2000 �C.

[40, 46–47,
265–266]

W–Nd–O W–WO3–Nd2O3 is plotted at 900–1300 �C: Nd2O3,
3Nd2O3�WO3 (or Nd6WO12), 2Nd2O3�WO3 (or Nd4WO9),
Nd2O3�WO3 (or Nd2WO6), Nd2O3�2WO3 (or Nd2W2O9),
Nd2O3�3WO3 (or Nd2 (WO4)3), xNd2O3�yWO2�zWO3

(0.03 B x B 0.08, 0.39 B y B 0.45, 0.55 B z B 0.61, or
Nd0.06-0.15WO2.64-2.85, ‘‘tungsten bronze’’), WO3,
W20O49, WO2, W
WO3–Nd2O3 is plotted: WO3, Nd2O3�4.4WO3 (or
Nd2W4.4O16.2, \1064 �C), Nd2O3�3WO3 (or Nd2(WO4)3,
\1140–1150 �C), a-Nd2O3�2WO3 (or a-Nd2W2O9,
\438 �C), b-Nd2O3�2WO3 (or b-Nd2W2O9, 438–1248 �C),
c-Nd2O3�2WO3 (or c-Nd2W2O9, 1248–1354 �C),
Nd2O3�WO3 (or Nd2WO6, \1675 �C), 2Nd2O3 �WO3 (or
Nd4WO9), 3Nd2O3�WO3 (or Nd6WO12), Nd2O3;

[5, 214, 250,
252–253]
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System Type of phase diagram (temperature and composition
sections, constituent phases or phase fields) and/or
character of interphase interaction and materials
compatibility

References

Nd2(WO4)3–Nd2W4.4O16.2 eutectic—1055 �C, 80.5 mol.%
WO3; Nd2W4.4O16.2–a-WO3 eutectic—1037–1053 �C,
82.5–83 mol.% WO3

W–Ni–Ta Plotted at 900 �C: no ternary compounds, f-Ni8±xTa
(\ 1330 �C), j-Ni3±xTa (\1550 �C), Ni2±xTa (\1405 �C),
l-Ni1–xTa (\1570 �C), NiTa2+x (\*1790 �C), b-Ni4W1–x,
d-NiW1–x, c-NiW2, Ni, (W,Ta)
The solubility of W in j-Ni3±xTa, Ni2±xTa, l-Ni1–xTa and
NiTa2+x and that of Ta in b-Ni4W1–x are B5 at.%. All these
binary compounds have a small homog. range (B*4 at.%
Ni). The solubility of Ni in (W,Ta) is B1 at.%.

[40, 46, 199–
200, 291]

W–O–Si Plotted at 700–1000 �C: SiO2 (\*1700 �C), WSi2,
W5Si3+x, WO2, W18O49, W20O58, WO3, O, Si, W
At temp. up to 2500 �C, metal W is very stable against
liquid SiO2, if the protecting atmosphere is free of
oxidizing species.

[87, 345]

W–O–Sr Plotted at 1700 �C: a-Sr3WO6 (from 1095 to *2100 �C, ?),
b-Sr3WO6 (\1095 �C), Sr2WO5 (\1590 �C), SrWO4

(\1540 �C), SrO (\2420–2570 �C), WO2, W18O49,
a-WO3–x, b-WO3–x, O, Sr, W
WO3–SrO is plotted: SrO, a-Sr3WO6 (from 1095
to *2100 �C, ?), b-Sr3WO6 (\1095 �C), Sr2WO5

(\1590 �C), SrWO4 (\1540 �C), WO3; SrWO4–a-WO3–x

eutectic—1090 �C, *75 mol.% WO3; Sr2WO5–SrWO4

eutectic—1470 �C, *45 mol.% WO3

The interaction between W and SrO initiates from 850 to
900 �C; it is characterized by the reduction of SrO to Sr and
formation of Sr3WO6, Sr2WO5, SrWO4, WO2 and a-WO3–x.

[87, 158]

W–O–Ta WO3–WO2–Ta2O5 is plotted partially at 1100 �C:
2Ta2O5�7WO3 (or Ta4W7O31), WO3–W24O68 solid
solution, W18O49, WO3

WO3–Ta2O5 is plotted partially: a-Ta2O5, b-Ta2O5,
81Ta2O5�2WO3 (or Ta162W2O411, \*1470 �C),
59Ta2O5�2WO3 (or Ta118W2O301, \*1500 �C),
37Ta2O5�2WO3 (or Ta74W2O191, \*1620 �C),
13Ta2O5�WO3 (or Ta26WO68, \*1640 �C),
67Ta2O5�6WO3 (or Ta134W6O353, \*1720 �C),
41Ta2O5�4WO3 (or Ta82W4O217, \*1760 �C),
15Ta2O5�2WO3 (or Ta30W2O81, \1815 �C),
41Ta2O5�8WO3 (or Ta82W8O229, \1750 �C),
67Ta2O5�14WO3 (or Ta134W14O377, \*1605–1700 �C),
13Ta2O5�3WO3 (or Ta26W3O74, \*1605–1700 �C),
37Ta2O5�10WO3 (or Ta74W10O215, \*1605–1700 �C),
59Ta2O5�18WO3 (or Ta118W18O349, \*1605–1700 �C),
81Ta2O5�26WO3 (or Ta162W26O483, \1605 �C),
11Ta2O5�4WO3 (or Ta22W4O67, \1580 �C), Ta2O5�WO3

(or Ta2WO8), WO3; a-Ta2O5–Ta82W4O217 eutectic—
*1750 �C, *7–7.5 mol.% WO3

[254, 277–
278]
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Table 3.6 (continued)

System Type of phase diagram (temperature and composition
sections, constituent phases or phase fields) and/or
character of interphase interaction and materials
compatibility

References

W–O–Th No diagram plot
Th(WO4)2

In vacuum or protective atmosphere, the interaction
between W and ThO2–x initiates from 2200 to 2300 �C; at
temp. [2320 �C the oxide is reduced to the metallic Th.

[5, 19, 87, 147,
391]

W–O–U WO3–x–UO3 (in air) is plotted partially: U3O8, UO3�WO3

(or UWO6, \*1100 �C), WO3–x; UWO6–WO3–x

eutectic—1060 �C, *57 mol.% WO3

WO3–x–UO3 (pressure O2 - 0.1 MPa) is plotted: a-U3O8,
b-U3O8, UO3�WO3 (or UWO6, \*1100 �C), UO3�3WO3

(or UW3O12, \1050 �C), a-WO3–x, b-WO3–x;
UWO6–UW3O12 eutectic—1025–1045 �C, *57 mol.%
WO3; at 1050 �C WO3–x dissolves *2 mol.% UO3

In vacuum or inert gas atmosphere, at temp. B2760 �C
(melt. point of UO2+x), there is no interaction in the solid
state between W and UO2+x; in H2 or inert gas atmosphere,
at 3000 �C (exposure—168 h) the interaction between W
and liquid UO2+x is weak.

[5, 46, 87, 147,
255–256]

W–O–Y WO3–Y2O3–x is plotted partially: solid solution based on
a-Y2O3–x (\2325–2350 �C, \2 mol.% WO3), solid
solution based on b-Y2O3–x (from *2310–2325 to
*2410–2460 �C, \3 mol.% WO3), xY2O3�WO3 solid
solution (2 B x B 4.4, or Y4.078.8WO9.0716.2,
1730–2380 �C), 3Y2O3�WO3 (or Y6WO12, \1765 �C),
5Y2O3�2WO3 (or Y10W2O21, \1740 �C), 7Y2O3�4WO3

(or Y14W4O33, \*2105 �C), a0-Y2O3�WO3 (or a0-Y2WO6,
\*1470 �C), d-Y2O3�WO3 (or d-Y2WO6,
*1470–1640 �C), b-Y2O3�WO3 (or b-Y2WO6,
*1640–1705 �C), WO3; solid solution based on
b-Y2O3–x–xY2O3�WO3 solid solution eutectic—
*2335 �C, 10 mol.% WO3

In vacuum, at 1100 �C the interaction between W and
a-Y2O3–x results in the formation of 3Y2O3�WO3.

[5, 46, 147,
257]

W–O–Y–Zr No diagram plot
In inert gas atmosphere, the chemical interaction between
W and ZrO2–x +9 % Y2O3–x initiates from 2500 �C.

[147]
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Table 3.6 (continued)

System Type of phase diagram (temperature and composition
sections, constituent phases or phase fields) and/or
character of interphase interaction and materials
compatibility

References

W–O–Zr Plotted partially at 1500 �C: a-ZrO2–x, b-ZrO2–x, c-ZrO2–x,
WO2, W18O49, W20O58, WO3–x, O, Zr, W
WO3–x–WO2–ZrO2–x is plotted at 1200–1500 �C: solid
solution with compos. From ZrxW1–xO2+0.9(1–x) to
ZrxW1–xO3(1–x) (0.05 \ x \ 0.08, \*1450 �C),
ZrO2�2WO3 (or ZrW2O8), a-ZrO2–x, b-ZrO2–x, WO2,
W18O49, W20O58, WO3–x

WO2–ZrO2–x is plotted: solid solution based on b-ZrO2–x

(B13 mol.% WO3), W18O49 ([1530 �C), WO2

(\1530 �C), W; WO2–b-ZrO2–x quasi-eutectic
(Liquid ? W $ WO2 ? b-ZrO2–x)—1430 �C,
*75–77 mol.% WO2

WO3–x–ZrO2–x is plotted: ZrW2O8 (or ZrO2�2WO3,
*1105–1255 �C), solid solution based on a-ZrO2–x

(\*1160–1180 �C, \5 mol.% WO3), solid solution based
on b-ZrO2–x (\5 mol.% WO3), WO3–x; ZrW2O8–WO3–x

eutectic—*1230 �C, *74–75 mol.% WO3

In vacuum (0.01–0.05 Pa), the chemical interaction
between W and ZrO2–x initiates from 1600 to 1900 �C
(exposure—0.5–5 h); at 1900–2300 �C it is characterized
with the increase of porosity in the metal-oxide contact
zone because of the vaporization of W oxides. In protective
atmosphere the starting temp. of the interaction is lower. Its
indications in the literature are quite different due to
differences in ZrO2–x stabilization.

[5, 19, 87, 147,
192]

W–Os–Re Plotted partly at 1000–1500 �C: r-W2±x(Re,Os)
(r-W2Re3±x–r-OsW3±x continuous solid solution,
\2890–3005 �C), v-WRe3–x, (Os,Re), W

[5, 40, 46–47,
273]

W–Os–Ta Plotted partly at 1000–1500 �C: r-Os(W,Ta)3±x

(r-OsW3±x–r-Ta3Os2±x continuous solid solution,
\*2500–2945 �C), Os, (W,Ta)

[40, 46–47,
284]

W–Os–V Plotted partly at 1000–1500 �C: (W,V,Os) extended solid
solution based on W–V continuous solid solution with max.
solubility of Os—*30–45 at.%, V3Os2±x (\2140 �C),
VOs1–x (?), r-OsW3±x, Os, (W,V)

[40, 46–47,
284]

W–Re–Si Plotted at 800 �C: j-W3±yRe1±ySi4, (W,Re)Si2
(WSi2–ReSi2 continuous solid solution, at least at 1400 �C),
(Re, W)Si (extended solid solution based on ReSi with max.
solubility of W—32 at.%, \*1820–1880 �C, ?),
(W, Re)5Si3+x (extended solid solution based on W5Si3+x

with max. solubility of Re—21 at.%), Re5Si3 (\1020 �C,
solubility of W—up to 5 at.%, ?), Re2Si
(\*1810–1960 �C), r-W2Re3±x (solubility of Si—up to 10
at.%), v-WRe3–x (solubility of Si—up to 5 at.%),
Si, Re, W

[102, 227–
228, 285]
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Table 3.6 (continued)

System Type of phase diagram (temperature and composition
sections, constituent phases or phase fields) and/or
character of interphase interaction and materials
compatibility

References

W–Re–Ta Plotted at 1200–2680 �C: r-(W,Ta)2Re3±x (r-W2Re3±x

–r-Ta2Re3–x continuous solid solution at temp. C2460 �C
or extended solid solution based on r-W2Re3±x at
temp. B2460 �C), v-(W,Ta)Re3±x (v-WRe3–x–v-TaRe3±x

continuous solid solution at temp. B2125 �C or extended
solid solution based on v-TaRe3±x at temp. C2125 �C), Re,
(W,Ta)

[5, 37, 46, 258,
284]

W–Re–V Plotted at 1000–1500 �C: (W,Re,V) extended solid solution
based on W–V continuous solid solution, r-(W,V)yRe3±x

(r-W2Re3±x–r-VRe3+x continuous solid solution,
\*2440–3000 �C), d-V3Re7±x, v-WRe3–x, Re, (W, V)

[5, 46–47, 273,
284]

W–Si–Ta WSi2–TaSi2 is plotted: (Ta,W)Si2 (WSi2–TaSi2 continuous
solid solution, \550 �C, or extended solid solution based
on TaSi2 at higher temp.), (W,Ta)Si2 (extended solid
solution based on WSi2 at higher temp.); at 1300 �C:
(Ta,W)Si2 (extended solid solution based on TaSi2 with
compos.—up to *(Ta0.770.8W0.270.3)Si2), (W,Ta)Si2
(extended solid solution based on WSi2 with compos.—up
to *(W0.75Ta0.25)Si2)

[102, 228–
229, 259–260,
299]

W–Si–Ta–Ti WSi2–TaSi2–TiSi2 is plotted at 1300 �C: (Ta,W,Ti)Si2 (or
(Ta1–xWx)Si2 (0 \ x \*0.3) - (Ti1–xWx)Si2
(*0.05 \ x \*0.4) continuous solid solution),
(W,Ta,Ti)Si2 (extended solid solution based on WSi2;
solubility of Ti is very low)

[229]

W–Ta–Ti Plotted at 600–3080 �C: (Ta,Ti,W) continuous solid
solution based on Ta–W, Ta–b-Ti and W–b-Ti continuous
solid solutions (miscibility gap is adjoined to W–Ti side at
temp. \*1290 �C or higher (?), or isolated at temp.
*1230–1290 �C), a-Ti, b-Ti, (Ta,W)

[292–293]

W–Ta–V Plotted at 1000 �C: (W,Ta,V) continuous solid solution
based on W–Ta and W–V continuous solid solutions (wide
miscibility gap is adjoined to Ta–V side from *10 to *60
at.% Ta), V2±xTa (\*1310–1420 �C, the solubility of W
is low)

[46–47, 284]

W–Ta–Zr Plotted at 800–1600 �C: Zr(W,Ta)2 (extended solid
solution based on ZrW2—up to compos. Zr(W0.83Ta0.17)2 at
1600 �C), a-Zr, b-Zr, (W,Ta)

[261]

a See notes to Table 3.5
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The wettabilities of tungsten by some alloys are given in Table 3.7, and
character of chemical interaction and general reactions of tungsten with common
chemicals (solids, liquids, aqueous solutions) and complex gases are summarized
in Table 3.8.

Table 3.7 Wettability of tungsten by some non-ferrous metal alloys (melts of bulk metallic
glasses) in vacuum [340–341]

Alloy composition Wetting
contact
angle, degree

Temperature, �C

Ti—30.2 at.% Zr—22.5 at.% Be—9 at.% Cu—5.3 at.% Nia 53 700
50 800
40 900
27 1000
23 1050

Zr—36.45 at.% Cu—9 at.% Al—4.05 at.% Nib 26 900
16 950

a The contact angles at the initial stage of wetting in the range of temperatures 700–1050 �C are
130–140�; the variation of final equilibrium contact angle h with temperature can be expressed by
relationship h = 142.13 - 0.083(T ? 91.58), where T is temperature, K
b The contact angles at the initial stage of wetting in the range of temperatures 900–950 �C are
21–58�, depending on temperature and decreasing remarkably with its growth

Table 3.8 The interaction of tungsten with some chemicals and complex gases [5, 19, 36, 87,
116–117, 265, 276]a

Reagent, formula Character of chemical interaction, examples of general reactions

Air,
N2 ? O2

W is stable at room temp. in air, the oxidation initiates from 300 to
500 �C and leads to the formation of W4O11:
8W ? 11O2 ? 2W4O11,
at higher temp. WO3 is formed:
2W ? 3O2 ? 2WO3.
The intensive oxidation of W at air begins from 850 to 900 �C and
leads to a marked loss of material by the vaporization of oxides.

Water,
H2O

No interaction at the ambient temp., at temp. [400–600 �C WO3 is
formed:
W ? 3H2O ? WO3 ? 3H2

At temp. [500 �C the oxidation of W in the presence of water vapour
is severe and accompanied with the more intensive vaporization of
WO3, which interacts with the formation of the volatile products:
WO3 ? H2O $ WO2(OH)2 (or H2WO4)

Hydrogen peroxide,
H2O2

The interaction results in the oxidation and dissolution of W:
W ? 2H2O2 ? WO2 ? 2H2O,
WO2 ? H2O2 ? H2WO4,
2WO2 ? 6H2O2 ? H2W2O11 ? 5H2O,
3H2W2O11 ? 2H2W3O12 ? H2O,
3H2WO4 ? 2H2O2 ? H2W3O12 ? 4H2O;
increased temp. enhances the dissolution rate up to 60 �C, higher
temp. slow down the reaction because of H2O2 decomposition.
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Table 3.8 (continued)

Reagent, formula Character of chemical interaction, examples of general reactions

Nitrogen oxides,
N2O, NO, NO2

At elevated and high temp. the interaction results in the oxidation of W:
W ? 3N2O ? WO3 ? 3N2,
2W ? 6NO ? 2WO3 ? 3N2,
4W ? 6NO2 ? 4WO3 ? 3N2.

Sulphur dioxide,
SO2

At temp. C700–900 �C the interaction between W and SO2 leads to
the formation of W oxides and S released:
2W ? 3SO2 ? 2WO3 ? 3S,
W ? 2SO2 ? WO3 ? �O2 ? 3S2.

Sulphur hexafluoride,
SF6

At 500–700 �C the ternary compound WSF4 is formed:
3W ? 2SF6 ? 2WSF4 ? WF4.

Disulphur dichloride,
S2Cl2

In the presence of air WOCl4 is formed:
W ? 2S2Cl2 ? �O2 ? WOCl4 ? 2S2

and, under exclusion—WCl6:
W ? 3S2Cl2 ? WCl6 ? 3S2

Boron trichloride,
BCl3

At 900–1000 �C the interaction leads to the formation of W borides.

Carbon monoxide,
CO

At 80–200 �C the interaction leads to the formation of W
hexacarbonyl:
W ? 6CO ? W(CO)6,
at temp. [900–1000 �C, bulk W is carburized and carbides are
formed:
(2 ? x)W ? 2CO ? W2+xC ? CO2,
W ? 2(1 ± x)CO ? WC1±x ? (1±x)CO2

Nanocrystalline W powders start to carburize from *550 �C.
Carbon dioxide,
CO2

The interaction initiates at temp. [ 600 �C and leads to the formation
of lower or higher W oxides:
W ? nCO2 ? WOn ? nCO

Hydrogen sulphide,
H2S

At temp. [600–800 �C the interaction between W and H2S leads to
the formation of W sulfides:
W ? (2 - x)H2S ? WS2–x ? (2 - x)H2

Hydrogen selenide,
H2Se

The interaction between W and H2Se at 300–400 �C leads to the
formation of W selenide:
W ? H2Se ? WSe ? H2,
and at 500–800 �C—W diselenide (decomposes at temp. [850 �C):
W ? (2 - x)H2Se ? WSe2–x ? (2 - x)H2

Hydrocarbons,
CmHn

The interaction between W and hydrocarbons initiates from
1000–1200 �C and leads to the formation of W carbides, at
1400–1600 �C the interaction is very intensive. W reacts with CH4

forming W2+xC and WC1±x:
W ? (1 ± x)CH4 ? WC1±x ? 2(1 ± x)H2,
(2 ? x)W ? CH4 ? W2+xC ? 2H2

Hydrogen cyanide,
HCN

At 700–2200 �C the interaction leads to the formation of W
monocarbide:
W ? (1 ± x)HCN ? WC1±x ? �(1 ± x)H2 ? �(1 ± x)N2,
at 2200–2600 �C—W semicarbide:
(2 ? x)W ? HCN ? W2+xC ? �H2 ? �N2,
and at temp. C2600 �C, in addition graphite is formed:
(2 ? x)W ? 2HCN ? W2+xC ? C ? H2 ? N2

(continued)
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Table 3.8 (continued)

Reagent, formula Character of chemical interaction, examples of general reactions

Carbon tetrafluoride,
CF4

At elevated temp. the interaction results in the formation of WF6.

Carbon tetrachloride,
CCl4

At temp. C600 �C the interaction results in the formation of WCl6
and WCl4.

Carbon disulphide,
CS2

At elevated temp. the interaction results in the formation of WS2–x.

Silicon tetrachloride,
SiCl4

At 1000–1200 �C in H2 atmosphere, the interaction leads to the
formation of W disilicide:
W ? 2SiCl4 ? 4H2 ? Wsi2 ? 8HCl

Silicon tetrabromide,
SiBr4

In H2 atmosphere, the interaction leads to the formation of W
disilicide:
W ? 2SiBr4 ? 4H2 ? Wsi2 ? 8HBr

Phosphine,
PH3

At temp. C850 �C the interaction leads to the formation of WP.

Ammonia (gas),
NH3

At 150–800 �C the interaction between W and NH3 is accompanied
with embrittlement because of the formation of various nitrides; at
temp. C800 �C the interaction becomes intensive.

Ammonia (aqueous
solution),
NH4OH

No interaction (it initiates only in the presence of H2O2).

Sodium oxide,
Na2O

At temp. [500 �C Na2O reacts with W:
W ? 4Na2O ? Na2WO4 ? 6Na

Sodium sulphide,
Na2S

No interaction at temp. \1500 �C.

Sodium hydroxide,
NaOH

No interaction with NaOH in aqueous solution (without oxidizing
agents including O2 and air); the slow interaction, which leads to the
formation of tungstates (wolframates), is observed between molten
NaOH and W in the presence of O2; the intensive interaction occurs in
the presence of oxidizers (KNO2, KNO3, KClO3, PbO2 and others).
For the reactions, see the next section on potassium hydroxide, KOH.

Sodium hydroxide with
sodium nitrate,
NaOH ? NaNO2

The dissolution of W occurs due to the following reactions:
W ? 6NaNO2 ? Na2WO4 ? 2Na2O ? 6NO

Sodium hydroxide with
sodium nitrite,
NaOH ? NaNO3

The dissolution of W occurs due to the following reactions:
W ? 6NaNO3 ? Na2WO4 ? 2Na2O ? 6NO2

Sodium nitrate with soda,
NaNO3 ? Na2CO3

At elevated temp. the interaction results in the formation of tungstates
(wolframates) soluble in aqueous solutions:
W ? 3NaNO3 ? Na2CO3 ? Na2WO4 ? 3NaNO2 ? CO2.

Sodium sulphate,
Na2SO4

At temp. [320 �C Na2SO4 reacts with W:
(3 - x)W ? (2 - x)Na2SO4 ? (2 - x)Na2WO4 ? WS2-x

Sodium carbonate,
Na2CO3

At temp. [950 �C Na2CO3 slowly reacts with W:
W ? 3Na2CO3 ? Na2WO4 ? 2Na2O ? 3CO

Sodium chloride,
NaCl

Weak interaction in aqueous solution.

Ammonium chloride,
NH4Cl

Weak interaction in aqueous solution.
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Table 3.8 (continued)

Reagent, formula Character of chemical interaction, examples of general reactions

Sodium hypochlorite,
NaClO

The interaction results in the dissolution of W:
W ? 3NaClO ? H2O ? Na2WO4 ? NaCl ? 2HCl

Iron (III) chloride,
FeCl3

The intensive interaction results in the dissolution of W:
W ? 6FeCl3 ? 4H2O ? H2WO4 ? 6FeCl2 ? 6HCl

Barium carbonate,
BaCO3

At temp. 600–800 �C BaCO3 reacts with W:
W ? 3BaCO3 ? Ba3WO6 ? 3CO

Potassium hydroxide,
KOH

No interaction with KOH in aqueous solution (without oxidizing
agents including O2 and air); the slow interaction, which leads to the
formation of tungstates (wolframates), is observed between molten
KOH and W in the presence of O2:
2W ? 4(n ? 1)KOH ? 3O2 ? 2K2(n+1)WOn+4 ? 2(n ? 1)H2O;
the intensive interaction occurs in the presence of oxidizers (KNO2,
KNO3, KClO3, PbO2 and others):
W ? 2nKOH ? 2KNO2 ? K2(n+1)WOn+4 ? N2 ? nH2O,
W ? 2(n ? 1)KOH ? 3KNO3 ? K2(n+1)WOn+4 ? 3KNO2

? (n ? 1)H2O,
W ? 2(n ? 1)KOH ? KClO3 ?K2(n+1)WOn+4 ? KCl ? (n ? 1)H2O.

Potassium hydroxide
with potassium
hexacyanoferrate (III),
KOH ? K3[Fe(CN)6]

The interaction results in the dissolution of W:
W ? 6K3[Fe(CN)6] ? 8KOH ? K2WO4 ? 6K4[Fe(CN)6] ? 4H2O

Potassium dichromate,
K2Cr2O7

Binary powder mixtures of W and K2Cr2O7 are easy to ignite
(650–660 �C) and burn over a wide range of compos.; there is only
little change in weight (gasless pyrotechnical system):
W ? K2Cr2O7 ? K2WO4 ? Cr2O3.

Nitric acid,
HNO3

Slight interaction at room temp.; at 100–110 �C the interaction leads
to the slow oxidation of W.

Sulphuric acid,
H2SO4

No interaction at room temp.; slight interaction at 100–110 �C
(increased attack occurs by fuming H2SO4).

Hydrochloric acid,
HCl

No interaction at room temp.; slight interaction at 100–110 �C.

Hydrobromic acid,
HBr

Weak interaction.

Hydroiodic acid,
HI

Weak interaction in concentrated solutions.

Periodic acid,
HIO4

No interaction.

Hydrogen chloride,
HCl

At temp. C500–700 �C the interaction is very intensive and leads to
the formation of various W chlorides.

Hydrofluoric acid,
HF

Practically, no interaction at 20–110 �C; any addition of oxydizing
agents increases the dissolution rate considerably.

Phosphoric acid,
H3PO4

No interaction at room temp., and slight interaction at 100–110 �C
with diluted H3PO4 as long as air is excluded. Concentrated acid
easily dissolves W. At temp. C250 �C the interaction results in the
formation of complex compounds on the surface of W.

Hydrochloric acid with
nitric acid (aqua regia),
HCl ? HNO3

The interaction is slow at room temp. and intensifies on heating. For
the reactions, see the next section on hydrofluoric-nitric acid mixtures
HNO3 ? HF.

(continued)
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The self-diffusion characteristics of tungsten atoms, diffusion characteristics in
tungsten—element and tungsten—chemical compound systems in the wide range
of temperatures, and summarized data on the physico-chemical interaction of
tungsten with elements of the periodic table are given in Addendum.

References

1. Steurer W (1996) Crystal structure of the metallic elements. In: Cahn RW, Haasen P (eds)
Physical metallurgy, 4th ed., Vol. 1, pp. 1–46. Elsevier Science BV, Amsterdam

2. Cotton FA, Wilkinson G (1965) Advanced inorganic chemistry. Wiley, New York, London
3. Akhmetov NS (2001) Obschaya i neorganicheskaya khimiya (General and inorganic

chemistry), 4th ed. Vysshaya Shkola, Moscow (in Russian)
4. Waseda Y, Hirata K, Ohtani M (1975) High-temperature thermal expansion of platinum,

tantalum, molybdenum and tungsten measured by X-ray diffraction. High Temp High
Pressures 7:221–226

5. Kotelnikov RB, Bashlykov SN, Galiakbarov ZG, Kashtanov AI (1968) Osobo tugoplavkie
elementy i soedineniya (Extra refractory elements and compounds). Metallurgiya, Moscow
(in Russian)

6. Zefirov AP (ed), Veryatin UD, Mashirev VP, Ryabtsev NG, Tarasov VI, Rogozkin BD,
Korobov IV (1965) Termodinamicheskie svoistva neorganicheskikh veschestv
(Thermodynamic properties of inorganic substances). Atomizdat, Moscow (in Russian)

7. Hoch M (1969) Thermal properties of tungsten at high temperatures. High Temp High
Pressures 1:531–542

8. Speight JG, ed (2005) Lange’s handbook of chemistry, 16th ed. McGraw-Hill, New York
9. Rieck GD (1967) Tungsten and its compounds. Pergamon Press, Oxford, New York

10. Lide DR, ed (2010) CRC handbook of chemistry and physics, 90th ed. CRC Press, Boca
Raton, New York

11. Martienssen W (2005) The elements. In: Martienssen W, Warlimont H (eds) Springer
handbook of condensed matter and materials data, pp. 45–158. Springer, Berlin, Heidelberg

12. Plante ER, Sessoms AB (1973) Vapor pressure and heat of sublimation of tungsten. J Res
Nat Bur Stand Sect A Phys Chem 77(2):237–242

Table 3.8 (continued)

Reagent, formula Character of chemical interaction, examples of general reactions

Hydrofluoric-nitric acid
mixtures,
HF ? HNO3

The interaction is intensive and leads to the dissolution of W:
W ? 6HNO3 ? 2HF ? WO2F2 ? 6NO2 ? 4H2O,
5W ? 6HNO3 ? 10HF ? 5WO2F2 ? 3N2 ? 8H2O,
5W ? (16 - n)HNO3 ? nHF ? (5 - n/2)WO2(NO3)2

? n/2WO2F2 ? 3N2 ? 8H2O.
Hydrofluoric-sulphuric-
nitric acid mixtures,
HF ? H2SO4 ? HNO3

W is dissolved quickly at all concentrations.

a Etching agents for tungsten: boiling 3 % H2O2 aqueous solution (for grain boundaries and
subboundaries), 25 % CuSO4�5H2O ? NH4OH mixture (ratio 2:1) at 40 �C (for single crystals),
10 % NaOH ? 30 % K3[Fe(CN)6] aqueous solution (chemical etching), 2–10 % NaOH aqueous
solution (electrochemical etching, 1–2 V, 0.017 A cm-2)

298 3 Tungsten



13. Cezairliyan A (1972) Measurement of melting point and electrical resistivity (above 3600 K)
of tungsten by a pulse heating method. High Temp Sci 4(3):248–252

14. Samsonov GV, ed (1976) Svoistva elementov (Properties of elements), 2nd ed., Vol. 1.
Metallurgiya, Moscow (in Russian)

15. Backlund NG (1967) Measurement and analysis of the thermal conductivity of tungsten and
molybdenum at 100–400 K. J Phys Chem Solids 28(11):2219–2223

16. Neimark BE, Voronin IK (1968) Teploprovodnost, udelnoe elektrosoprotivlenie i
integralnaya stepen chernoty tugoplavkikh metallov pri vysokikh temperaturakh (Thermal
conductivity, specific electrical resistance and integral emissivity of refractory metals at
high temperatures). Teplofiz Vys Temp 6(6):1044–1056 (in Russian)

17. Taylor RE, Davis FE, Powell RW (1969) Direct heating methods for measuring thermal
conductivity of solids at high temperatures. High Temp High Pressures 1(6):663–673

18. Vertogradskii VA, Chekhovskoi VYa (1970) Izmerenie teploprovodnosti volframa pri
vysokikh temperaturakh dvukh-mostovym metodom (Measurement of the heat conductivity
of tungsten at high temperatures using the ‘two bridge’ method). Teplofiz Vys Temp
8(4):784–788 (in Russian)

19. Marmer ÉN, Gurvich OS, Maltseva LF (1967) Vysokotemperaturnye materialy
(High-temperature materials). Metallurgiya, Moscow (in Russian)

20. Conway JB, Losekamp AC (1966) Thermal expansion characteristics of several refractory
metals to 2500 �C. Trans TMS-AIME 236:702–709

21. Conway JB (1984) Mechanical and physical properties of refractory metals and alloys. In:
Cooper RH, Jr, Hoffman EE (eds) Refractory alloy technology for space nuclear power
applications, pp. 227–251. Technical Information Center, Office of Scientific and Technical
Information, US Department of Energy, Oak Ridge

22. Kittel C (1971) Introduction to solid state physics, 3rd ed. Wiley, New York
23. Cardarelli F (2008) Materials handbook, 2nd ed. Springer, London
24. Pisarenko GS, Borisenko VA, Kashtalyan (1962) The effect of temperature on the hardness

and modulus of elasticity of tungsten and molybdenum (20–2700 �C). Powder Metall Met
Ceram 1(5):371–374

25. Sell HG, Morcom WR, King GW (1966) Development of dispersion strengthened tungsten
base alloys. Report AFML-TR-65–407, Part 2. Westinghouse Lamp Division, Bloomfield,
New Jersey

26. Klopp WD, Raffo PL (1964) Effect of purity and structure on recrystallization, grain growth,
ductility, tensile and creep properties of arc-melted tungsten. Report NASA-TND-2503.
NASA Lewis Research Center, Cleveland, Ohio

27. Klopp WD, Witzke WR (1966) Mechanical properties and recrystallization behaviour of
electron-beam-melted tungsten compared with arc-melted tungsten. Report NASA-TND-
3232. NASA Lewis Research Center, Cleveland, Ohio

28. Taylor JL, Boone DH (1964) Tensile properties of pyrolytic tungsten from 1370 to 2980 �C
in vacuum. J Less-Common Met 6:157–164

29. McDanels DL, Signorelli RA (1966) Stress-rupture properties of tungsten wire from 1200 to
2500 �F. Report NASA-TN-D-3467, Glenn Research Center, Cleveland, Ohio

30. Wright PK (1978) The high temperature creep behavior of doped tungsten wire. Metall
Trans A 9(7):955–963

31. Moon DM, Stickler R (1971) Creep behaviour of fine wires of P/M pure, doped and
thoriated tungsten. High Temp High Pressures 3:503–518

32. Pugh JW (1973) On the short time creep rupture properties of lamp wire. Metall Trans
4:533–538

33. Plansee Aktiengesellschaft (2000) Materials data base. Reutte, Austria
34. Lowrie R, Gonas AM (1965) Dynamic elastic properties of polycrystalline tungsten,

24–1800 �C. J Appl Phys 36:2189–2192
35. Lowrie R, Gonas AM (1967) Single-crystal elastic properties of tungsten from 24 to 1800 �C.

J Appl Phys 38:4505–4509

References 299



36. Samsonov GV, ed (1976) Svoistva elementov (Properties of elements), 2nd ed., Vol. 2.
Metallurgiya, Moscow (in Russian)

37. Lyakishev NP, ed (1997) Diagrammy sostoyaniya dvoinykh metallicheskikh sistem (Phase
diagrams of binary metal systems), Vol. 2. Mashinostroenie, Moscow (in Russian)

38. Frauenfelder R (1969) Solution and diffusion of hydrogen in tungsten. J Vac Sci Technol
6(3):388–397

39. Mazaev AA, Avarbe RG, Vilk YuN (1968) O rastvorimosti vodoroda v volframe pri
vysokikh temperaturakh i davleniyakh (On the solubility of hydrogen in tungsten at high
temperatures and pressures). Izv AN SSSR Metally (6):223–226 (in Russian)

40. Lyakishev NP, ed (2001) Diagrammy sostoyaniya dvoinykh metallicheskikh sistem (Phase
diagrams of binary metal systems), Vol. 3, Part 1. Mashinostroenie, Moscow (in Russian)

41. Sangster J, Pelton AD (1991) The Li-W (lithium-tungsten) system. J Phase Equilibria
12(2):203

42. Sangster J, Pelton AD (1991) The Na-W (sodium-tungsten) system. J Phase Equilibria
12(2):204

43. Lyakishev NP, ed (1996) Diagrammy sostoyaniya dvoinykh metallicheskikh sistem (Phase
diagrams of binary metal systems), Vol. 1. Mashinostroenie, Moscow (in Russian)

44. Goldschmidt HJ, Ham WM (1966) The tungsten-rich end of the tungsten-beryllium system.
J Less-Common Met 10(1):57–65

45. Okamoto H, Tanner LE (1986) The Be-W (beryllium-tungsten) system. Bull Alloy Phase
Diagrams 7(4):356–358

46. Massalski TB, Subramanian PR, Okamoto H, Kacprzak L, eds (1990) Binary alloy phase
diagrams, 2nd ed. ASM International, Metals Park, Ohio

47. Lyakishev NP, ed (2000) Diagrammy sostoyaniya dvoinykh metallicheskikh sistem (Phase
diagrams of binary metal systems), Vol. 3, Part 2. Mashinostroenie, Moscow (in Russian)

48. Pandian S, Naidu SVN, Rao PR (1988) The rare earth – tungsten systems. J Alloy Phase
Diagrams 4(2):73–116

49. Dennison DH, Tschetter MJ, Gschneidner KA, Jr (1966) The solubility of tantalum and
tungsten in liquid rare-earth metals. J Less-Common Met 11(6):423–435

50. De Boer FR, Dijkman WH, Mattens WCM, Miedema AR (1979) On the valence state of Yb
and Ce in transition metal intermetallic compounds. J Less-Common Met 64(2):241–253

51. Miedema AR (1976) On the valence state of europium in alloys. J Less-Common Met
46(1):167–183

52. Chandrasekharaiah MS, Dharwadkar SR, Das D (1986) High-temperature phase diagrams
of Re-U, Ta-U and W-U. Z Metallkd 77(8):509–514

53. Pandian S, Naidu SVN, Rao PR (1988) The W-U (tungsten-uranium) system. J Alloy Phase
Diagrams 4(3):148–153

54. Pandian S, Naidu SVN, Rao PR (1988) The Pu-W (plutonium-tungsten) system. J Alloy
Phase Diagrams 4(3):154–159

55. Murray JL (1981) The Ti-W (titanium-tungsten) system. Bull Alloy Phase
Diagrams 2(2):192–196

56. Lee SK, Lee DN (1986) Calculation of phase diagram using partial phase diagram data.
Calphad 10(1):61–76

57. Savitskii EM, Povarova KB, Makarov PV (1978) Metallovedenie volframa (Metallography
of tungsten). Metallurgiya, Moscow (in Russian)

58. Chang YA (1969) Phase investigations in the system zirconium-tungsten. J Less-Common
Met 17(3):325–328

59. Naidu SVN, Rao PR (1987) The W-Zr (tungsten-zirconium) system. J Alloy Phase
Diagrams 3(1):47–56

60. Naidu SVN, Rao PR (1987) The Hf-W (hafnium-tungsten) system. J Alloy Phase
Diagrams 3(1):38–46

61. Yeremenko VN, Velikanova TYa, Artyukh LV, Vishnevsky AS (1975) Phase diagram of
ternary system hafnium-tungsten-carbon. Solidus surface projection. Rev Int Hautes Temp
Refract 12(3):209–213

300 3 Tungsten



62. Naidu SVN, Sriramamurthy AM, Vijayakumar M, Rao PR (1988) The W-V (tungsten-
vanadium) system. J Alloy Phase Diagrams 4(3):191–198

63. Rudy E (1969) Compendium of phase diagram data. In: Ternary phase equilibria in
transition metal-boron-carbon-silicon systems. Report AFML-TR-65–2, Contracts USAF
33(615)-1249 and USAF 33(615)-67-C-1513, Part 5, pp. 1–689. Air Force Materials
Laboratory, Wright-Patterson Air Force Base, Ohio

64. Naidu SVN, Sriramamurthy AM, Rao PR (1988) The Nb-W (niobium-tungsten) system.
J Alloy Phase Diagrams 4(3):184–190

65. Krishnan R, Garg SP, Krishnamurthy N (1987) Tantalum-tungsten system. J Alloy Phase
Diagrams 3(1):1–3

66. Den Broeder FJA (1972) Interface reaction and a special form of grain boundary diffusion in
the Cr-W system. Acta Metall 20(3):319–332

67. Margaria T, Allbert CH, Ansara Y, Driole J (1976) Study of the W-Ni-Cr system at high
temperature. High Temp High Pressures 8(4):451–459

68. Naidu SVN, Sriramamurthy AM, Rao PR (1984) The Cr-W (chromium-tungsten) system.
Bull Alloy Phase Diagrams 5(3):289–292

69. Taylor A, Doyle NJ (1965) The constitution diagram of the tungsten-molybdenum-osmium
system. J Less-Common Met 9(3):190–205

70. Naidu SVN, Sriramamurthy AM, Rao PR (1984) The Mo-W (molybdenum-tungsten)
system. Bull Alloy Phase Diagrams 5(2):177–180

71. Gustafson P (1988) Experimental study and a thermodynamic evaluation of the Fe-Mo-W
system. Z Metallkd 79(6):388–396

72. Naidu SVN, Rao PR (1986) The Mn-W (manganese-tungsten) system. J Alloy Phase
Diagrams 2(1):38–40

73. Darby JB, Jr, Norton LJ, Downey JW (1964) Technetium compounds with the MgZn2

structure. J Less-Common Met 6(2):165–167
74. Savitskii EM, Tylkina MA, Levin AM (1980) Splavy reniya v elektronike (Rhenium alloys

in electronics). Energiya, Moscow (in Russian)
75. Savitskii EM, Tylkina MA, Shishkina LL (1959) Diagramma sostoyaniya sistemy volfram-

renii (The constitution diagram of the tungsten-rhenium system). Izv AN SSSR OTN
Metallurgiya Toplivo (3):99–107 (in Russian)

76. Savitskii EM, Tylkina MA, Khamidov OKh (1969) Issledovanie rastvorimosti
perekhodnykh metallov v renii i nekotorye svoistva splavov (A study of the solubility of
transition metals in rhenium and some properties of the alloys). Izv AN SSSR Metally
(4):200–208 (in Russian)

77. Khusainov MA, Lakhotkin YuV, Umidov DM, Krasovskii AI (1981) Struktura i fazovyi
sostav splavov W-Re, poluchennykh gazofaznym osazhdeniem (The structure and phase
composition of the W-Re alloys obtained by gas phase deposition). Izv AN SSSR Metally
(4):191–196 (in Russian)

78. Swartzendruber LJ (1982) The Fe-W (iron-tungsten) system. Bull Alloy Phase
Diagrams 3(2):161–165

79. Naidu SVN, Sriramamurthy AM, Rao PR (1986) The Fe-W (iron-tungsten) system. J Alloy
Phase Diagrams 2(3):176–188

80. Taylor A, Kagle BJ, Doyle NJ (1961) The constitution diagram of the tungsten-osmium
binary system. J Less-Common Met 3(4):333–347

81. King HW (1981) Crystal structures of the elements at 25 �C. Bull Alloy Phase
Diagrams 2(3):401–402

82. Naidu SVN, Rao PR (1986) The Os-W (osmium-tungsten) system. J Alloy Phase
Diagrams 2(2):93–96

83. Gabriel A, Lukas HL, Allbert CH, Ansara I (1985) Experimental and calculated phase
diagrams of the Ni-W, Co-W and Co-Ni-W systems. Z Metallkd 76(9):589–595

84. Naidu SVN, Sriramamurthy AM, Rao PR (1986) The Co-W (cobalt-tungsten) system.
J Alloy Phase Diagrams 2(1):43–52

References 301



85. Fernandez-Guillermet A (1988) Thermodynamic calculation of the Fe-Co-W phase
diagram. Z Metallkd 79(10):638–642

86. Giessen BC, Jaehnigen U, Grant NJ (1966) Ordered AB and AB3 phases in T6-T9 alloy
systems and a modified Mo-Ir phase diagram. J Less-Common Met 10(2):147–150

87. Lassner E, Schubert W-D (1999) Tungsten. Kluwer Academic / Plenum Publishers, New York
88. Tylkina MA, Polyakova VP, Shekhtman VSh (1963) Sistema iridii-volfram (The iridium-

tungsten system). Zh Neorg Khim 8(11):2549–2555 (in Russian)
89. Muster WJ, Yoon DN, Hoppmann WJ (1979) Solubility and volume diffusion of nickel in

tungsten at 1640 �C. J Less-Common Met 65(2):211–216
90. Naidu SVN, Sriramamurthy AM, Rao PR (1986) The Ni-W (nickel-tungsten) system.

J Alloy Phase Diagrams 2(1):1–11
91. Savitskii EM, Polyakova VP, Gorina NB, Roshan NR (1975) Metallovedenie platinovykh

metallov (Metallography of platinum metals). Metallurgiya, Moscow (in Russian)
92. Knapton AG (1980) Alloys of platinum and tungsten. Platinum Met Rev 24(2):64–69
93. FactSage (2007) Data from SGTE alloy database. Collection of phase diagrams. http://www.

crct.polymtl.ca/fact/phase_diagram.php?file=Ag-W.jpg&dir=SGTE Accessed 4 July 2011.
94. Naidu SVN, Rao PR (1986) The W-Zn (tungsten-zinc) system. J Alloy Phase

Diagrams 2(1):66–67
95. Fleitman AH, Romano AJ, Klamut CJ (1966) Boiling mercury corrosion of certain

refractory metals and stainless steels from 593 to 703 �C. Corrosion 22(5):137–142
96. Rudy E, Benesovski F, Toth L (1963) Untersuchungen der Dreistoffsysteme der Va- und

VIa-Metalle mit Bor und Kohlenstoff (Studies of the ternary systems of the group Va and
VIa metals with boron and carbon). Z Metallkd 54(6):345–353 (in German)

97. Portnoi KI, Romashov VM, Levinskii YuV, Romanovich IV (1967) Phase diagram of the
system tungsten-boron. Powder Metall Met Ceram 6(5):398–402

98. Kuzma YuB (1983) Kristallokhimiya boridov (The crystal chemistry of borides). Vyshcha
Shkola, Lviv (in Russian)

99. Suryanarayana C (1973) Constitution of liquisol-quenched Al-W alloys. J Mater Sci
8(5):760–761

100. Popova SV, Fomitcheva LN (1981) Crystallization of tungsten-gallium alloys at high
pressure. J Less-Common Met 77(1):137–140

101. Kocherzhinskii YuA, Kulik OG, Shishkin EA, Yupko LM (1973) Diagramma sostoyaniya
sistemy volfram-kremnii (The constitution diagram of the tungsten-silicon system).
Doklady AN SSSR 212(3):642–643 (in Russian)

102. Kosolapova TYa, ed (1990) Handbook of high-temperature compounds: properties,
production and applications. Hemisphere, New York

103. Toth LE (1971) Transition metal carbides and nitrides. Academic Press, New York, London
104. Khitrova VI, Pinsker ZG (1961) Nekotorye voprosy kristallokhimii nitridov volframa i

ryada drugikh faz vnedreniya (Some problems of the crystal chemistry of tungsten nitrides
and series of other interstitial phases). Kristallografiya 6(6):882–891 (in Russian)

105. Wriedt HA (1989) The N-W (nitrogen-tungsten) system. Bull Alloy Phase Diagrams 10(4):
358–367

106. Fromm E, Jehn H (1971) Gleichwichte und Ausgasung Kinetik in den Systemen Mo-N,
W-N und Re-N (Equilibria and outgassing kinetics in the systems Mo-N, W-N and Re-N).
High Temp High Pressures 3:553–564 (in German)

107. Fromm E, Jehn H (1971) Stickstoffloeslichkeit in Wolfram bei hohen Temperaturen (Nitrogen
solubility in tungsten at high temperatures). Z Metallkd 62(5):378–381 (in German)

108. Fromm E, Jehn H (1969) Zur Hochtemperaturlöslichkeit von Stickstoff in Wolfram (On the
high-temperature solubility of nitrogen in tungsten). J Less-Common Met 17(1):124–126 (in
German)

109. Prevarskii AP, Kuzma YuB (1983) Fazovye ravnovesiya i kristallicheskie struktury
soedinenii v sisteme W-Cu-Al (The phase equilibria and crystal structures of compounds in
the W-Cu-Al system). Izv AN SSSR Metally (5):225–226 (in Russian)

302 3 Tungsten

http://www.crct.polymtl.ca/fact/phase_diagram.php?file=Ag-W.jpg&dir=SGTE
http://www.crct.polymtl.ca/fact/phase_diagram.php?file=Ag-W.jpg&dir=SGTE


110. Efimov YV, Frolova TM, Bodak OI, Kharchenko OI (1984) Sistema W-WS2-Cu (The
W-WS2-Cu system). Izv AN SSSR Neorg Mater 20(9):1593–1595 (in Russian)

111. Niessen AK, De Boer FR, Boom R, De Chatel PF, Mattens WCM, Miedema AR (1983) The
enthalpy of solution for solid binary alloys of two 4d-transition metals. Calphad 7(1):51–70

112. Vijayakumar M, Sriramamurthy AM, Naidu SVN (1987) Calculated phase diagrams of Cu-W,
Ag-W and Au-W binary systems. Calphad 11(4):369–374

113. Vijayakumar M, Sriramamurthy AM, Naidu SVN (1988) Calculated phase diagrams of
Cu-W, Ag-W and Au-W. Calphad 12(2):177–184

114. Qui C-A, Jin Z-P, Huang P-Y (1988) Phase equilibria in the W-Ni-Cu system: Part 2.
Thermodynamic calculation. Z Metallkd 79(12):767–769

115. Jensen P, Kjekshus A, Skansen T (1966) The systems molybdenum-arsenic, tungsten-
arsenic, molybdenum-antimony, tungsten-antimony, niobium-bismuth, tantalum-bismuth,
molubdenum-bismuth and tungsten-bismuth. Acta Chem Scand 20(2):403–416

116. Kofstad P (1966) High-temperature oxidation of metals. Wiley, New York, London
117. Kofstad P (1988) High-temperature corrosion. Elsevier Applied Science, London, New

York
118. Magneli A (1953) Structures of the ReO3-type with recurrent dislocations of atoms:

‘homologous series’ of molybdenum and tungsten oxides. Acta Crystallogr 6:495–500
119. Sundberg M (1976) The crystal and defect structures of W25O73, a member of the

homologous series WnO3n–2. Acta Crystallogr B 32(7):2144–2149
120. Salye E (1977) The orthorhombic phase of WO3. Acta Crystallogr B 33(2):574–577
121. Sundberg M (1980) Structure and ‘‘oxidation behaviour’’ of W24O70, a new member of the

{103} CS series of tungsten oxides. J Solid State Chem 35(1):120–127
122. Booth J, Ekstrom T, Iguchi E, Tilley RJD (1982) Notes on phases occurring in the binary

tungsten-oxygen system. J Solid State Chem 41(3):293–307
123. Altstetter CJ (1984) Metal-oxygen systems. Bull Alloy Phase Diagrams 5(6):543–553
124. Wriedt HA (1989) The O-W (oxygen-tungsten) system. Bull Alloy Phase

Diagrams 10(4):368–384
125. Ackerman RJ, Rauh EG (1963) A thermodynamic study of the tungsten-oxygen system at

high temperatures. J Phys Chem 67(12):2596–2601
126. Raghavan V (1988) The Fe-S-W (iron-sulphur-tungsten) system. J Alloy Phase

Diagrams 4(3):175–183
127. Bondarenko VP, Morozov VV, Chernyak LV (1971) Reaction of lanthanum and cerium

hexaborides with refractory metals. Powder Metall Met Ceram 10(1):57–61
128. Chaban NF, Kuzma YuB (1990) Isothermal section of the system erbium-tungsten-boron at

1270 K. Powder Metall Met Ceram 29(10):845–847
129. Rogl P (2008) Boron–iron–tungsten system. In: Effenberg G, Ilyenko S (eds) Ternary alloy

systems, Subvol. D, Part 1, pp. 455–463, Springer, Berlin, Heidelberg
130. Haschke H, Nowotny H, Benesovsky F (1966) Untersuchungen im der ternären Systeme

(Mo,W)-(Fe,Co,Ni)-B (Investigations in the systems (Mo,W)-(Fe,Co,Ni)-B). Monatsh
Chem 97:1459–1468 (in German)

131. Hasegawa M, Okamoto M (1966) A study on the ternary alloys of iron and boron. Nippon
Kinzoku Gakkai-Si 30(6):533–540 (in Japanese)

132. Leithe-Jasper A, Klesnar H, Rogl P, Komai M, Takagi K-I (2000) Reinvestigation of
isothermal section in M(M = Mo,W)-Fe-B ternary systems at 1323 K. J Jpn Inst Met
64(2)154–162 (in Japanese)

133. Rogl P (2009) Boron–hafnium–tungsten system. In: Effenberg G, Ilyenko S (eds) Ternary
alloy systems, Subvol. E, Part 1, pp. 523–535. Springer, Berlin, Heidelberg

134. Harmon DP (1966) Hf-Mo-B and Hf-W-B systems. In: Ternary phase equilibria in
transition metal-boron-carbon-silicon systems. Report AFML-TR-65–2, Contract USAF
33(615)-1249, Part 2, Vol. 11, pp. 1–41. Air Force Materials Laboratory, Wright-Patterson
Air Force Base, Ohio

References 303



135. Kuzma YuB, Lakh VI, Stadnyk BI, Kovalyk DA (1970) Systems hafnium-tungsten-boron,
hafnium-rhenium-boron and niobium-rhenium-boron. Powder Metall Met Ceram
9(12):1003–1006

136. Rogl P, Nowotny H, Benesovsky F (1971) Complex Boride in den Systemen Hf-Mo-B und
Hf-W-B (Complex borides in the systems Hf-Mo-B and Hf-W-B). Monatsh Chem
104:182–193 (in German)

137. Rogl P, Nowotny H, Benesovsky F (1973) Novel j-Boride und verwandte Phasen (Novel
j-borides and related phases). Monatsh Chem 104:182–193 (in German)

138. Ordanyan SS, Kosterova NV, Maksimova NM (1980) Interaction in the HfB2-W system.
Inorg Mater 16(5):839–841

139. Povarova KB, Zavarzina EK (1994) Tungsten corner of W-Hf-B system. Russ Metall
(2):126–130

140. Ordanyan SS (1988) O zakonomernostyakh vzaimodeistviya v sistemakh LaB6–MIV-VIB2

(Common aspects of phase relations in LaB6–MIV-VIB2 systems). Izv AN SSSR Neorg
Mater 24(2):235–238 (in Russian)

141. Ordanyan SS, Nesmelov DD, Vikhman SV (2009) Phase relations in the LaB6–W2B5

system. Inorg Mater 45(7):754–757
142. Bulanova M, Heulens J (2010) Boron–molybdenum–tungsten system. In: Effenberg G,

Ilyenko S (eds) Ternary alloy systems, Subvol. E, Part 2, pp. 61–71. Springer, Berlin,
Heidelberg

143. Holleck H (1984) Binäre und ternäre Carbid- und Nitridsysteme der Ubergangsmetalle
(Binary and ternary carbide and nitride systems of the transition metals). Gebrüder
Bornträeger, Berlin, Stuttgart (in German)

144. Rogl P, Schuster JC (1992) Phase diagrams of ternary boron nitride and silicon nitride
systems. ASM International, Materials Park, Ohio

145. Artamonov AYa, Lapskov YuK, Kozachenko MV, Yurchenko DZ, Dudnik EM (1967)
Physical and technical properties of alloys of the system W–BN. Powder Metall Met Ceram
6(9):727–731

146. Borisova AL, Martsenyuk IS (1975) Reactions of boron and aluminum nitrides and
materials based on them with refractory metals. Powder Metall Met Ceram 14(10):822–826

147. Samsonov GV, ed (1978) Fiziko-khimicheskie svoistva okislov (Physico-chemical
properties of oxides), 2nd ed. Metallurgiya, Moscow (in Russian)

148. Ordanyan SS, Vikhman SV, Nagaeva YuS (2009) Composite WSi2–MeVB2 in W-Si-MeV-B
systems. Refract Industrial Ceram 50(2):127–130

149. Kieffer R, Schwarzkopf P (1953) Hartstoffe und Hartmetalle (Refractory hard metals).
Springer, Vienna (in German)

150. Samsonov GV, Vinitskii IM (1980) Handbook on refractory compounds. IFI/Plenum, New
York

151. Perrot P (2010) Boron–titanium–tungsten system. In: Effenberg G, Ilyenko S (eds) Ternary
alloy systems, Subvol. E, Part 2, pp. 194–201. Springer, Berlin, Heidelberg

152. Telle R, Sigl LS, Takagi K (2000) Boride-based hard materials. In: Riedel R (ed) Handbook
of ceramic hard materials, pp. 802–945. Wiley-VCH, Weinheim

153. Kosterova NV, Ordanyan SS (1977) The system Ti-B-W at 1400 �C. Inorg Mater
13(8):1140–1143

154. Ordanyan SS, Boldin AA, Vikhman SV, Prilutskii EV (2000) Interaction in the W2B5–TiB2

system. Russ J Appl Chem 73(12):2131–2132
155. Kumar KCH, Gröbner J, Malfliet A, Moelans N (2010) Boron–tungsten–zirconium system.

In: Effenberg G, Ilyenko S (eds) Ternary alloy systems, Subvol. E, Part 2, pp. 223–229.
Springer, Berlin, Heidelberg

156. Chang YA (1966) Zr-W-B system and the pseudobinary system TaB2-HfB2. In: Ternary
phase equilibria in transition metal-boron-carbon-silicon systems. Report AFML-TR-65–2,
Contract USAF 33(615)-1249, Part 2, Vol. 9, pp. 1–26. Air Force Materials Laboratory,
Wright Patterson Air Force Base, Ohio

304 3 Tungsten



157. Ordanyan SS, Boldin AA, Suvorov SS, Smirnov VV (2005) Phase diagram of the W2B5–
ZrB2 system. Inorg Mater 41(3):232–234

158. Chang LLY, Scroger MG, Phillips B (1966) Alkaline-earth tungstates: equilibrium and
stability in the M-W-O systems. J Am Ceram Soc 49(7):385–390

159. Waring JL (1965) Phase equilibria in the system aluminium oxide–tungsten oxide. J Am
Ceram Soc 48(9):493–494

160. Telegus VS, Kuzma YuB (1968) Phase equilibria in the systems tungsten-chromium-boron
and tungsten-molybdenum- boron. Powder Metall Met Ceram 7(2):133–138

161. Kharitonov VI, Shamrai FI (1969) Ternary system Mo-W-B. Powder Metall Met Ceram
8(7):567–570

162. Kharitonov VI, Shamrai FI, Fedotov SG, Tkachev LG (1971) Solubility of boron in an Mo-
W solid solution and properties of the alloys. Inorg Mater 7(2):201–203

163. Kharitonov VI, Shamrai FI (1971) Fazovaya diagramma Mo-W-B (The Mo-W-B phase
diagram). In: Diagrammy sostoyaniya metallicheskikh sistem (The constitution diagrams of
the metallic systems), pp. 109–112. Nauka, Moscow (in Russian)

164. Yasinskaya GA, Groisberg MS (1963) Interaction of titanium boride with niobium and
tungsten. Powder Metall Met Ceram 2(6):457–458

165. Kuzma YuB, Svarichevskaya SI, Telegus VS (1971) Systems titanium-tungsten-boron,
hafnium-tantalum-boron and tantalum-tungsten-boron. Powder Metall Met Ceram
10(6):478–481

166. Gorbacheva TB, Krylov YuI, Mikova NM (1973) Vysokotemperaturnoe vzaimodeistvie
tugoplavkikh metallov s boridami (High-temperature interaction of refractory metals with
borides). In: Kolchin OP (ed) Tverdye splavy i tugoplavkie metally (Hard alloys and
refractory metals), Vol. 14, pp. 239–243. Metallurgia, Moscow (in Russian)

167. Telle R, Fendler E, Pettsov G (1993) The quasiternary TiB2-W2B5-CrB2 system and its
possibilities in evolution of ceramic hard materials. Powder Metall Met Ceram 32(3):240–248

168. Pohl A, Kizler P, Telle R, Aldinger F (1994) EXAFS studies of (Ti,W)B2 compounds.
Z Metallkd 85(9):658–663

169. Okada S, Kudom K, Lundström T (1995) Preparation and some Properties of W2B, d-WB
and WB2 crystals from high-temperature metal solutions. Jpn J Appl Phys 34:226–231

170. Schmalzried C, Telle R, Freitag B, Mader W (2001) solid state reactions in transition metal
diboride-based materials. Z Metallkd 90(11):1197–1202

171. Shibuya M, Yoneda, T, Yamamoto Y, Ohyanagi M, Munir ZA (2003) Effect of Ni and Co
additives on phase decomposition in TiB2-WB2 solid solutions formed by induction field
activated combustion synthesis. J Am Ceram Soc 86(2):354–356

172. Shibuya M, Kawata M, Ohyanagi M, Munir ZA (2003) Titanium diboride–tungsten
diboride solid solutions formed by induction-field-activated combustion synthesis. J Am
Ceram Soc 86(4):706–710

173. Schmidt H, Fotsing RE, Borchardt G, Schmalzried C, Telle R (2006) Kinetics of precipitate
formation in (TixWyCrz)B2 solid solutions: influence of Cr concentration and Co impurities.
Int J Mater Res 97(6):821–825

174. Sobol OV, Grigoryev ON, Kunitsky YA, Dub SN, Podtelezhnikov AA, Stetsenko AN
(2006) Peculiarities of structure state and mechanical characteristics in ion-plasma
condensates of quasibinary system borides W2B5-TiB2. Sci Sintering 38(1):63–72

175. Shibuya M, Ohyanagi M (2007) Effect of nickel boride additive on simultaneous
densification and phase decomposition of TiB2-WB2 solid solutions by pressureless
sintering using induction heating. J Eur Ceram Soc 27(1):301–306

176. Shibuya M, Yamamoto Y, Ohyanagi M (2007) Simultaneous densification and phase
decomposition of TiB2-WB2 solid solutions activated by cobalt boride addition. J Eur
Ceram Soc 27(1):307–312

177. Sobol OV (2007) Nanostructural ordering in W-Ti-B condensates. Phys Solid State
49(6):1161–1167

178. Helgorsky J (1961) Les réactions d’état solide dans le système Zr-W-B (Solid state reactions
in the system Zr-W-B). Ann Chim 6:1339–1381 (in French)

References 305



179. Voroshilov YuV, Lakh VI, Stadnyk BI, Kuzma YuB (1967) The ternary system zirconium-
chromium-boron. Inorg Mater 3(9):1390–1392

180. Gladyshevskii EI, Kuzma YuB, Kripyakevich PI, Skolozdra RV, Voroshilov YuV (1968)
Fazovye ravnovesiya v nekotorykh troinykh sistemakh, soderzhaschikh perekhodnyi metal
Va ili VIa podgrup s Si ili B (Phase equilibria in some ternary systems containing a
transition metal of the Va or VIa sub-groups with Si or B). In: Diagrammy sostoyaniya
metallicheskikh sistem (The constitution diagrams of the metallic systems), pp. 70–79.
Nauka, Moscow (in Russian)

181. Voroshilov YuV, Kuzma YuB (1969) Reaction of zirconium with the transition metals and
boron. Powder Metall Met Ceram 8(11):941–944

182. Avgustinik AI, Ordanyan SS, Serbezova RYa (1971) Reaction of ZrB2 with tungsten. Inorg
Mater 7(5):686–687

183. Kisliy PS, Kuzenkova MA, Zaveruha OV (1971) On the sintering process of zirconium
diboride with tungsten. Phys Sintering 3(1):29–44

184. Kuzenkova MA, Kislyi PS, Zaverukha OV, Kuzma YuB (1971) Structure and properties of
zirconium diboride-tungsten alloys. Powder Metall Met Ceram 10(11):879–883

185. Kosterova NV, Ordanyan SS, Neshpor VS, Ostrovskii EK (1980) Thermionic emission
properties of cermets of eutectic compositions in MeIV – (C, B) – (Mo, Re, W) systems.
Powder Metall Met Ceram 19(1):61–66

186. McHale AE (1994) III. Boron plus two metals. In: McHale AE (ed) Phase equilibria diagrams,
phase diagrams for ceramists, Vol. 10, pp. 174–175. NIST, Gaithersburg, Maryland

187. Telle R, Fendler E, Petzow G (1992) The quasi-binary systems CrB2-TiB2, CrB2-WB2 and
TiB2-WB2. J Hard Mater 3:211–224

188. Mitra I, Telle R (1997) Phase formation during anneal of supersaturated TiB2-CrB2-WB2

solid solutions. J Solid State Chem 133:25–30
189. Kaufman L, Nesor H (1975) Calculation of superalloy phase diagrams: IV. Metall Trans A

6:2123–2131
190. McCormack R, De Fontaine D, Wolverton C, Ceder G. (1995) Nonempirical phase

equilibria in the W-Mo-Cr system. Phys Rev B 51(22):15808–15822
191. Ordanyan SS, Chupov VD, Kirshina VYu, Fesenko LV (1985) Reactions of hafnium nitride

with molybdenum, tungsten and tantalum. Powder Metall Met Ceram 24(9):714–719
192. Chang LLY, Scroger MG, Phillips B (1967) Condensed phase relations in the systems ZrO2-

WO2-WO3 and HfO2-WO2-WO3. J Am Ceram Soc 50(4):211–215
193. Okamoto H (2009) The U-W (uranium-tungsten) system. J Phase Equilibria Diffusion

30(4):415
194. Naidu SVN, Rao PR (1987) Alkaline earth metals – tungsten systems. J Alloy Phase

Diagrams 4(1):14–15
195. Vrestal J (2010) Iron– molybdenum – tungsten system. In: Effenberg G, Ilyenko S (eds)

Ternary alloy systems, Subvol. E, Part 3, pp. 270–277. Springer, Berlin, Heidelberg
196. Kirchner G, Harvig H, Uhrenius B (1973) Experimental and thermodynamic study of the

equilibria between ferrite, austenite and intermediate phases in the Fe-Mo, Fe-W, and Fe-
Mo-W systems. Metall Trans 4:1059–1067

197. Raynor GV, Rivlin VG (1981) Critical evaluations of constitution of certain ternary alloys
containing iron, tungsten and a third metal. Int Met Rev 4:213–249

198. Ischenko TV, Meshkov LL, Leonov AV (1984) Diagramma fazovogo ravnovesiya systemy
zhelezo-molibden-volfram pri 900 �C (The phase-equilibrium diagram of the iron-
molybdenum-tungsten system at 900 �C). Vestn Mosk Univ Ser 2 Khim 25(5):503–504
(in Russian)

199. Ishchenko TV, Meshkov LL, Sokolovskaya YeM (1984) On the interaction of l phases in
systems formed by transition metals. J Less-Common Met 97:145–150

200. Meshkov LL, Nesterenko SN, Ishchenko TV (1985) Structural features of phase diagrams
formed by molybdenum and tungsten with iron group metals. Russ Metall (2):204–207

201. Gustafson P (1988) An experimental study and a thermodynamic evaluation of the Fe-Mo-
W system. Z Metallkd 79(7):388–396

306 3 Tungsten



202. Raynor GV, Rivlin VG (1988) Fe-Mo-W system. In: Phase equilibria in iron ternary alloys.
Part 4, pp. 414–416, The Institute of Metals, London

203. Raghavan V (1994) The Fe-Mo-W (iron-molybdenum-tungsten). J Phase Equilibria
15(6):627–628

204. Barama SE, Harabi A, Cizeron G (1997) Identification of intermetallic compounds formed
during sintering of the Fe-Mo-W ternary system. J Mater Sci Lett 16:1240–1244

205. Kozlov A (2010) Molybdenum – nickel – tungsten system. In: Effenberg G, Ilyenko S (eds)
Ternary alloy systems, Subvol. E, Part 3, pp. 377–384. Springer, Berlin, Heidelberg

206. Guzei LS, Meshkov LL, Kazakov VA, Sokolovskaya EM (1973) Izotermicheskiy razrez
fazovoy diagrammy sistemy Ni-Mo-W pri 1200 i 700 �C (Isothermal sections of the phase
diagram of the Ni-Mo-W system at 1200 and 700 �C). In: Obshchie zakonomernosti
stroeniya diagram sostoyaniya metallicheskikh sistem (The general structure regularities of
the constitution diagrams of metallic systems), pp. 160–162. Nauka, Moscow (in Russian)

207. Potapov LP, Yedneral AF, Kiriyenko VI, Nikandrova EA (1976) Structure transformation in
nickel-molybdenum-tungsten alloys. Phys Met Metallogr 42(1):76–83

208. Maslenkov SB, Nikandrova EA (1980) Examination of the Ni-Mo-W phase diagram. Russ
Metall (2):184–187

209. Plastun NA, Sidorenko FA (1988) Ordering in ternary alloys based on Ni4Mo. Phys Met
Metallogr 65(5):196–199

210. Otani S, Ohashi H, Ishizawa Y (1995) Lattice constants and nonstoichiometry of WB2–x.
J Alloys Compd 221(1–2):L8-L10

211. Ariel E, Barta J, Niedzwiedz S (1970) Tungsten-titanium-boron metastable phase diagram
at room temperature. J Less-Common Met 20:199–206

212. Kaga H, Heian EM, Munir ZA, Schmalzried C, Telle R (2001) Synthesis of hard materials
by field activation: the synthesis of solid solutions and composites in the TiB2-WB2-CrB2

system. J Am Ceram Soc 84(12):2764–2770
213. Tyushevskaya GI, Afonskii NS, Spitsyn VI (1966) Issledovanie fazovogo sostava sistemy

La2O3–WO3 (A study of phase composition in the La2O3 – WO3 system). Doklady AN
SSSR 170(4):859–860 (in Russian)

214. Rode EYa, Balagina GM, Ivanova MM, Karpov VN (1968) Sistemy obrazuemye
volframatami redkozemelnykh elementov s volframatami natriya i strontsiya (The
systems formed by rare earth elements tungstates with sodium and strontium tungstates).
Zh Neorg Khim 13(5):1451–1456 (in Russian)

215. Ivanova MM, Balagina GM, Rode EYa, (1970) Diagramma sostoyanoya sistemy La2O3 –
WO3 (The constitution diagram of the La2O3 –WO3 system). Izv AN SSSR Neorg Mater
6(5):914–919 (in Russian)

216. Yoshimura M, Rouanet A (1976) High temperature phase relation in the system La2O3-
WO3. Mater Res Bull 11(2):151–158

217. Casteels FG, Brabers MJ, DePaus R (1980) Thermodynamic stability and phase
equilibriums in the system lanthanum-thorium-tungsten-oxygen. Rev Int Hautes Temp
Refract 16(4):424–436

218. Yanovskii VK, Voronkova VI (1983) Utochnenie fazovykh ravnovesii v sisteme La2O3-
WO3 vblizi sostava 1:1 (The refinement of phase equilibria in the La2O3-WO3 system near
the 1:1 composition). Izv AN SSSR Neorg Mater 19(3):416–421 (in Russian)

219. Andrievskii RA, Spivak II (1989) Prochnost tugoplavkikh soedinenii i materialov na ikh
osnove (Strength of refractory compounds and materials based on them). Metallurgiya,
Chelyabinsk (in Russian)

220. Raaijmakers IJ, Setalvad T, Bhansali AS, Burrow BJ, Gutai L, Kim KB (1990)
Microstructure and barrier properties of reactively sputtered Ti-W nitride. J Electron
Mater 19(11):1221–1230

221. Semikina LE, Limonov VE (1968) Rentgenograficheskoe issledovanie sistemy MoO3–WO3

(An x-ray study in the MoO3–WO3 system). Zh Neorg Khim 13(7):1932–1935
(in Russian)

References 307



222. Knox AK (1967) Properties of WO3 by substitution of Mo and Cr. Trans Brit Ceram Soc
66(2):85–91

223. Gloeikler D, Jeannot F, Gleitzer C (1974) The MoO3-WO3 and Li2O-MoO3-WO3 systems.
J Less-Common Met 36(1–2):41–45

224. Gardinier CF, Chang LLY (1978) Phase relationships in the systems Mo-Sn-S, W-Sn-S and
Mo-W-S. J Less-Common Met 61(2):221–229

225. Rokhlin L (2010) Molybdenum – silicon – tungsten system. In: Effenberg G, Ilyenko S (eds)
Ternary alloy systems, Subvol. E, Part 3, pp. 417–427. Springer, Berlin, Heidelberg

226. Kieffer R, Schob O, Nowotny H, Benesovsky F (1962) Investigation on the ternary systems
Cr-W-Si and Mo-W-Si. Monats Chem 9(2):517–521

227. Verkhoglyadova TS, Vivchar OI, Gladyshevskii EI (1966) Solubility of the disilicides of the
transition metals in MoSi2 and WSi2. Powder Metall Met Ceram 5(4):316–319

228. Setton M, Van Der Spiegel J (1991) A review of some aspects of ternary metal-metal-Si and
metal-B-Si systems. J Appl Phys 69(2):994–999

229. Boettinger WJ, Peperezko JH, Frankwicz PS (1992) Application of ternary phase diagrams
to the development of MoSi2-based materials. Mater Sci Eng A 155(1):33–44

230. Schwartz RB, Srinivasan SR, Petrovic JJ, Maggiore CJ (1992) Synthesis of molybdenum
disilicide by mechanical alloying. Mater Sci Eng A 155(1)75–83

231. Harada Y, Funato Y, Morinaga M, Ito A, Sugita Y (1994) Solid solubilities of ternary elements
and their effects on microstructure of MoSi2. J Jpn Inst Met 58(11):1239–1247 (in Japanese)

232. Subrahmanyam J, Rao RM (1994) Combustion synthesis of MoSi2-WSi2 alloys. Mater Sci
Eng A 183(1–2):205–210

233. Hojo J, Ishizaka Y (1997) Formation of MoSi2-WSi2 alloy powder by carbothermal
reduction method. J Ceram Soc Jpn 105(12):1053–1056

234. Gnesin BA, Gurzhiyants PA, Borisenko EB (2003) (Mo,W)5Si3-(Mo,W)Si2 eutectics:
properties and application in composite materials. Inorg Mater 39(7):701–709

235. Zhang H, Chen P, Yan J, Tang S (2004) Fabrication and wear characteristics of MoSi2
matrix composite reinforced by WSi2 and La2O3. Int J Refract Met Hard Mater
22(6):271–275

236. Hayashi T, Ito K, Takamoto M, Tanaka K (2005) The effect of Nb and W alloying to the
thermal expansion anisotropy and elastic properties of Mo5Si3. Metall Mater Trans A
36(3):533–538

237. Li KZ, Hou DS, Li HJ, Fu QG, Jiao GS (2007) Si-W-Mo coating for SiC coated carbon/
carbon composites against oxidation. Surf Coat Techn 201(24):9598–9602

238. Taylor A, Doyle NJ (1967) The solid solubility of oxygen in Nb and Nb-rich Nb-Hf, Nb-Mo
and Nb-W alloys: Part III: The ternary systems Nb-Mo-O and Nb-W-O. J Less-Common
Met 13(3):338–351

239. Roth RS, Waring JL (1966) Phase equilibria as related to crystal structure in the system
niobium pentoxide–tungsten trioxide. J Res Natl Bur Stand Sect A 70(4):281–303

240. Yoshimura M, Sibieude F, Rouanet A, Foex M (1976) Identification of binary compounds in
the system Ce2O3-WO3. J Solid State Chem 16(3–4):219–232

241. English JJ (1961) Binary and ternary phase diagrams of columbium, molybdenum and
tungsten. Report AD-TR-257–739, Contract AF 33(616)-7747, pp. 1–241. Defence Metals
Information Center, Battelle Memorial Institute, Columbus, Ohio

242. Cornish L, Watson A (2010) Niobium–silicon–tungsten system. In: Effenberg G, Ilyenko S
(eds) Ternary alloy systems, Subvol. E, Part 3, pp. 523–532. Springer, Berlin, Heidelberg

243. Dokukina NV, Shamrai FI (1962) Phase equilibrium in the system W-Nb-Si and some
properties of alloys. Powder Metall Met Ceram 1(6):427–435

244. Dokukina NV, Gladyshevskii EI, Shamrai FI (1964) The Nb-Si-W System. Russ J Inorg
Chem 9:1031–1034

245. Gladyshevskii EI, Lakh VI, Skolozdra RV, Stadnik BI (1964) The mutual solubility of
disilicides of the transition metals from group IV, V and VI. Powder Metall Met Ceram
3(4):278–282

308 3 Tungsten



246. Ma C, Tan Y, Kasama A, Hanada S (2002) Phase equilibria in Nb-W-rich zone of the Nb-
W-Si ternary system. Mater Trans JIM 43(4):688–693

247. Sha J, Hirai H, Tabaru T, Kitahara A, Ueno H, Hanada S (2003) Toughness and strength
characteristics of Nb-W-Si ternary alloys prepared by arc melting. Metall Mater Trans A
34(12):2861–2871

248. Ma CL, Li JG, Tan Y, Tanaka R, Hanada S (2004) Microstructure and mechanical
properties of Nb/Nb5Si3 in situ composites in Nb-Mo-Si and Nb-W-Si systems. Mater Sci
Eng A 386:375–383

249. Levanov VI, Mikheyev VS, Chernitsyn AI (1977) Investigation of the Ti-Nb-W system
(Nb + W up to 50 wt.%). Russ Metall (1):186–191

250. Rode EYa, Karpov VN (1966) Fazovaya diagramma sistemy Nd2(WO4)3–Na2WO4 (The
phase diagram of the Nd2(WO4)3–Na2WO4 system). Izv AN SSSR Neorg Mater
2(4):688–692 (in Russian)

251. Gordon AR, Muchnik GF (1964) Opredelenie integralnoi stepeni chernoty metallov v
zavisimosti ot stepeni sherokhovatosti poverkhnosti (The determination of the integral
emittance of metals affected on surface roughness grade). Teplofiz Vys Temp 2(2):292–294
(in Russian)

252. Belyaev IN, Voropanova LA (1976) Sistema Nd2O3–WO3–W (The Nd2O3–WO3–W
system). Zh Neorg Khim 21(11):3107–3110 (in Russian)

253. Yoshimura M, Yamaguchi M, Somiya S (1984) Partial phase diagram of the WO3-rich
region of the system Nd2O3-WO3. Yogyo Kyokaishi 92(8)425–430 (in Japanese)

254. Ekstroem T, Tilley RJD (1976) Structural relations in the Nb-W-O and Ta-W-O systems for
the phase region near WO3. J Solid State Chem 18(2):123–131

255. Cordfunke EHP (1969) The phase diagram of the system WO3-UO3. J Inorg Nucl Chem
31(5):1542–1543

256. Hauck J (1974) Uranates (VI) and tungstates (VI) within the system Li2O-UO3-WO3.
J Inorg Nucl Chem 36(10):2291–2298

257. Kuribayashi K, Yoshimura M, Ohta T, Sata T (1980) High-temperature phase relations in
the system Y2O3-WO3. J Am Ceram Soc 63(11–12):644–647

258. Field AL, Jr, Ammon RL, Lewis AI, Richardson LS (1961) Research and development of
tantalum- and tungsten-base alloys. Report AD-TR-259–116, Contract NOas 58–852-C,
pp. 1–199. Westinghouse Research Laboratories, Pittsburgh, Pennsylvania

259. Goldschmidt HJ (1967) Interstitial alloys. Butterworths, London, New York
260. Gas P, Tardy J, LeGoues FK, D’Heurie FM (1987) Disilicide solid solutions, phase diagram

and resistivities. II. TaSi2–WSi2. J Appl Phys 61(6):2203–2211
261. Pease LF, Brophy JH (1964) The zirconium-tungsten-tantalum system. J Less-Common Met

6:118–131
262. Fomenko VS, Podchernyaeva IA (1975) Emissionnye i adsorbtsionnye svoistva veshchestv i

materialov (The thermoionic emission and absorptance properties of substances and
materials). Atomizdat, Moscow (in Russian)

263. Fomenko VS (1981) Emissionnye svoistva materialov (The thermoionic emission properties
of materials). Naukova Dumka, Kyiv (in Russian)

264. Samsonov GV (1966) Berillidy (Beryllides). Naukova Dumka, Kyiv (in Russian)
265. Savitskii EM, Burkhanov GS (1971) Metallovedenie splavov tugoplavkikh i redkih

metallov (Metallography of refractory and less-common metal alloys), 2nd ed. Nauka,
Moscow (in Russian)

266. Savitskii EM, Zakharov AM (1962) Diagramma sostoyaniya troinoi sistemy niobii-volfram-
tsirkonii (The constitution diagram of the niobium-tungsten-zirconium ternary system). Zh
Neorg Khim 7(11):2575–2580 (in Russian)

267. Savitskii EM, Zakharov AM (1964) Splavy razreza W2Zr-Mo2Zr (Alloys in the W2Zr-
Mo2Zr cross section). Zh Neorg Khim 9(9):2261–2263 (in Russian)

268. Zakharov AM, Savitskii EM (1965) Issledovanie troinoi diagrammy sostoyaniya sistemy
W-Mo-Zr (A study of the constitution diagram of the W-Mo-Zr ternary system). Izv AN
SSSR Metally (1):151–159 (in Russian)

References 309



269. Savitskii EM, Zakharov AM (1964) Sistema niobii-volfram-molibden-tsirkonii (The niobium-
tungsten-molybdenum-zirconium system). Zh Neorg Khim 9(10):2424–2432 (in Russian)

270. Audi G, Wapstra AH, Thibault C, Blachot J, Bersillon O (2003) The NUBASE evaluation
of nuclear and decay properties. Nucl Phys A 729:3–128

271. De Laeter JR, Bohlke JK, De Bievre P, Hidaka H, Peiser HS, Rosman KJR, Taylor PDP
(2003) Atomic weights of the elements. Review 2000 (IUPAC Technical report). Pure Appl
Chem 75(6):683–800

272. Wieser ME (2006) Atomic weights of the elements 2005. (IUPAC Technical report). Pure
Appl Chem 78(11):2051–2066

273. Savitskii EM, Tylkina MA, Povarova KB (1970) Rhenium alloys. IPST Press, Jerasalem
274. Ordanyan SS (1980) Reactions of HfB2 with Re and Cr. Powder Metall Met Ceram

19(4):273–277
275. Gehlig R, Salje E, Carley AF, Roberts MW (1983) XPS studies on WO2.90 and WO2.72 and

the influence of metallic impurities. J Solid State Chem 49:318–324
276. Goodwin F, Guruswamy S, Kainer KU, Kammer C, Knabl W, Koethe A, Leichtfried G,

Schlamp G, Stickler R, Warlimont H (2005) Metals. In: Martienssen W, Warlimont H (eds)
Springer handbook of condensed matter and materials data, pp. 161–430. Springer, Berlin,
Heidelberg

277. Roth RS, Waring JL, Parker HS (1970) Effect of oxide additions on the polymorphism of
tantalum pentoxide. IV. The system Ta2O5-Ta2WO8. J Solid State Chem 2(3):445–461

278. Roth RS (1980) Thermal stability of long range order in oxides. Prog Solid State Chem
13(2):159–192

279. Tenne R, Margulis L, Genut M, Hodes G (1992) Polyhedral and cylindrical structures of
tungsten disulphide. Nature 360:444–446

280. Feldman Y, Wasserman E, Srolovotz DJ, Tenne R (1995) High-rate gas-phase growth of
MoS2 nested inorganic fullerenes and nanotubes. Science 267:222–225

281. Ohtani T (2010) Synthesis and applications of chalcogenide nanotubes. In: Kijima T (ed)
Inorganic and metallic nanotubular materials, pp. 191–200. Springer, Berlin, Heidelberg

282. Rundqvist A, Harsta S (1987) The crystal chemistry of j-phases. J Solid State Chem
70:210–218

283. Carney CM, Parthasarathy TA, Cinibulk MK (2011) Oxidation resistance of hafnium
diboride ceramics with additions of silicon carbide and tungsten boride or tungsten carbide.
J Am Ceram Soc 94(8):2600–2607

284. English JJ (1961) Binary and ternary phase diagrams of columbium, molybdenum, tantalum
and tungsten. Report DMIC-152, Contract AF-33(616)-7747, pp. 1–226. Defence Metals
Information Center, Battelle Memorial Institute, Columbus, Ohio

285. Skolozdra RV, Fedorov TF, Popova NM, Gladyshevskii EI (1969) Tungsten–rhenium–
silicon system. Powder Metall Met Ceram 8(9):743–745

286. Mikhalenko SI, Zavalii LV, Kuzma YuD, Boiko LI (1991) The phase diagrams of Sc-W-B
and Sc-Re-B systems at 1000 �C. Powder Metall Met Ceram 30(8):681–683

287. Turchi PEA, Drchal V, Kudrnovsky J, Colinet C, Kaufman L, Liu Z-K (2005) Application
of ab initio and CALPHAD thermodynamics to Mo-Ta-W alloys. Phys Rev B 71:094206

288. Ventura J, Portillo B, Varma SK (2009) Oxidation resistant NbCr2 phase in Nb-W-Cr
system. J Alloys Compd 476(1–2):257–262

289. Schuster JC (1988) Silicon nitride–metal joints: phase equilibria in the systems Si3N4–Cr,
Mo, W and Re. J Mater Sci 23(8):2792–2796

290. Yoshida M, Takasugi T (1999) Phase relation and microstructure of the Nb–Cr–W alloy
system. Mater Sci Eng A 262:107–114

291. Asrar N, Meshkov LL, Sokolovskaya EM (1988) Phase equilibria in ternary alloys based on
iron-group metals and containing refractory metals (Mo, W, Nb, Ta). J Less-Common Met
144:41–52

292. Kaufman L (1991) Calculation of multicomponent tantalum based phase diagrams. Calphad
15(3):261–282

310 3 Tungsten



293. Tolmacheva EI, Kornilova VI (1972) Granitsy fazovykh polei v sisteme W-Ta-Ti pri
1600 �C (The boundaries of phase fields in the W-Ta-Ti system at 1600 �C). Izv AN SSSR
Metally (3):211–214 (in Russian)

294. Ekström T, Salje E, Tilley RJD (1981) Phase relations in the ternary W-Mo-O system.
J Solid State Chem 40:75–84

295. Portemer F, Sundberg M, Kihlborg L, Figlarz M (1993) Homologues of Mo4O11 (mon) in
the Mo-W-O system prepared by soft chemistry. J Solid State Chem 103:403–414

296. Kihlborg L, Marinder B-O, Sundberg M, Portemer F, Ringaby O (1994) Ordered and
disoredered homologues of orthorhombic Mo4O11 in the Mo-W-O system. J Solid State
Chem 111:111–117

297. Yatsenko SP, Dieva EN (1973) Rastvorimost tugoplavkikh metallov v zhidkom indii (The
solubility of refractory metals in liquid indium). Zh Fiz Khim 47(11):2948 (in Russian)

298. Hershfinkel M, Gheber LA, Volterra V, Hutchison JL, Margulis L, Tenne R (1994) Nested
polyhedra of MX2 (M = W, Mo; X = S, Se) probed by high-resolution electron microscopy
and scanning tunneling microscopy. J Am Chem Soc 116(5):1914–1917

299. Gladyshevskii EI (1962) Crystal structure of compounds and phase equilibria in ternary
systems of two transition metals and silicon. Powder Metall Met Ceram 1(4):262–265

300. Salje E, Gehlig R, Viswanathan K (1978) Structural phase transition in mixed crystals
WxMo1–xO3. J Solid State Chem 25:239–250

301. Ilnitskaya ON, Kuzma YuB (1984) Investigation of the ternary systems W-B-P and W-Si-P
in the range 0–0.66 P. Powder Metall Met Ceram 23(8):622–623

302. Chaban NF, Mikhalenko SI, Kuzma YuB (2000) X-ray studies on phase equilibria in
(Tm, Lu)–W–B ternary systems at 1070 K. Powder Metall Met Ceram 39(5–6):251–255

303. Kuzma YuB, Chepiga MV (1969) An x-ray diffraction investigation of the systems Ti-Ni-B,
Mo-Ni-B and W-Ni-B. Powder Metall Met Ceram 8(10):832–835

304. Kazakov VK (1965) The character of reaction of titanium nitride with the iron group metals,
molybdenum and tungsten. Powder Metall Met Ceram 4(10):845–848

305. Kuzma YuB, Lakh VI, Stadnyk BI, Voroshilov YuV (1966) X-ray diffraction study of the
system niobium–tungsten–boron. Powder Metall Met Ceram 5(6):491–493

306. Musatov MI, Ivanov AO (1970) Vzaimodeistvie rasplava okislov alyuminiya i khroma s
molibdenom, volframom, iridiem i niobiem (The interaction of aluminium and chromium
oxides with molybdenum, tungsten, iridium and niobium). Izv AN SSSR Neorg Mater
6(12):2166–2170 (in Russian)

307. Storozh BD, Kislyi PS (1974) Sintering of tungsten–alumina cermets in the presence of a
liquid phase. Powder Metall Met Ceram 13(9):712–716

308. Ordanyan SS (1975) Reactions of rhenium and other refractory metals with some metal-like
compounds. Powder Metall Met Ceram 14(2):125–129

309. Mikhalenko SI, Kuzma YuB (1976) Reactions of molybdenum and tungsten with rare-earth
metals and boron. Powder Metall Met Ceram 15(2):128–130

310. Kuzma YuB, Svarichevskaya SI, Sobolev AS (1973) Sistemy ittrii-molibden-bor i ittrii-
volfram-bor (The yttrium-molybdenum-boron and yttrium-tungsten-boron systems). Izv AN
SSSR Neorg Mater 9(10):1697–1702 (in Russian)

311. Samsonov GV, Lapshov YuK, Podchernyaeva IA, Fomenko VS, Erosov YuI, Dudnik EM
(1966) Preparation and physical properties of alloys of the W-LaB6 system. Powder Metall
Met Ceram 5(6):446–451

312. Kuzma YuB, Valovka IP (1981) Uranium–tungsten–boron system. Powder Metall Met
Ceram 20(8):574–576

313. Chaban NF (1982) Ternary systems Cr(Mo,W)–Gd–B. Powder Metall Met Ceram
21(1):53–54

314. Chaban NF, Bilonizhko NS (1993) Isothermal sections of phase equilibrium diagrams for
the systems (terbium, dysprosium)–tungsten–boron at 1270 K. Powder Metall Met Ceram
32(11–12):928–929

315. Mikhalenko SI, Chaban NF, Kuzma YuB (1992) Novye boridy so strukturoi tipa Er3CrB7 i
utochnenie ravnovesnoi fazovoi diagramy sistemy Y–W–B (New borides with a structure of

References 311



the type Er3CrB7 and refinement of the phase equilibrium diagram for the system Y–W–B).
Izv Akad Nauk Rossii Neorg Mater 28(5):2092–2095 (in Russian)

316. Farr JD (1968) Phase diagrams of selected refractory compounds. In: Hausner HH, Bowman
MG (eds) Fundamentals of refractory compounds, pp. 33–48. Plenum Press, New York

317. Nowotny H, Rogl P (1977) Ternary metal borides. In: Matkovich VI (ed) Boron and
refractory borides, pp. 413–438. Springer, Berlin, Heidelberg, New York

318. Rieger W, Nowotny H, Benesovsky F (1966) Die Kristallstruktur von W2CoB2 und isotypen
Phasen (The crystal structure of W2CoB2 and isotypic phases). Monatsh Chem
97(2):378–382 (in German)

319. Telegus VS, Kuzma YuB (1971) Phase equilibrium in the systems vanadium-manganese-
boron, molybdenum-manganese-boron and tungsten-manganese-boron. Powder Metall Met
Ceram 10(1):52–56

320. Rogl P, Benesovsky F, Nowotny H (1972) Über einige Komplexboride mit Platinmetallen
(About complex borides with some platinum metals). Monatsh Chem 103(4):965–989 (in
German)

321. Rogl P, Nowotny H (1975) Uran-haltige Komplexboride (Complex borides with uranium).
Monatsh Chem 106(2):381–387 (in German)

322. Argon AS (1996) Mechanical properties of single-phase crystalline media: deformation at
low temperatures. In: Cahn RW, Haasen P (eds) Physical metallurgy, 4th ed., Vol. 3,
pp. 1877–1955. Elsevier Science BV, Amsterdam

323. Zaleski-Ejgierd P, Labet V, Strobel TA, Hoffman R, Ashcroft NW (2012) WHn under
pressure. J Phys Condens Matter 24:155701 (15pp)

324. Timoshchuk VI (1989) Magnetic properties of alloys of the system (Mn1-xWx)3B4. Phys
Met Metallogr 65(4):102–106

325. Timoshchuk VI (1990) Magnetic phase diagram of Mn2.7W0.3B4. Phys Met Metallogr
69(5):188–191

326. Hasapis AA, Panish MB, Rosen C (1960) The vaporization and physical properties of
certain refractories. Technical Report WADD-TR-60–463, Contract AF 33(616)-6840, Part
1, pp 1–67. Wright Air Development Division, Wright-Patterson Air Force Base, Ohio

327. Vahlas C, Chevalier PY, Blanquet E (1989) A thermodynamic evaluation of four Si-M (M =
Mo, Ta, Ti, W) binary systems. Calphad 13(3):273–292

328. Gupta KP, Rajendraprasad SB (1992) The Nb-Ni-W system (niobium-nickel-tungsten).
J Phase Equilibria 13(1):87–91

329. Duschanek H, Rogl P (1995) Critical assessment and thermodynamic calculation of the
binary system boron-tungsten. J Phase Equilibria 16(2):150–161

330. Mikhalenko SI, Chaban NF, Kuzma YuB (1998) Reaction of rare earth metals with VI- and
VII-group transition metals and boron. Powder Metall Met Ceram 37(1–2):99–106

331. Raghavan V (2003) The B-Fe-W (boron-iron-tungsten) system. J Phase Equilibria
24(5):457–458

332. Gupta KP (2003) The Co-Nb-W (cobalt-niobium-tungsten) system. J Phase Equilibria
24(1):82–85

333. Raskolenko LG, Gerulskii AYu (2008) Compounds WAl4, WAl3, W3Al7 and WAl2 in Al-
W-N combustion products. Inorg Mater 44(1):30–39

334. Leitnaker JM, Bowman MG, Gilles PW (1962) Thermodynamic properties of the Ta and W
borides. J Electrochem Soc 109(5):441–443

335. Udovskii AL (1990) Computer modelling of phase diagrams, thermodynamic properties and
structure of multicomponent systems. Russ Metall (2):132–153

336. Tortorici PC, Dayananda MA (1998) Interdiffusion and diffusion structure development in
selected refractory metal silicides. Mater Sci Eng A 261(1–2):64–77

337. Fucke W, Seydel U (1980) Improved experimental determination of critical-point data for
tungsten. High Temp High Pressures 12(4):419–432

338. Hiernaut J-P, Beukers R, Hoch M, Matsu T, Ohse RW (1986) Determination of the melting
point and of the spectral and total emissivities of tungsten, tantalum and molybdenum in the

312 3 Tungsten



solid and liquid states with a six-wavelength pyrometer. High Temp High Pressures
18(6):627–633

339. Shabalin IL, Tomkinson DM, Shabalin LI (2007) High-temperature hot-pressing of titanium
carbide–graphite hetero-modulus ceramics. J Eur Ceram Soc 27(5):2171–2181

340. Liu N, Ma GF, Zhang HF, Li H, Ding BZ, Wang AM, Hu ZQ (2008) Wetting behavior of
Zr-based bulk metallic glasses on W substrate. Mater Lett 62:3195–3197

341. Ma GF, Li ZK, He CL, Zhu ZW, Fu HM, Wang AM, Li H, Zhang HF, Hu ZQ (2013)
Wetting behaviours and interfacial characteristics of TiZr-based bulk metallic glass / W
substrate. J Alloys Compd 549:254–259

342. Bondi A (1953) The spreading of liquid metals on solid surfaces: surface chemistry of high-
energy substances. Chem Rev 52(2):417–458

343. Toyota H, Ide T, Yagi H, Mori Y, Hirose K (1998) A new measurement and evaluation of
wettability between solid and liquid metals in ultra-high vacuum. Seimutsu Kogaku Kaishi
(J Japan Soc Precision Eng) 64(5):753–757 (in Japanese)

344. Beyers R (1984) Thermodynamic considerations in refractory metal – silicon – oxygen
systems. J Appl Phys 56(1):147–152

345. Phillips B, Chang LLY, Scroger MG (1964) Research on criteria for selection of alloys and
surface treatments for inhibition of tungsten oxidation. Report ML-TDR-640230, Contract
AF 33(657)-11235, Part I, pp. 1–34. Tem-Pres Research Inc., State College, Pennsylvania

346. Kuzma YuB, Lakh VI, Stadnyk BI, Voroshilov YuV (1968) Phase equilibria in the systems
Zr-Re-B and W-Re-B. Powder Metall Met Ceram 7(6):462–466

347. Havinga EE, Damsma H, Kannis JM (1972) Compounds and pseudo-binary alloys with the
CuAl2 (C16)-type structure. IV. Superconductivity. J Less-Common Met 27(3):281–291

348. Okamoto H (2002) Pr-W (praseodymium-tungsten) J Phase Equilibria 23(1):113
349. Okamoto H (2002) Lu-W (lutetium-tungsten) J Phase Equilibria 23(2):197
350. Okamoto H (2001) La-W (lanthanum-tungsten) J Phase Equilibria 22(6):693
351. Okamoto H (2001) Ce-W (cerium-tungsten) J Phase Equilibria 22(6):690
352. Okamoto H (2002) Tb-W (terbium-tungsten) J Phase Equilibria 23(1):114
353. Bauer AA, Rough FA (1959) Thorium alloy systems. Prog Nucl Energy Ser 5 2:612–619
354. Pandian S, Naidu SVN, Rao PR (1987) The Th-W (thorium-tungsten) system. J Alloy Phase

Diagrams 3:152–155
355. Chiotti P, Akhachinskij VV, Ansara I, Rand MH (1982) The Th-W (thorium-tungsten)

system. Bull Alloy Phase Diagrams 3:104–105
356. Ackerman RJ, Rauh EG (1972) Determination of liquidus curves for the Th-W, Th-Ta, Zr-

W and Hf-W systems: anomalous behaviour of metallic thorium. High Temp Sci 4:272–282
357. Schramm CH, Gordon P, Kaufman AR (1950) The alloy systems uranium-tungsten,

uranium-tantalum and tungsten-tantalum. Trans Am Inst Min Metall Pet Eng 188:195–204
358. Schonfeld FW (1961) Plutonium phase diagrams studied at Los Alamos. In: Coffinberry AS,

Miner WN (eds) The metal plutonium, pp. 240–265. University of Chicago Press, Chicago
359. Schonfeld FW, Cramer EM, Miner WN, Ellinger FH, Coffinberry AS (1959) Plutonium

constitutional diagrams. Prog Nucl Energy Ser 5 2:579–599
360. Autler SH, Hulm JK, Kemper RS (1965) Superconducting technetium-tungsten alloys. Phys

Rev 140:A1177-A1180
361. Okamoto H, Massalski TB (1985) The Au-W (gold-tungsten) system. Bull Alloy Phase

Diagrams 6(2):136–137
362. Yvon K, Feschotte P (1979) Constitution et structure des alliages du gallium avec les

metaux de transition (Constitution and structure of gallium alloys with transition metals) J
Less-Common Met 63(1):1–13 (in French)

363. Naidu SVN, Sriramamurthy AM, Rao PR (1989) The Ge-W (germanium-tungsten) system.
J Alloy Phase Diagrams 5:159–163

364. Fernandez Guillermet A, Jonsson S (1993) Thermodynamic analysis of stable and
metastable W nitrides and calculation of the W-N phase diagram. Z Metallkd 84:106–117

365. Huang W (1997) Thermodynamic properties of the Nb-W-C-N system. Z Metallkd
84:63–68

References 313



366. Moffat WG (1978) The handbook of binary phase diagrams. General Electric Company,
Schenectady, New York

367. Opperman H, Stover G, Wolf E (1985) On the preparation of tungsten oxides by chemical
transport with TeCl4. Cryst Res Technol 20:883–887

368. Nanjundaswamy KS, Gopalakrishnan J (1987) Formation of novel molybdenum and
tungsten sulfides by reduction of MoS2 and WS2: a new route to Chevrel phases. J Solid
State Chem 68:188–191

369. Siegel S, Northrop DA (1966) X-ray diffraction studies of some transition metal
hexafluorides. Inorg Chem 5:2187–2188

370. Levy JH, Taylor JC, Wilson PW (1975) The structures of fluorides. XIII. The orthorhombic
form of tungsten hexafluoride at 193 K by neutron diffraction. J Solid State Chem
15:360–365

371. Marx R, Seppelt K, Ibberson RM (1996) Time-of-flight neutron powder diffraction study on
the third row transition metal hexafluorides WF6, OsF6, and PtF6. J Chem Phys
104:7658–7664

372. Drews T, Supel J, Hagenbach A, Seppelt K (2006) Solid state molecular structures of
transitional metal hexafluorides. Inorg Chem 45:3782–3788

373. Taylor JC, Wilson PW (1974) The structure of b-tungsten hexachloride by powder neutron
and x-ray diffraction. Acta Crystallogr B 30:1216–1220

374. Siepmann R, Von Schnering HG (1968) Die Kristallstruktur von W6Br16 Eine Verbindung
mit Polykationen [W6Br8]6+ und Polyanionen [Br4]2- (The crystal structure of a compound
with polycations [W6Br8]6+ and polyanions [Br4]2-). Z Anorg Allg Chem 357:289–298 (in
German)

375. Willing W, Müller U (1987) Wolframhexabromid (Tungsten hexabromide). Acta
Crystallogr C 43:1425–1426 (in German)

376. Sassmannshausen J, Von Schnering HG (1994) Synthese und Kristallstruktur der
molekularen Clusterverbindung W6Br14 (Synthesis and crystal structure of the molecular
cluster W6Br14). Z Anorg Allg Chem 620:1312–1320 (in German)

377. Staelmaier HH, Lowder JT (1967) Die tau-Phase im Dreistoffsystem Kobalt-Wolfram-Bor
(The tau-phase in the cobalt-tungsten-boron ternary system) Metall (Heidelberg)
21:1023–1024 (in German)

378. Rogl P, Benesovsky F, Nowotny H (1970) Komplexboride mit ReB2-Struktur (Complex
borides with ReB2-structure), Monatsh. Chem. 101:27–31 (in German)

379. Omori S, Koyama K, Hashimoto Y, Yamashita M (1984) Phase relationships in Ni-Mo-B
and Ni-W-B systems at 1223 K. J Jpn Inst Met 48:682–687 (in Japanese)

380. Rogl P, Nowotny H, Benesovsky F (1970) Ternäre Komplexboride in den Dreistoffen:
(Mo,W)-(Ru,Os)-B und W-Ir-B (Ternary complex borides in ternary systems: (Mo,W)-
(Ru,Os)-B and W-Ir-B). Monatsh Chem 101:850–854 (in German)

381. Rogl P, Rudy E (1978) New complex borides with ReB2- and Mo2IrB2-type structure.
J Solid State Chem 24:175–181

382. Nowotny H, Haschke H, Benesovsky F (1967) Bor-reiche Wolframboride (Boron-rich
tungsten borides). Monatsh Chem 98:547–554 (in German)

383. Kuzma YuB, Mikhalenko SI, Chaban NF (1983) Vzaimodeistvie Mo, W i Re s
redkozemelnymi metallami i borom (Interaction of Mo, W and Re with rare-earth metals
and boron). In: Savitskii EM (ed) Issledovaniya i primenenie splavov tugoplavkikh metallov
(Studies and application of refractory metal alloys), pp. 5–11. Nauka, Moscow (in Russian)

384. Van Den Berg JM, Matthias BT, Corenzwit E, Barz H (1975) Superconductivity of some
binary and ternary transition-metal borides. Mater Res Bull 10:889–894

385. Nowotny H, Kieffer R, Benesovsky F (1957) Silicoboride der Übergangsmetalle Vanadin,
Niob, Tantal, Molybdän und Wolfram (Silicoborides of the transition metals vanadium,
niobium, tantalum, molybdenum and tungsten). Planseeber Pulvermetall 5:86–93

386. Pitman DT, Das DK (1960) A study of the thorium-tungsten-boron system. J Electrochem
Soc 107:763–766

314 3 Tungsten



387. Gupta KP (2002) The Co-Mo-W (cobalt-molybdenum-tungsten) system. J Phase Equilib
23:274–277

388. Banik G, Ettmayer P, Vendl A, Kieffer R (1979) Investigation of the Mo-W-N system. High
Temp High Pressures 11:349–352

389. Waterstrat RM, Kuntzler R (1988) Stabilization of a-Mn structures in new ternary v phases.
J Less-Common Met 142:163–168

390. Taylor A, Doyle NJ (1967) The solid solubility of nitrogen in Nb and Nb-rich Nb-Hf, Nb-
Mo and Nb-W alloys. Part II: The ternary systems Nb-Hf-N, Nb-Mo-N and Nb-W-N.
J Less-Common Met 13:413–430

391. Rozanova ON, Trunov VK, Kovba LM (1966) New binary oxides of uranium and tungsten.
Inorg Mater 2:273–274

392. Winter M (2012) WebElements: the periodic table on the WWW. Tungsten: enthalpies and
thermodynamic properties. http://www.webelements.com/tungsten/thermochemistry.html
Accessed 20 May 2013.

393. Okamoto H (2010) The Cl-W (chlorine-tungsten) system. J Phase Equilib Diffus
31(4):402–403

394. Okamoto H (2010) The V-W (vanadium-tungsten) system. J Phase Equilib Diffus 31(3):324
395. Raghavan V (2009) The Al-Mo-Ni-W (aluminium-molybdenum-nickel-tungsten) system.

J Phase Equilib Diffus 30(3):291
396. Okamoto H (2008) The Co-W (cobalt-tungsten) system. J Phase Equilib Diffus 29(1):119
397. Okamoto H (2000) The W-Y (tungsten-yttrium) system. J Phase Equilib 21(6):575
398. Okamoto H (2000) The Sc-W (scandium-tungsten) system. J Phase Equilib 21(6):574
399. Okamoto H (1991) The Ni-W (nickel-tungsten) system. J Phase Equilib 12(6):706

References 315



Chapter 4
Rhenium

4.1 Structures

Rhenium is the element No. 75 of the periodic table (period—6, group—7 (or
VIIB), relates to transition metals) with the ground state level 6S5/2 and electron
configuration 1s22s22p63s23p63d104s24p64d104f145s25p65d56s2. The general oxi-
dation states (numbers) of rhenium in various chemical compounds are (–1), 0,
(+1), (+2), (+3), (+4), (+5), (+6) and (+7); the oxidation states (+7), (+6), (+4) and
(+2) are the most common; the radii of rhenium are:

atomatic (metallic, CN = 12)—0.137 nm,
atomatic (covalent)—0.128 nm,
ionic (+4)—0.063 nm (CN = 6),
ionic (+5)—0.058 nm (CN = 6),
ionic (+6)—0.055 nm (CN = 6),
ionic (+7)—0.038 nm (CN = 4);

its electronegativity is 1.9 in Pauling scale, or 1.46 in Allred–Rochow scale [1–3, 7–
8]. Elemental rhenium has a hexagonal close-packed (hcp) metal crystal structure
(space group—P63/mmc, Mg type) with lattice parameters: a = 0.27615 nm,
c = 0.44566 nm, c/a = 1.6138 (Z = 2), minimum interatomic distance—
0.275 nm (CN = 12), slip planes (0001), (10�11) and slip direction \ 2�1�10 [ [30,
148]. At room temperature, the XRD density of rhenium is 21.012 g cm-3 and
recommended values for the bulk density of common metal parts is—
20.9–21.0 g cm-3 [4, 8].

4.2 Thermal Properties

Rhenium is a metal with one of the highest melting points of all the elements,
exceeded by only tungsten and carbon. The general thermodynamic properties of
rhenium are summarized in Table 4.1. For the molar heat capacity cp = f(T, K),

I. L. Shabalin, Ultra-High Temperature Materials I,
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J mol-1 K-1, the following relationship is recommended for the range of
temperatures from 298 to 2500 K [5]

cp ¼ 24:49 þ 3:35� 10�3
� �

T: ð4:1Þ

The equilibrium vapour pressure of rhenium P, Pa, obeys the following rules [5]:
for solid rhenium in the range of temperatures up to melting point

lg P ¼ �52564=T � 22:213 lg T þ 1:6738� 10�3
� �

T þ 88:571; ð4:2Þ

and for liquid rhenium in the range of temperatures up to 5915 K

lg P ¼ �34760=T þ 5:668 lg T � 0:4227� 10�3
� �

T � 7:994; ð4:3Þ

Table 4.1 General thermodynamic properties of rhenium

Characteristics Symbol Unit Value Reference

Standard molar entropy (at 298.15 K
and 100 kPa)

S�298 J mol-1 K-1 36.482 [8]

37.18 [4]
37.22 [5]

Enthalpy difference H298 – H0 kJ mol-1 5.333 [8]
Standard molar heat capacity
(at 298.15 K and 100 kPa)

c�p,298 J mol-1 K-1 25.31 [8]

25.48 [5]
25.77 [4]

Specific heat capacity (at 298.15 K) c J kg-1 K-1 136 [10]
137 [7]
138.4 [4]

Molar enthalpy (heat) of melting
(at the melting point)

DHm kJ mol-1 33.2 [4]

34.08 [7–8]
Specific enthalpy (heat) of melting
(at the melting point)

kJ kg-1 178 [4]

Molar enthalpy (heat) of
vaporization
(at the boiling point)

DHv kJ mol-1 697 [4]

704 [6]
714.8 [8]

Specific enthalpy (heat) of
vaporization
(at the boiling point)

kJ kg-1 3740 [4]

Melting point Tm K (�C) 3450 ± 25
(3180 ± 25)

[4, 6, 33]

3460 (3185) [7–8, 11,
16–17]

Boiling point Tb K (�C) 5865 (5595) [7]
5870 (5600) [8, 33]
5950 (5680) [6]

318 4 Rhenium



where T is temperature, K. In high vacuum, the rate of rhenium vaporization at the
temperatures of 1820, 2050 and 2300 �C approximately amounts to 0.1 lm,
10 lm and 1 mm per year, respectively [4]. The values of standard molar entropy
S�298, molar cp and specific c heat capacities, enthalpies (heats) of melting and
vaporization, molar and specific mass enthalpy differences HT – H298 and vapour
pressures and mass/linear vaporization rates for rhenium are given in Addendum in
comparison with carbon (graphite) and other ultra-high temperature materials
(refractory metals) in the wide ranges of temperatures. At room temperature, the
thermal conductivity of rhenium is 71.2 W m-1 K-1 [4, 8, 10]. In the temperature
range of 20–1000 �C, the average magnitude of the coefficient of linear thermal
expansion of pure rhenium a = (6.6 7 6.7) 9 10-6 K-1 [4, 8]; for the directions
parallel and perpendicular to the axis c it is 12.45 9 10-6 K-1 and 4.67 9 10-6

K-1, respectively [4]. For the interval from 20 to 1700 �C, the recommended value
is 7.0 9 10-6 K-1 [4]. The surface tension of liquid rhenium (density
18.8 g cm-3) is 2.65 N m-1 (its temperature coefficient is -0.34 9 10-3 N m-1

K-1) [8]. In comparison with other ultra-high temperature materials (graphite and
refractory metals), the values of thermal conductivity and thermal expansion of
rhenium in the wide range of temperatures are summarized in Addendum.

4.3 Electro-Magnetic and Optical Properties

At room temperature, the specific electrical resistance (resistivity) of pure rhenium
is 172–194 nX m. The oxygen and nitrogen contaminations influence the resistivity
of rhenium strongly, e.g. the oxygen content growth in the arc-cast metal from
0.008 to 0.022 mas. % is corresponding to the increase of resistivity from 185 to
230 nX m [31]. At higher temperatures, the resistivity of rhenium exceeds 1 lX m
([2000 �C) [4, 10]. For various intervals, the temperature coefficients of resistivity
are 2.42 9 10-3 K-1 (20–1730 �C), 2.23 9 10-3 K-1 (20–2225 �C) and
1.98 9 10-3 K-1 (20–2715 �C) [4]. At room temperature, the magnitude of Hall
coefficient of rhenium R = 3.15 9 10-10 m3 A-1 s-1 (B = 0.5–5.0 T). Rhenium is
a paramagnetic metal and its molar magnetic susceptibility vm (SI) = 8.42 9 10-4

cm3 mol-1 [8].
The variations of main optical properties of polycrystalline rhenium with

wavelength k are following [9]:

index of refraction—from 0.4 (k = 0.05 lm) to 3.7 (k = 0.6 lm);
index of absorption—from 0.8 (k = 0.05 lm) to 3.0 (k = 0.6 lm);
reflective index under normal incidence—from 0.4 (k = 0.05 lm) to 0.5 (k =
0.6 lm).

The monochromatic emittance (spectral emissivity) ek of rhenium decreases at
1700–2780 �C with wavelength from 0.42 (k = 0.4 lm) to 0.22–0.26
(k = 2.8 lm). In the range of temperatures 700–2200 �C, ek (k = 0.665 lm)
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varies from 0.37 to 0.43 decreasing with temperature growth, while the integral
emittance eT increases with increasing temperature from 0.17–0.18 at 800–900 �C
to 0.325–0.33 at 2500–2700 �C [4, 9–10]. The thermoionic emission character-
istics (electron work function and Richardson constants) of various rhenium
materials [4] are presented in Table 4.2.

The recommended values of electrical resistivity, magnetic susceptibility,
integral and spectral emittances and thermoionic emission characteristics (electron
work function and Richardson constants) for rhenium are given in comparison
with other ultra-high temperature elements (carbon and refractory metals) in
Addendum.

4.4 Physico-Mechanical Properties

Physico-mechanical properties of rhenium are extremely sensitive to the micro-
structure features, which are strongly dependent on metal working (treatment), as
well as to the relatively minute amounts of contaminations by the interstitial
atomic species, such as oxygen, nitrogen, carbon and hydrogen. Certainly, hard-
ness of cold-worked rhenium rises almost threefold with 40 % strain; cast rhenium
with oxygen content C0.02 mas. % is about twice harder than that metal with
oxygen content about 0.0002 mas. %. For various microstructure states, the
hardness of rhenium comes to the following values [4, 10]:

Table 4.2 Thermoionic characteristics of single crystal and polycrystalline rhenium [4, 8–9, 32]

Material type Richardson constant,
104 A m-2 K-2

Electron work
function,
eV

Single crystal (1121) – 4.70
Single crystal (1124) – 4.72
Single crystal (1120) – 4.80
Single crystal (2111) – 4.82
Single crystal (2113) – 4.84
Single crystal (1011) – 5.04
Single crystal (2110) – 5.07
Single crystal (1100) – 5.15
Single crystal (2112) – 5.27
Polycrystalline, sheet – 4.60
Polycrystalline, electrolytic, annealed
at 1500–1800 �C (exposure – 300 h)

720 4.74

Polycrystalline, electrolytic 700 4.75
Polycrystalline 66 4.85
Polycrystalline, chemical vapour deposition,
thickness -50 lm

195 4.89

Polycrystalline – 5.0
Polycrystalline, chemical vapour deposition 200 5.10
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as-cast metal—HB = 135 kgf mm-2 (1.3 GPa);
electrolytic coating—HB = 250 kgf mm-2 (2.5 GPa);
annealed metal—HV = 130–250 kgf mm-2 (1.3–2.5 GPa);
compact sintered from powder—HV = 300 kgf mm-2 (2.9 GPa);
cold worked (hardened) metal—HV = 500–800 kgf mm-2 (4.9–7.8 GPa);

The temperature behaviour of hardness is complicated because of the presence of
two flexion points on the hardness-temperature curve, which are connected with
changing the deformation mechanism of rhenium (Fig. 4.1) [4].

The value of ultimate tensile strength of work hardened rhenium at room
temperature amounts to 2.0–2.1 GPa, while for annealed metal it ranges from 0.5
to 1.0 GPa (elongation—5–20 %). For the various components made from unal-
loyed rhenium, these characteristics comes to the following values [4]:

sheet cold worked (thickness 0.13 mm, hardened 20 %)—2.00 GPa;
wire produced by powder metallurgy method, annealed—1.13 GPa;
sheet annealed (thickness 0.13 mm)—1.03 GPa;
fused in electron beam furnace—*0.85 GPa.

The variation of the tensile strength characteristics of rhenium in the wide range of
temperatures is shown in Fig. 4.1. The prolonged strength of rhenium (testing
exposure—100 h) is 137 MPa at 1000 �C and 5.9 MPa at 2000 �C [10]. Rhenium
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Fig. 4.1 Variation of the hardness (1) and ultimate tensile strength (2–3) of unalloyed rhenium
with temperature (2–work hardened and 3–annealed metal) [8]
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has the greatest tensile and creep-rupture strength over a wide range of tempera-
tures among all the refractory metals except osmium [161]. A typical example of
profound effect of oxygen contamination on the hardness and ultimate tensile
strength of unalloyed rhenium is given in Table 4.3 for as-cast and subsequently
hardened (40 %) and annealed metal specimens [4]. The ultimate compression
strength of rhenium at room temperature is [1.96 GPa [9]. Purified rhenium is
highly ductile; thoroughly annealed, it demonstrates the high grade of elongation
(up to *30 % at room temperature) and does not exhibit ductile-to-brittle tran-
sition temperature at the common conditions [10–11]. However, together with that
rhenium possesses very high magnitudes of elastic properties at room temperature
[4, 8, 10]:

Young’s modulus E, GPa 460–520
Coulomb’s (shear) modulus G, GPa 180
Poisson’s ratio m 0.26
Volume compressibility j, MPa-1 0.26 9 10-5

Longitudinal velocity of sound VS, ms-1 5360
Transversal velocity of sound VT, ms-1 2930

Elastic compliance s11, TPa-1

s33, TPa-1

s44, TPa-1

s12, TPa-1

s13, TPa-1

2.11
1.70
6.21
-0.80
-0.40

Elastic stiffness c11, GPa
c33, GPa
c44, GPa
c12, GPa
c13, GPa

616
683
161
273
206

Table 4.3 The effect of oxygen content on the mechanical properties of rhenium (hydrogen and
nitrogen contents—in the limits of (3 7 8) 9 10-4 mas.%) [31]

Oxygen content,
mas.%

As-cast metal Hardened (40 %) and annealed metal

Hardness HV, GPa Ultimate tensile
strength, MPa

Elongation, %

0.0021 1.45 1.28 522 21.1
0.0081 1.83 1.78 – –
0.0120 1.87 1.83 645 16.1
0.0180 2.44 2.31 720 11.0
0.0200 2.55 2.50 812 9.2
0.0220 2.67 2.67 845 5.0
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At elevated temperatures, the value of Young’s modulus falls almost linearly with
temperature and amounts to 402 GPa at 600 �C and 370 GPa at 880 �C [4, 10].

The magnitudes of physico-mechanical (strength, elasticity) properties of
unalloyed rhenium in the wide range of temperatures are summarized in Adden-
dum in comparison with other ultra-high temperature materials (graphite and
refractory metals).

4.5 Nuclear Physical Properties

The isotopes of rhenium (standard atomic mass – 186.207 u) from 160Re to 194Re,
including metastable states (161m-165mRe, 167m-169mRe, 172mRe, 177mRe,
179m1-2Re, 182m1-3Re, 183m-186mRe, 188mRe and 190mRe), and their general char-
acteristics are summarized in Table 4.4; the naturally occurring isotopes are listed
in order of decreasing abundance and unstable artificial (radioactive) isotopes – in
order of decreasing half-life period of decay.

Table 4.4 General characteristics of the isotopes of rheniuma [7, 9, 86–88]

Isotope Mass, u Abundance,
%

Half-life
period

Decay mode, excitation (radiation)
energy, MeV

187Reb 186.955753 62.60 41.2 9 109 yc b- (99.99 %), a (10-4 %)
185Red 184.952955 37.40 – –
186mRe – – 2.0 9 105 y Isomer, b- (10 %), c (90 %), 0.149
184mRe – – 169 d Isomer, b+ (24.6 %), c (75.4 %),

0.188
183Re 182.950820 – 70.0 d K-capture; c, 0.081, 0.252
184Re 183.952521 – 38.0 d b+; c, 0.159, 0.206, 0.244, 0.784,

0.89
186Re 185.954986 – 3.72 d b- (93.1 %): 1.07 (*76 %), 0.93

(*24 %), 0.3 (0.05 %); K-capture
(6.9 %); c, 0.123, 0.237, 0.627, 0.764

182Re 181.95121 – 64.0 h b+; c, 0.11, 0.127, 0.222, 0.250,
0.346

189Re 188.959229 – 24.3 h b-, 0.2; c, 1.0
181Re 180.950068 – 19.9 h b+

188Re 187.958114 – 17.0 h b-: 1.9 (1 %), 1.961 (20 %), 2.116
(79 %); c, from 0.15 to 1.95

182m1Re – – 12.7 h Isomer, b+

190mRe – – 3.2 h Isomer, b- (54.4 %), c (45.6 %),
0.210

179Re 178.949988 – 19.5 min b+

188mRe – – 18.59 min Isomer, c, 0.172

(continued)
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Table 4.4 (continued)

Isotope Mass, u Abundance,
%

Half-life
period

Decay mode, excitation (radiation)
energy, MeV

177Re 176.95033 – 14 min b+

178Re 177.95099 – 13.2 min b+

191Re 190.963125 – 9.8 min b-

175Re 174.95138 – 5.89 min b+

176Re 175.95162 – 5.3 min b+

190Re 189.96182 – 3.1 min b-

180Re 179.950789 – 2.44 min b+, 1.1; c, 0.106, 0.88
174Re 173.95312 – 2.40 min b+

173Re 172.95324 – 1.98 min b+

172mRe – – 55 s Isomer, b+

193Re 192.96747 (?) – 30 s (?) ?
192Re 191.96596 (?) – 16 s b-

171Re 170.95572 – 15.2 s b+

169mRe – – 15.1 s Isomer, b+ (99.8 %), a (0.2 %), 0.145
172Re 171.95542 – 15 s b+

170Re 169.958220 – 9.2 s b+ (99.99 %), a (0.01 %)
169Re 168.95879 – 8.1 s b+ (99.99 %), a (0.005 %)
168mRe ? – 6.6 s Isomer, ?
167mRe – – 5.9 s Isomer, b+ (99.3 %), a (0.7 %), 0.130
168Re 167.96157 – 4.4 s b+ (99.99 %), a (0.005 %)
167Re 166.96260 – 3.4 s a, b+

165mRe – – 2.1 s Isomer, a (13 %), b+ (87 %)
166Re 165.96581 – 2 s (?) a, b+

194Re 193.97042 (?) – 2 s (?) ?
165Re 164.967089 – 1 s (?) a, b+

164Re 163.97032 (?) – 0.53 s a (58 %), b+ (42 %)
164mRe – – 0.53 s Isomer, 0.120, ?
163Re 162.972081 – 0.39 s a (32 %), b+ (68 %)
163mRe – – 0.21 s Isomer, a (66 %), b+ (34 %), 0.115
162Re 161.97600 (?) – 0.11 s a (94 %), b+ (6 %)
162mRe – – 77 ms Isomer, a (91 %), b+ (9 %), 0.173
161mRe – – 15.6 ms Isomer, a, 0.123
183mRe – – 1.04 ms Isomer, 1.908
160Re 159.98212 (?) – 0.82-0.86 ms (?) p (91 %), a (9 %)
161Re 160.97759 – 0.37 ms (?) p
179m1Re – – 0.095 ms Isomer, 0.065, ?
177mRe – – 0.05 ms Isomer, 0.084, ?
182m3Re – – 0.78 ls Isomer, 0.461 ? X, ?
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Nuclear physical properties of rhenium (isotopic mass range, total number of
isotopes, thermal neutron macroscopic cross sections, moderating ability and
capture resonance integral), compared with other ultra-high temperature elements
(carbon and refractory metals), are given in Addendum.

4.6 Chemical Properties

The comprehensive information on the chemical properties and interaction of
rhenium with all the elements of the periodic table is given in Table 4.5. The
rhenium containing systems and corresponding binary compounds are described
and considered there in accordance to the groups of elements from 1 to 17.

Table 4.4 (continued)

Isotope Mass, u Abundance,
%

Half-life
period

Decay mode, excitation (radiation)
energy, MeV

182m2Re – – 0.585 ls Isomer, 0.236 ? X, ?
179m2Re – – [0.4 ls Isomer, 1.685 ? Y, ?
185mRe – – 0.12 ls Isomer, 2.124 ? X, ?
a Naturally occurring rhenium includes stable (or nearly stable, see below note d) 185Re (37.4 %)
and nearly stable 187Re (62.6 %); the latter has a very long (longer than the age of universe) half-
life period
b Primordial radionuclide
c Fully ionized: 33 y (bound state b-)
d Believed to undergo a decay (?)

Table 4.5 Chemical interaction of rhenium with elements of the periodic table (binary systems
in accordance to the groups of elements)a

System Type of phase diagram
(constituent phases,
temperatures and compositions
of transformations)

Character of interaction References

Group 1
Re–H H, ReHx (?), Re

No diagram plot
No interaction, no solubility at
elevated and high temp. The
lattice parameters of Re
annealed in H2 (1200 �C) do
not change. Fine Re powder
adsorbs a distinct amount of H.

[4, 10, 12–13,
34]

(continued)
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Table 4.5 (continued)

System Type of phase diagram
(constituent phases,
temperatures and compositions
of transformations)

Character of interaction References

Re–Li a-Li, b-Li, c-Li, Li3Re (?),
Li2Re (?), LiRe, LiRe2 (?), Re
No diagram plot

In the range of temp. from 1200
to 1600 �C, the solubility of Re
in liquid Li rises from
2 9 10-6 to 6.3 9 10-6 at.%.
Data on the resistance of Re to
Li melt available in the
literature are contradictory.

[4, 14, 35–
36]

Re–Na No data – –
Re–K K, K2Re, KRe (?), KRe2

(Laves phase, ?), Re
No diagram plot

No experimental data. [35]

Re–Rb No data – –
Re–Cs No data – –
Re–Fr No data – –
Group 2
Re–Be a-Be, b-Be, ReBe22 (or

ReBe20, \*1500–1800 �C,
invariable compos., ?), ReBe16+x

(x & 1.4, or Re0.23Be4,
\*1000 �C, invariable
compos., ?), ReBe6

(\*1000 �C, invariable
compos., ?), ReBe2±x

(\*1550–2000 �C, homog.
range—30–40 at.% Re at
400–900 �C), Re
Eutectic ReBe22–Be (?, *0.45
at.% Re)
No complete diagram plot

The max. solid solubility of Re
in Be is 0.5–1 at.% and that of
Be in Re is *10 at.%; the
solubility of Re in Be at the
ReBe22–Be eutectic temp. is
0.048 at.% (?). The addition of
Re increases the melt. points of
Be–Re alloys (e.g., up to
1840 �C for Be – 5 at.% Re
alloy). Re beryllides are formed
by the direct interaction of Re
and Be powders after heat
treatment in Ar at
1200–1650 �C.

[4, 12, 15–16,
37–38]

Re–Mg Mg, no binary compounds (?),
Re
Peritectic Mg (650.6 �C, *0.06
at.% Re, ?)
No complete diagram plot

The solubility of Re in liquid
Mg is *0.05 at.% at peritectic
temp.

[16, 178]

Re–Ca No data – –
Re–Sr No data – –
Re–Ba No data – –
Re–Ra No data – –
Group 3
Re–Sc a-Sc, b-Sc, ScRe2 (\2030 �C,

incongruent melt. point,
invariable compos., Laves
phase), Sc5Re24 (\2570 �C,
incongruent melt. point,
invariable compos.), Re
Eutectic ScRe2–b-Sc
(1360 �C, *0.5–1.0 at.% Re)

The max. solubility of Re in
b-Sc is \1 at.% (1360 �C) and
that of Sc in Re is *5 at.%
(2570 �C).

[4, 16–17,
39–40]
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Table 4.5 (continued)

System Type of phase diagram
(constituent phases,
temperatures and compositions
of transformations)

Character of interaction References

Re–Y a-Y, b-Y, YRe2 (\2520 �C,
incongruent melt. point,
invariable compos., Laves
phase, ?), Re
Eutectic YRe2–a-Y
(1450 �C, *5 at.% Re, ?)
Data on the system available in
literature are controversial.

The max. solubility of Re in
b-Y is \1 at.% and that of Y in
Re is B1 at.%.

[4, 16–17,
40]

Lanthanides
Re–La a-La, b-La, c-La, no binary

compounds (?), Re
Miscibility gap in the liquid
state (*2–99.5 at.% Re
at *3150 �C)

No interaction. Practically, Re
and La are immiscible in the
solid and liquid states.

[14, 16]

Re–Ce a-Ce, b-Ce, c-Ce, d-Ce, no
binary compounds (?), Re
No diagram plot

– [15, 40]

Re–Pr a-Pr, b-Pr, a-PrRe2 (Laves
phase, ?), b-PrRe2 (Laves
phase, ?), Re
Eutectic with b-Pr
(*925–930 �C, 0.24 at.% Re)

The solubility of Re in liquid Pr
is 0.6 at.% at 1140 �C, 2.4 at.%
at 1360 �C, 2.6 at.% at 1480 �C
and 4.5 at.% at 1765 �C.

[16–17, 40,
42–43, 137]

Re–Nd a-Nd, b-Nd, NdRe2 (Laves
phase, ?), Re
No diagram plot

The solubility of Nd in Re is
negligible.

[14, 136]

Re–Pm No data – –
Re–Sm a-Sm, b-Sm, c-Sm, SmRe2

(Laves phase), Re
No diagram plot

The solubility of Sm in Re is
negligible.

[17, 40]

Re–Eu Eu, EuRe2 (Laves phase), Re
No diagram plot

– [13]

Re–Gd a-Gd, b-Gd, GdRe2

(\2380–2480 �C, incongruent
melt. point, invariable compos.,
Laves phase), Re
Eutectic GdRe2–b-Gd
(*1280–1300 �C, *1 at.% Re)

The max. solubility of Re in
b-Gd is \1 at.% and that of Gd
in Re is *0.4 at.%.

[13, 16, 44]

Re–Tb a0-Tb, a-Tb, b-Tb, TbRe2

(\2400–2500 �C, incongruent
melt. point, invariable compos.,
Laves phase), Re
Eutectic TbRe2–b-Tb
(*1305–1320 �C, \1 at.% Re)

The solubility of Tb in Re
is *0.2 at.%. Re decreases the
temp. of melt. point and
polymorphic transformation of
Tb.

[17, 40, 45]

Re–Dy a0-Dy, a-Dy, b-Dy, DyRe2

(Laves phase), Re
No diagram plot

The solid solubility of Dy in Re
is \1 at.%.

[13, 46]
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Table 4.5 (continued)

System Type of phase diagram
(constituent phases,
temperatures and compositions
of transformations)

Character of interaction References

Re–Ho a-Ho, b-Ho, HoRe2 (Laves
phase), Re
No diagram plot

The solid solubility of Ho in Re
is \1 at.%.

[13, 46]

Re–Er a-Er, b-Er, ErRe2

(\2450–2550 �C, incongruent
melt. point, invariable compos.,
Laves phase), Re
Eutectic ErRe2–b-Er
(*1425–1455 �C, *3 at.% Re)

The max. solubility of Re in Er
is B1 at.% and that of Er in Re
is \0.3 at.%.

[13, 44]

Re–Tm a-Tm, b-Tm, TmRe2 (Laves
phase), Re
No diagram plot

– [17]

Re–Yb a-Yb, b-Yb, c-Yb, YbRe2

(Laves phase, ?), Re
No diagram plot

– [17]

Re–Lu a-Lu, b-Lu, LuRe2 (Laves
phase), Re
No diagram plot

– [14, 40]

Actinides
Re–Ac No data – –
Re–Th a-Th, b-Th, ThRe2

(\*2500 �C, incongruent melt.
point, invariable compos., Laves
phase, ?), Re
Eutectic ThRe2–b-Th
(*1380–1420 �C, 14.9–15.5
at.% Re)
Eutectic ThRe2–Re (*2315 �C,
73 at.% Re, ?)

The max. solubility of Re in
b-Th is *1.5 at.% (?). The
solubility of Th in Re is
negligible.

[4, 16–17,
47]

Re–Pa No data – –
Re–U a-U, b-U, c-U, a0-U (metastable,

?), U2Re (\750 �C, invariable
compos.), a-URe2 (\180 �C),
b-URe2 (180–2200 �C,
congruent melt. point, Laves
phase), Re
Eutectic b-URe2–c-U
(*1105–1120 �C, *13 at.%
Re)
Eutectic b-URe2–Re
(*2105–2160 �C, *71–72.5
at.% Re)

The solid solubilities of Re in U
modifications are following: in
a-U – 0.5 at.% at 643 �C, in
b-U –2.4 at.% at 680 �C, in
c-U – 7.5 at.% at 680 �C and 8.8
at.% at 1105 �C. The solid
solubility of U in Re is *0.6
at.% at room temp. and *4 at.%
at 2105 �C. Fast cooling of
c-U with Re content [7 at.%
results in the formation of a0-U
metastable oversaturated solid
solutions.

[4, 16–17,
47–49, 189,
198]
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Table 4.5 (continued)

System Type of phase diagram
(constituent phases,
temperatures and compositions
of transformations)

Character of interaction References

Re–Np a-Np, b-Np, c-Np, NpRe2

(Laves phase), Re
No diagram plot

– [179]

Re–Pu a-Pu, b-Pu, c-Pu, d-Pu, d0-Pu,
e-Pu, PuRe2 (\2000 �C,
invariable compos., Laves
phase), Re
Eutectic PuRe2–e-Pu
(625 �C, *1 at.% Re, ?)

– [16]

Re–Am No data – –
Group 4
Re–Ti a-Ti, b-Ti, x-Ti (metastable

solid solution), v-Ti5Re24

(\2750 �C, incongruent melt.
point, invariable compos.), Re
Extended solid solution based
on b-Ti (\2025 �C, up to 50
at.% Re)

Re diminishes the temp. of
a-Ti–b-Ti polymorphic
transformation to 650 �C (for
the alloy containing *7 at.%
Re). The solubility of Re in
a-Ti is *8 at.% (600 �C). and
that of Ti in Re is 2.3 at.% at
2750 �C, 0.8 at.% at 2100 �C
and 0.4 at.% at 1500 �C.

[4, 16–19,
50–51]

Re–Zr a-Zr, b-Zr, r-Zr2Re
(\*1640–1900 �C,
incongruent melt. point,
invariable compos., ?), Zr21Re25

(?), k-ZrRe2–x (\2450–2750 �C,
melt. point, homog. range—
*65–67 at.% Re at 2500 �C
and *62–67 at.% Re at
1600 �C, Laves phase, ?),
v-Zr5Re24+x (\2500 �C,
incongruent melt. point, homog.
range—*83–85 at.% Re), Re
Eutectic r-Zr2Re–b-Zr
(*1590–1600 �C, *14–23.5
at.% Re)
Eutectic v-Zr5Re24+x–Re
(*2430 �C, *87 at.% Re, ?)

Re stabilizes b-Zr and
diminishes the temp. of
a-Zr–b-Zr polymorphic
transformation to 550–575 �C
(for the alloy containing *2
at.% Re). The solid solubility
of Re in b-Zr is 8 at.% at
1590–1600 �C and 3–4 at.% at
550–575 �C; in a-Zr it is
*0.2 at.% at 700–800 �C
and *1.5 at.% at 400–500 �C.
The solubility of Zr in Re
is *0.2 at.% at 2500 �C; it
decreases at lower temp. to 0.1
at.% (1500–2100 �C).

[4, 16–17, 19,
52–55]
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Table 4.5 (continued)

System Type of phase diagram
(constituent phases,
temperatures and compositions
of transformations)

Character of interaction References

Re–Hf a-Hf, b-Hf, HfRe1±x (or
Hf11Re9, or Hf3Re2,
\*2280–2445 �C, incongruent
melt. point, ?), k-HfRe2±x

(\*2850–3160 �C, melt. point,
Laves phase, homog. range—
*65–67.5 at.% Re at 3085 �C
and *62–67 at.% Re at
2445 �C), v-Hf5Re24±x (or
HfRe7, \2800–3100 �C (?),
incongruent melt. point, homog.
range—*82.5–89.5 at.% Re at
2930 �C and *82.5–88 at.% Re
at 2500 �C), Re
Eutectic HfRe1±x (or Hf3Re2)
–b-Hf (*1840–2100 �C,
*16.4–23.5 at.% Re)
Eutectic v-Hf5Re24±x–Re
(*2915–2945 �C, *89.5–91.5
at.% Re, ?)
Data on the system available in
literature are controversial

Re stabilizes b-Hf and
diminishes the temp. of
a-Hf–b-Hf polymorphic
transformation to 1300 �C (for
the alloy containing 12 at.%
Re). The solid solubility of
Re in b-Hf is 12.5 at.%
at *1840–2100 �C and 12
at.% at 1300 �C; in a-Hf it
is *0.8–3.0 at.% at
1250–1300 �C and *0.5 at.%
at 1000 �C. The max. solid
solubility of Hf in Re
is *0.2–3.5 at.% at
2915–2975 �C; at lower temp.
it decreases to 0.1–0.05 at.%
(1100 �C).

[4, 13, 16, 18,
56–57]

Group 5
Re–V V, d-V3Re7±x (from 1470 �C to

1950–2310 �C, homog. range—
68–72 at.% Re at 1970 �C),
r-VRe3+x (from 1950–1990 �C
to 2440–2630 �C, melt. point,
homog. range—*75–78 at.%
Re at 2250–2310 �C, ?), Re
Extended solid solution based
on V (\2400 �C, up to 66 at.%
Re)
Eutectic r-VRe3+x–(V,Re)
extended solid solution
(*2360–2400 �C, *70 at.%
Re)

The solubility of V in Re is
10–14 at.% at 2460 �C, *5.5
at.% at 1800 �C and *5 at.%
at 1400 �C.

[4, 16–17,
58–65]
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Table 4.5 (continued)

System Type of phase diagram
(constituent phases,
temperatures and compositions
of transformations)

Character of interaction References

Re–Nb Nb, r-Nb2Re3–x (from
2160–2300 �C to
2400–2565 �C, incongruent
melt. point, homog. range—
*53–57 at.% Re at
2350–2435 �C), v-NbRe3±x

(\2520–2745 �C, melt. point,
homog. range—61.5–87 at.% Re
at 2160–2220 �C and from
63.5–69 to 87–89 at.% Re at
1000 �C), Re
Extended solid solution based
on Nb (up to 45.5–46.5 at.% Re
at 2350–2435 �C)
Eutectic r-Nb2Re3–x–(Nb,Re)
extended solid solution
(*2350–2435 �C, *48–52
at.% Re)
Eutectic v-NbRe3±x – Re
(*2715 �C, *88 at.% Re, ?)

Re diminishes the melt. temp.
of Nb slightly. The solubility of
Nb in Re is 3.5–4.5 at.% at
2520–2715 �C; at lower temp.
it decreases to *0.4 at.%
(1500 �C).

[14, 16, 18,
66–69, 118,
133]

Re–Ta Ta, r-Ta2Re3–x (from
2200–2460 �C to
2680–2740 �C, incongruent
melt. point, homog. range—
*34–60 at.% (?) Re at
2400–2690 �C), v-TaRe3±x

(\2790–2830 �C, melt. point,
homog. range—60–84.5 at.% Re
at 2460 �C and 64–80 at.% Re at
2000 �C, ?), Re
Extended solid solution based
on Ta (up to 47 at.% Re at
2460 �C)
Eutectic r-Ta2Re3–x–(Ta,Re)
extended solid solution
(*2400–2690 �C, *49.7–50.3
at.% Re)
Eutectic v-TaRe3±x–Re
(*2760 �C, * 84 at.% Re, ?)

Re diminishes the melt. temp.
of Ta considerably. The
solubility of Ta in Re is *3–5
at.% at 2755–2830 �C; at lower
temp. it decreases to *0.25
at.% (1100 �C).

[16–18, 70–
73, 196]

Group 6
Re–Cr Cr, r-Cr2Re3±x (\2320–2355 �C,

incongruent melt. point, homog.
range—*50–72 at.% Re), Re
Extended solid solution based on
Cr (\2135–2285 �C, up
to *43–50 at.% Re)
Extended solid solution based on
Re (up to *17–25 at.% Cr at
2320–2355 �C)

The solubility of Re in Cr
increases with temperature
growth from *36 at.% at
1500 �C to the max. magnitude
*43–50 at.% at
2135–2285 �C.

[4, 13, 16,
74–76, 133,
135]
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Table 4.5 (continued)

System Type of phase diagram
(constituent phases,
temperatures and compositions
of transformations)

Character of interaction References

Re–Mo Mo, r-Mo2Re3±x (from
1100–1150 �C (?) to
2500–2670 �C, incongruent
melt. point, homog. range—
*55–70.5 at.% Re at 2500 �C
and *52–72 at.% Re at
2000 �C), v-MoRe3+x

(\1970–2030 �C, homog.
range—*76–79 at.% Re at
1100 �C), Re
Extended solid solution based
on Mo (up to *42–43 at.% Re
at *2440–2525 �C)
Eutectic r-Mo2Re3±x–(Mo,Re)
extended solid solution
(*2440–2525 �C, *49–50
at.% Re)

Re diminishes the melt. temp.
of Mo slightly. The solid
solubility of Re in Mo is 42–43
at.% at 2440–2525 �C
and *29–30.5 at.% at
1100–1200 �C. The solid
solubility of Mo in Re
is *15–21 at.% at
2645 �C, *12–18 at.% at
2520–2570 �C, *8 at.% at
2100 �C and *2–6 at.% at
1100–1500 �C. For diffusion
rate in the system at various
temp. see Addendum.

[14, 16, 19,
77–78, 118,
187]

Re–W See W–Re in Table 3.5.
Group 7
Re–Mn a-Mn, b-Mn, c-Mn, d-Mn,

r-MnRe1+x (\*1700–2280 �C
(?), incongruent melt. point,
homog. range–?), Re

The solubility of Re in a-Mn is
5.5 at.%; the solubilities of Re
in other Mn modifications are
lower.

[4, 14, 79]

Re–Tc Tc, no binary compounds, Re
Continuous solid solution
Tc–Re

- [17, 80]

Group 8
Re–Fe a-Fe, c-Fe, d-Fe, g-Fe3±xRe

(from 1205 �C, homog. range—
*7–36 at.% Re), Fe2Re
(\*1400 �C, homog. range—
*28–32 at.% Re), r-Fe3Re2

(from *850 �C, homog.
range—*36–47 at.% Re),
Fe2Re3 (\*1600 �C, homog.
range—*60–64 at.% Re), Re

Practically, Re does not affect
the melt. temp. of Fe, its
presence changes the temp. of
a-Fe–c-Fe and c-Fe–d-Fe
transformations only slightly.
The max. solubilities of Re in
Fe polymorphic modifications
are following: *18–19 at.% in
a-Fe (895 �C), *16.0–16.5
at % in c-Fe (1205 �C) and *8
at.% in d-Fe (1375 �C). Molten
Fe has a catastrophic effect on
Re metal; direct contact is not
recommended.

[4, 13, 16, 18,
81, 161]

Re–Ru Ru, no binary compounds, Re
Continuous solid solution
Ru–Re

- [4, 16–17,
82–83]
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Table 4.5 (continued)

System Type of phase diagram
(constituent phases,
temperatures and compositions
of transformations)

Character of interaction References

Re–Os Os, no binary compounds, Re
Continuous solid solution
Os–Re

- [14, 83–84]

Group 9
Re–Co e-Co, a-Co, no binary

compounds, Re
Continuous solid solution
e-Co–Re
Peritectic a-Co (1550 �C, 15
at.% Re)

Re stabilizes e-Co
modification; the min. limit of
solid solubility of Re in e-Co at
1550 �C is 25 at.%.

[4, 13, 16]

Re–Rh Rh, no binary compounds, Re
Peritectic Rh (*2595–2645 �C,
*25–26 at.% Re)

The presence of Re results in
increase in the melt. temp. of
Rh. The max. melt. point
(*2595–2645 �C) and max. solid
solubility of Re in Rh (*25–26
at.%) are corresponding to the
peritectic alloy. The solubility of
Re in Rh declines slightly with
temp. decreasing; at 1000 �C it
amounts to *12 at.%. The max.
solid solubilityofRh in Re is *24
at.% (*2595–2645 �C); at lower
temp. the solubility of Rh declines
([20 at.% at 500 �C).

[4, 16–17, 83,
85]

Re–Ir Ir, no binary compounds, Re
Peritectic Ir (*2775–2825 �C,
*36–40 at.% Re)
Extended solid solution based
on Ir (up to *36–40 at.% Re at
2800 �C)
Extended solid solution based
on Re (up to *44 at.% Ir at
2800 �C)
Some data on the system
available in literature are
controversial.

The presence of Re results in
increase in the melt. temp. of Ir.
The max. melt. point
(*2800 �C) and max. solid
solubility of Re in Ir (*36–40
at.%) are corresponding to the
peritectic alloy. The solubility
of Re in Ir declines slightly with
temp. decreasing; at 1000 �C it
amounts to *28 at.%. The max.
solid solubility of Ir in Re
is *44 at.% (2800 �C); at
lower temp. the solubility of Ir
declines slightly (*39 at.% at
1000 �C and \38 at.% at
500 �C).

[4, 14, 16, 85,
160]
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Table 4.5 (continued)

System Type of phase diagram
(constituent phases,
temperatures and compositions
of transformations)

Character of interaction References

Group 10
Re–Ni Ni, no binary compounds, Re

Peritectic Ni (1595–1645 �C,
*17 at.% Re, ?)
Extended solid solution based
on Ni (up to *17 at.% Re at
1620 �C)

The presence of Re results in
increase in the melt. temp. of
Ni. The max. melt. point
(*1595–1645 �C) and max.
solid solubility of Re in Ni
(*17 at.%) are corresponding
to the peritectic alloy. The
solubility of Re in Ni declines
slightly with temp. decreasing;
at 800 �C it amounts to 12
at.%. The max. solid solubility
of Ni in Re is *14–18 at.%
(1620 �C); at lower temp. the
solubility of Ni declines
slightly (*9–10 at.% at
600 �C). Data on solubility in
the system are controversial.
Molten Ni has a catastrophic
effect on Re metal; direct
contact is not recommended.

[4, 14, 16, 18,
89–90, 161,
190–191,
199]

Re–Pd Pd, no binary compounds, Re
Peritectic Pd (*1625–1675 �C,
*16 at.% Re)
Extended solid solution based
on Pd (up to *16 at.% Re at
1650 �C)

The presence of Re results in
increase in the melt. temp. of
Pd. The max. melt. point
(*1650 �C) and max. solid
solubility of Re in Pd *16 at.%)
are corresponding to the
peritectic alloy. The solubility of
Re in Pd declines slightly with
temp. decreasing; at
1000–1500 �C it amounts
to *11 at.%. The max. solid
solubility of Pd in Re is[5 at.%
(1650 �C); at lower temp. the
solubility of Pd declines.

[4, 14, 83,
85]

Re–Pt Pt, no binary compounds
(ordered phases, ?), Re
Peritectic Pt (*2450 �C,
*40–42 at.% Re)
Extended solid solution based
on Pt (up to *40–42 at.% Re
at *2450 �C)
Extended solid solution based
on Re (up to *40–44 at.% Pt
at *2450 �C)

The presence of Re results in
increase in the melt. temp. of
Pt. The max. melt. point
(*2450 �C) and max. solid
solubility of Re in Pt (*40–42
at.%) are corresponding to the
peritectic alloy. The mutual
solid solubilities of Re and Pt
in each other are affected by
temp. very slightly.

[4, 16–17,
91]
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Table 4.5 (continued)

System Type of phase diagram
(constituent phases,
temperatures and compositions
of transformations)

Character of interaction References

Group 11
Re–Cu Cu, no binary compounds, Re

Eutectic (degenerated) Cu–Re
(*1083 �C, ?)
Miscibility gap in the liquid
state (*6.5–87 at.% Re at
2900 �C)

Practically, the components are
immiscible in the solid and
liquid states. The solid
solubility of Re in Cu is \10-4

at.%. Molten Cu has no effect
on Re metal.

[4, 13, 16,
161]

Re–Ag Ag, no binary compounds, Re
Eutectic (degenerated) Ag–Re
(*961 �C, ?)

Practically, the components are
immiscible in the solid and
liquid states. Molten Ag has no
effect on Re metal.

[4, 15–16, 83,
161]

Re–Au Au, no binary compounds, Re
No diagram plot

Practically, the components are
immiscible in the solid and
liquid states. The solid
solubility of Re in Au at
1000 �C is *0.1 at.%.

[4, 15, 92]

Group 12
Re–Zn Zn, no binary compounds, Re

No diagram plot
No interaction; Re is not
dissolved and resistant to
corrosion in molten Zn (1 h
exposure at 520 �C).

[4, 17]

Re–Cd No data – –
Re–Hg Hg, no binary compounds, Re At 500 �C the solubility of Re

in liquid Hg is *10-5 at.%;
the solubility of Hg in solid Re
is extremely small. No inter-
action between Re powder and
Hg in reductive gas atmosphere
at 300 �C.

[4, 13, 16]

Group 13
Re–B b-B, ReB2±x (or ReB3,

\*2400 �C, congruent melt.
point corresp. to *ReB3.0,
homog. range—*22–33.5 at.%
Re at *2050 �C, *27–35 at.%
Re at *1830 �C and *30–35
at.% Re at 1600 �C), ReB (?),
Re7B3+x (\*2000 �C,
incongruent melt. point corresp.
to ReB0.43, homog. range—
*68.5–70 at.% Re at
*1830 �C and *69.5–70 at.%
Re at 1600 �C), Re3±xB
(\*2150 �C, incongruent melt.
point corresp. to ReB0.33,

The max. solid solubility
of Re in B is \1 at.%
(2030–2050 �C) and that of B
in Re is \2.5 at.% (2150 �C).
Re borides are formed directly
from the elements in vacuum at
1400–1900 �C.

[4, 12, 15–16,
93]
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Table 4.5 (continued)

System Type of phase diagram
(constituent phases,
temperatures and compositions
of transformations)

Character of interaction References

homog. range—*73.5–75.5
at.% Re at *2000 �C
and *74.5–75.5 at.% Re at
1600 �C), Re
Eutectic ReB2±x–b-B
(*2030–2050 �C, *8–8.5 at.%
Re)
Eutectic ReB2±x–Re7B3+x

(*1830 �C, *58 at.% Re)
Re–Al Al, ReAl12 (\*600 �C,

incongruent melt. point,
invariable compos., 7.7 at.%
Re), ReAl6 (\*750 �C,
incongruent melt. point,
invariable compos.), ReAl4
(\*1100 �C, incongruent melt.
point, invariable compos.),
ReAl2 (\*1460–1510 �C,
incongruent melt. point,
invariable compos., 33.3 at. Re),
ReAl (\*1565–1615 �C,
incongruent melt. point, ?),
Re3Al2 (\*1975–2025 �C,
incongruent melt. point, ?), Re

The solid solubility of Re in Al
is *0.25 at.% at 600 �C and
*0.2 at.% at 500 �C. The
solubility of Al in Re is *2.8
at.% at 1900–2000 �C; it
declines with temp. decreasing.
Practically, Re is not dissolved
in molten Al and reacts with it
slightly. Re aluminides are
formed from powders in inert
gas atmosphere at
temp. [800 �C.

[4, 15–16,
94–98, 161,
194–195]

Re–Ga Ga, no binary compounds at
normal conditions, Re

No interaction in solid and liquid
states at common conditions.
The metastable binary
compounds were synthesized
only under high pressures (7.7
GPa).

[4, 13, 16,
99]

Re–In In, no binary compounds, Re
No diagram plot

The solubility of Re (x, at.%) in
liquid In is obeyed the following
rule at 330–970 �C:
lgx = 1.67 – 5340/T
where T is temp., K.

[175, 180]

Re–Tl No data – –
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Table 4.5 (continued)

System Type of phase diagram
(constituent phases,
temperatures and compositions
of transformations)

Character of interaction References

Group 14
Re–C See C–Re in Table 2.13.
Re–Si Si, ReSi2 (or ReSi1.8,

\*1930–1980 �C, congruent
melt. point, invariable compos.),
ReSi (from 1650 �C to
*1820–1880 �C (?),
incongruent melt. point corresp.
to *ReSi1.0, invariable
compos.), Re5Si3 (\1020 �C, ?),
Re2Si (or Re17Si9,
\*1810–1960 �C, congruent
melt. point corresp. to ReSi0.5,
invariable compos., 33.3 at.%
Re), Re3Si (?), Re
Eutectic ReSi2–Si
(*1125–1380 �C, *10 at.%
Re)
Eutectic Re2Si–ReSi
(*1770–1820 �C, *53–61
at.% Re)
Eutectic Re2Si–Re
(*1710–1900 �C, *67–74
at.% Re)

The solid solubility of Re in Si is
low. The data on solid solubility
of Si in Re available in the
literature are controversial. Re
silicides are synthesized directly
from the elements in vacuum or
inert gas atmosphere at
1400–1500 �C.

[4, 12, 16–
17, 100–
102, 197]

Re–Ge Ge, ReGe2 (\*1130 �C,
incongruent melt. point,
metastable, ?), Re3Ge7

(\*1130 �C, incongruent melt.
point, invariable compos.), Re
Eutectic Re3Ge7 (or ReGe2, ?)–
Ge (*930 �C, *3–5 at.%
Re, ?)

The max. solid solubility of Re
in Ge is *3 at.% (930 �C).

[4, 12–13,
103–105]

Re–Sn a-Sn, b-Sn, no binary
compounds, Re
Eutectic (degenerated) Sn–Re
(*230 �C, ?)

No interaction. Practically, Re is
not dissolved in molten Sn and
the components are immiscible
in the solid and liquid states.
Molten Sn has no effect on Re
metal.

[4, 16–17,
161, 181]

Re–Pb No data – –
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Table 4.5 (continued)

System Type of phase diagram
(constituent phases,
temperatures and compositions
of transformations)

Character of interaction References

Group 15
Re–N N, ReN2±x (\280 �C, homog.

range—wide, unstable, ?),
Re2+xN (or ReN0.43, \280 �C),
Re3±xN (\280 �C, homog.
range—wide, unstable, ?), Re
No diagram plot

The solubility of N in Re in the
range of temp. 2000–2750 �C is
(0.6 7 1.5) 9 10-3 at.% at
pressure 0.1 MPa. Re does not
interact with N2 at temp.
B900 �C. The Re nitrides are
synthesized by the decom-
position of NH4ReO4 at
270–450 �C or by interaction
with NH3 at temp. C600 �C. For
the most part, the Re nitrides are
not stable at higher temp.,
decomposing rapidly, in vacuum
and under lower pressures
especially.

[4, 12, 14,
106–107]

Re–P P, ReP4, ReP3, Re2P5, ReP2 (or
Re6P13, Re12P26, ?), Re3P4, ReP,
Re2P, Re
No diagram plot

Re phosphides are formed
directly from the elements at
temp. C800 �C.

[12, 14,
108]

Re–As As, Re3As7 (or ReAs2.3,
invariable compos.), Re
No diagram plot

Re interacts with As vapour at
elevated temp.

[12, 15,
108–109]

Re–Sb Sb, no binary compounds, Re No interaction. No solubility of
the components in the solid
state.

[16]

Re–Bi Bi, no binary compounds, Re No interaction; Re is not
dissolved and resistant to
corrosion in molten Bi (24 d
exposure at 800 �C).

[16, 182]

Group 16
Re–O O, ReO4 (?), Re2O7

(\297–303 �C, melt. point),
Re3O10 (or Re2O7�ReO3, ?),
ReO3 (\300 �C), Re2O5±x (or
Re1+xO3, 0.14 B x B 0.21, ?),
Re7O18 (or 3Re2O5�ReO3),
a-ReO2+x (\300 �C), b-ReO2+x

(300–1050 �C), Re2O3 (?), ReO
(?), Re2O (?), Re
Eutectic Re2O7–ReO3

(*300 �C, *22.2–22.5 at.%
Re)
No complete diagram plot

The max. solubility of O in Re
is *0.2 at.%. In O2 the
oxidation of Re initiates from
the temp. C150 �C and leads to
the direct formation of Re2O7.
All other oxides are formed
indirectly. ReO3 is prepared by
the reduction of Re2O7, ReO2—
by the decomposition of ReO3,
Re2O5±x—at high pressures.

[4, 12, 14,
108, 110–
114, 126,
176]
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Table 4.5 (continued)

System Type of phase diagram
(constituent phases,
temperatures and compositions
of transformations)

Character of interaction References

Re–S a-S, b-S, Re2S7 (metastable, ?),
ReS3 (\800 �C), Re2S5, ReS2,
Re2S3, ReS, Re
No diagram plot

ReS2 is formed by the direct
interaction of Re powder with S
vapour at 700–800 �C.

[4, 12, 17,
108, 115–
116]

Re–Se Se, Re2Se7 (\330 �C), ReSe2,
Re
No diagram plot

ReSe2 is formed by the direct
interaction of Re with Se in
vacuum at 700 �C.

[4, 12, 17,
108, 121]

Re–Te Te, Re2Te7 (\1000 �C,
congruent melt. point, ?),
Re2Te5±x (\970 �C, incongruent
melt. point, ?), b-ReTe2+x

(\935–1200 �C (?), congruent
melt. point corresp. to
*ReTe2.4, homog. range—
*25.5–35 at.% Re at
850–870 �C and *27–35 at.%
Re at 430 �C), a-ReTe1–x (or
Re5Te4±x, \900 �C, congruent
melt. point corresp. to
*ReTe0.8, homog. range—
*50–56.5 at.% Re at 850 �C
and *53–57 at.% Re at
200 �C), Re2Te (\*1200 �C,
incongruent melt. point,
invariable compos.), Re
Eutectic b-ReTe2+x (or Re2Te7,
?)–Te (*430–448 �C, *2–7
at.% Re, ?)
Eutectic Re2Te7–Re2Te5±x

(910 �C, 25 at.% Re, ?)
Eutectic b-ReTe2+x–a-ReTe1–x

(*850 �C, 40 at.% Re)
Eutectic Re2Te–a-ReTe1–x

(*850 �C, 60 at.% Re)
Miscibility gap in liquid state
([870 �C, 3–20 at.% Re)
Data on the system available in
literature are controversial

Re tellurides are synthesized
directly from the elements.

[12, 16–17,
117, 122]

Re–Po No data – –
Group 17
Re–F F, ReF7 (\48 �C, melt. point),

a-ReF6 (?), b-ReF6 (\19 �C,
melt. point), ReF5 (\48 �C,
melt. point), ReF4 (\125 �C,
melt. point), Re
No diagram plot

The direct interaction between
Re and F2 results in the
formation of ReF4, ReF6 and
ReF7. ReF5 is synthesized by
indirect chemical reaction
pathways.

[2–4, 12,
108, 115,
183]
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The data on the selected ternary, quaternary and quasi-binary rhenium con-
taining systems, which are the most important for the design, manufacture and
application of ultra-high temperature materials, are summarized in Table 4.6. The
composition and temperature stability regions for the main binary and ternary
rhenium containing high-temperature phases are given in Tables 4.5 and 4.6 taking
into account the spread of numerical magnitudes available in the literature
currently.

Table 4.5 (continued)

System Type of phase diagram
(constituent phases,
temperatures and compositions
of transformations)

Character of interaction References

Re–Cl Cl, ReCl6 (\*22 �C, melt.
point), ReCl5 (\*260–280 �C,
congruent melt. point, invariable
compos.), a-ReCl4 (?), b-ReCl4
(\350 �C, incongruent melt.
point, invariable compos.),
ReCl3 (or RexCl3x (x = 3),
\660–725 �C, congruent melt.
point), ReCl2 (?), Re

At 200–600 �C the direct
interaction between Re and Cl2
results in the formation of ReCl6
and ReCl5; at higher temp.
ReCl5 decomposes to ReCl3.
ReCl4 is synthesized by special
chemical reaction pathways.

[2–4, 12–
13, 108,
115, 188]

Re–Br Br, ReBr5, ReBr4, ReBr3 (or
RexBr3x (x = 3), \627 �C, melt.
point), Re
No diagram plot

The direct interaction between
the elements results in the
formation of ReBr3 at 450 �C,
and ReBr4 and ReBr5 at 650 �C.

[2–4, 12]

Re–I I, ReI4, ReI3 (or RexI3x, x = 3),
ReI2, ReI, Re
No diagram plot

The direct interaction between
Re and I2 results in the formation
of ReI4. Other Re iodides are
synthesized indirectly.

[2–4, 12]

Re–At No data – –
a The intervals of temperatures and compositions for the melting and invariant equilibria points,
homogeneity ranges and thermal stability regions of constituent phases are given taking into
account the minimal and maximal values (data spread) available in literature

Table 4.6 Chemical interaction of rhenium with elements and compounds at high temperatures
(selected ternary, quaternary and quasi-binary systems in alphabetical order)a

System Type of phase diagram (temperature and composition
sections, constituent phases or phase fields) and/or
character of interphase interaction and materials
compatibility

References

Re–B–Ce Plotted at 600 and 800 �C: CeReB4, Ce2Re3B6,
Ce8Re13–xB12, CeRe4B4, Ce5Re2B6, CeB6±x

(\2550 �C), CeB4 (\2380 �C), ReB2±x, Re7B3+x,
Re3±xB, b-B, a-Ce, b-Ce, c-Ce, d-Ce, Re
No solid solutions based on binary and ternary
compounds. At 1800 �C the interaction between Re
and CeB6±x leads to the formation of ReB2±x and
dissolution of Re in CeB6±x.

[21–22, 136, 140,
153–154, 162]
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Table 4.6 (continued)

System Type of phase diagram (temperature and composition
sections, constituent phases or phase fields) and/or
character of interphase interaction and materials
compatibility

References

Re–B–Cr Plotted at 1400 �C: CrRe3B4–x (or Cr0.25Re0.75B1–x,
\1400 �C), Cr3+yRe2–yB5 (at least at 1400 �C),
(Cr,Re)2±xB (highly extended solid solution based on
Cr2±xB—up to (Cr0.25Re0.75)2±xB, \1850–1870 �C),
(Re,Cr)3±xB (extended solid solution based on
Re3±xB—up to (Re0.87Cr0.13)3±xB), (Cr,Re)B1–x

(solid solution based on CrB1–x, \2095–2100 �C),
(Re,Cr)7B3+x (solid solution based on Re7B3+x),
Cr5B3–x (\*1900 �C), Cr3B4±x (\2070–2075 �C),
CrB2±x (\2200 �C), CrB4 (or CrB6 (?),
\*1450–1500 �C), ReB2±x, b-B, Cr, Re

[134, 142]

Re–B–Dy Plotted at 1000 �C: DyReB4, Dy3ReB7, Dy2ReB6,
DyRe4B4, DyRe11B (?), DyB2 (\2100 �C), DyB4

(\2500 �C), DyB6±x (\2200 �C), DyB12 (\2100 �C),
DyB66 (\2025 �C), ReB2±x, Re7B3+x, Re3±xB, DyRe2,
b-B, a-Dy, b-Dy, Re
No solid solutions based on binary and ternary
compounds.

[139, 142, 155,
162]

Re–B–Er No diagram plot
ErReB4, Er3ReB7, Er2ReB6, ErRe4B4

[139, 142, 162]

Re–B–Fe–Y No diagram plot
Y2Fe14-xRexB

[152]

Re–B–Gd Plotted at 1000 �C: GdRe4B4, Gd2Re3B6, Gd3ReB7,
GdReB4, Gd2ReB6, Gd8Re13–xB12, *GdReB (?),
GdB66 (\2150 �C), GdB6±x (\2510 �C), GdB4

(\*2650 �C), Gd2B5 (\2100 �C), GdB2

(\*2050 �C), GdRe2, ReB2±x, Re7B3+x, Re3±xB,
b-B, a-Gd, b-Gd, Re
No solid solutions based on binary and ternary
compounds.

[136–137, 139–
140, 142, 162]

Re–B–Hf Plotted at 1500 �C: Hf9Re4B, HfRe14B5 (or
Hf0.2Re2.8B, ?), HfRe13B6 (or Hf0.5Re6.5B3, ?),
(Re,Hf)7B3+x (solid solution based on Re7B3+x—up
to *5 at.% Hf), (Re,Hf)3±xB (solid solution based on
Re3±xB—up to *5 at.% Hf), HfB1±x (\2100 �C),
HfB2±x (\*3250–3410 �C), ReB2±x, HfRe1±x,
k-HfRe2±x, v-Hf5Re24±x, a-Hf, b-Hf, b-B, Re
HfB2±x–Re is plotted: eutectic—2110–2170 �C,
*80 mol. % Re; at the eutectic temp. the solubility of
Re in HfB2±x and that of HfB2±x in Re are low
At 1500 �C, metal Re and all its binary compounds
(borides and intermetallides) are in equilibrium with
HfB2±x.

[23, 124, 142–143]
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Table 4.6 (continued)

System Type of phase diagram (temperature and composition
sections, constituent phases or phase fields) and/or
character of interphase interaction and materials
compatibility

References

Re–B–Ho Plotted at 800 �C: HoReB4, Ho3ReB7, Ho2ReB6,
HoRe4B4, HoB2 (\2200 �C), HoB4 (\2500 �C),
HoB6±x (\2180 �C), HoB12 (\2100 �C), HoB66

(\2025 �C), ReB2±x, Re7B3+x, Re3±xB, HoRe2 b-B,
Ho, Re
No solid solutions based on binary and ternary
compounds.

[139, 142, 153,
162]

Re–B–La Plotted at 600 and 800 �C: LaRe4B4, La3Re3B4,
*La2Re3B677, LaB6±x (\*2500–2715 �C), LaB4

(\1800 �C), ReB2±x, Re7B3+x, Re3±xB, b-B, a-La,
b-La, c-La, Re
No solid solutions based on binary and ternary
compounds. At 1800 �C the interaction between Re
and LaB6±x leads to the formation of ReB2±x and
dissolution of Re in LaB6±x.

[21–22, 136, 151,
162]

Re–B–Lu No diagram plot
Lu2ReB6

[137, 142, 162]

Re–B–Mo No diagram plot
MoReB, Mo*4.5Re*15.5B*2.2 (or Mo2Re3B, ?)

[128, 142]

Re–B–N Plotted at 1200 �C (Ar pressure 0.1 MPa): ReB2±x,
Re7B3+x, Re3±xB, a-BN, N, b-B, Re
The mutual solubilities of the components are
negligible. Re is in equilibrium with a-BN.

[25]

Re–B–Nb Plotted at 1400 �C: Nb3Re3B4 (or Nb1.5Re1.5B2),
NbRe14B5 (or Nb0.2Re2.8B), NbRe13B6 (or
Nb0.5Re6.5B3), Nb8ReB12 (or Nb2.65Re0.35B4),
Nb9ReB10 (or Nb0.9Re0.1B), Nb3B2

(\*1800–2230 �C), NbB1±x (\*2270–2915 �C),
Nb5B6 (\*2295–2870 �C, ?), Nb3B4

(\*2700–2935 �C), NbB2±x (\*3000–3035 �C),
ReB2±x, Re7B3+x, Re3±xB, r-Nb2Re3–x, v-NbRe3±x

b-B, Nb, Re
At 2250 �C the contact interaction between compact
metal Re and NbB2+x leads to the formation of
(Nb,Re)B2+x (1 h exposure).

[21, 23, 142]

Re–B–Nd Plotted at 600 and 800 �C: Nd8Re13–xB12 (x & 0.1),
NdRe4B4, Nd5Re2B6, Nd2Re3B6, Nd2B5 (\*2000 �C),
NdB4 (\*2350 �C), NdB6±x (\2610 �C), NdB66

(\2150 �C), ReB2±x, Re7B3+x, Re3±xB, a-Nd, b-Nd,
b-B, Re
No solid solutions based on binary and ternary
compounds.

[136, 162]
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Table 4.6 (continued)

System Type of phase diagram (temperature and composition
sections, constituent phases or phase fields) and/or
character of interphase interaction and materials
compatibility

References

Re–B–Pr Plotted at 600 and 800 �C: Pr2Re3B6, Pr3ReB6,
Pr8Re13–xB12 (x & 0.38), Pr7(Re4B4)6, Pr2B5 (or PrBx,
x & 2.5–2.6, \*2000 �C), PrB4 (\*2350 �C),
PrB6±x (\2610 �C), ReB2±x, Re7B3+x, Re3±xB, b-B,
a-Pr, b-Pr, Re
No solid solutions based on binary and ternary
compounds.

[136–137, 140–
141, 162]

Re–B–Sc Plotted at 1000 �C: Sc2ReB6, (Sc,Re)B2 (extended
solid solution based on ScB2—up to compos.
*(Sc0.8Re0.2)B2, \2250 �C), ScB12 (\2040 �C),
ScRe2, Sc5Re24, ReB2±x, Re7B3+x, Re3±xB, b-B,
a-Sc, b-Sc, Re
No solid solutions based on binary compounds apart
from (Sc,Re)B2.

[15–16, 129, 162]

Re–B–Sm Plotted at 1000 �C: SmRe4B4, SmReB4, Sm2Re3B6,
SmReB2 (?), Sm3Re5B2 (?), Sm2B5 (\*2000 �C),
SmB4 (\*2400 �C), SmB6±x (\2580 �C), SmB66

(\2150 �C), ReB2±x, Re7B3+x, Re3±xB, SmRe2, a-Sm,
b-Sm, c-Sm, b-B, Re
No solid solutions based on binary and ternary
compounds.

[136–137, 140,
157, 162]

Re–B–Ta Plotted at 1400 �C: Ta3Re3B4 (or Ta1.5Re1.5B2),
TaRe6B3 (or Ta1.2Re5.8B3, ?), Ta2Re11B26 (or
Ta0.15Re0.85B2, ?), TaRe14B5 (or Ta0.2Re2.8B, ?),
Ta2+xB (*1900–2420 �C), Ta3B2±x (\2180 �C),
k-TaB1±x (\3090 �C), Ta3B4±x (\3030 �C), TaB2±x

(\*3040 �C), ReB2±x, Re7B3+x, Re3±xB, r-Ta2Re3–x,
v-TaRe3±x, b-B, Ta, Re
At 2350 �C, the contact interaction between bulk dense
Re and TaB2±x leads to the formation of (Re,Ta)B2±x

(?) (1 h exposure).

[21, 145]

Re–B–Tb Plotted at 1000 �C: TbReB4, Tb3ReB7, Tb11Re36B36,
Tb2ReB6, Tb8Re13–xB12 (x = 0.04), TbB2

(\*2100 �C), TbB4 (\*2600 �C), TbB6±x

(\2340 �C), TbB12 (\2200 �C), TbB66 (\*2100 �C),
ReB2±x, Re7B3+x, Re3±xB, TbRe2, b-B, a-Tb, b-Tb, Re
No solid solutions based on binary and ternary
compounds.

[137, 139, 142,
157, 162]

Re–B–Th No diagram plot
ThReB4

[142, 146]

Re–B–Ti Plotted at 1400 �C: Ti2ReB2, TiB1–x

(\*2180–2200 �C), Ti3B4 (\*2200–2205 �C),
TiB2±x (\3200–3250 �C), ReB2±x, Re7B3+x, Re3±xB,
v-Ti5Re24, a-Ti, b-Ti, b-B, Re
TiB2±x–Re is plotted: eutectic—2180–2280 �C,
*53–55 mol. % Re
At 1900–2200 �C the interaction between Re and
TiB2±x leads to the formation of Re7B3+x and TiB1–x

(2 h exposure).

[21, 27, 123–124,
142, 144, 149]
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Table 4.6 (continued)

System Type of phase diagram (temperature and composition
sections, constituent phases or phase fields) and/or
character of interphase interaction and materials
compatibility

References

Re–B–Tm No diagram plot
TmReB4, Tm3ReB7, Tm2ReB6, TmRe4B4

[137, 139, 142,
162]

Re–B–U Plotted at 800 �C: UReB3, UReB4, U2ReB6, UB12

(\2145 �C), UB4 (\2495 �C), UB2 (\2385 �C),
ReB2±x, Re7B3+x, Re3±xB, U2Re, a-URe2, b-URe2,
b-B, a-U, b-U, c-U, Re
No solid solutions based on binary and ternary
compounds. At 800 �C Re is in equilibrium with UB2.

[142, 147, 150]

Re–B–W See W–B–Re in Table 3.6.
Re–B–Y Plotted at 1000 �C: YReB4, Y2ReB6, Y3ReB7,

YRe4B4, *YRe11B (?), YB4 (\*2610–2800 �C),
YB6±x (\*2600–2780 �C), YB12 (\2200 �C), YB66

(\2100 �C), ReB2±x, Re7B3+x, Re3±xB, YRe2, b-B,
a-Y, b-Y, Re
No solid solutions based on binary and ternary
compounds.

[20, 136, 139, 142,
151, 162]

Re–B–Yb No diagram plot
YbReB4

[137, 162]

Re–B–Zr Plotted at 1500 �C: Zr9Re4B (?), ZrB2±x

(\3220–3265 �C), ZrB12–x (*1695–2290 �C),
ReB2±x, Re7B3+x, Re3±xB, r-Zr2Re, k-ZrRe2–x,
v-Zr5Re24+x, a-Zr, b-Zr, b-B, Re
ZrB2±x–Re is plotted: eutectic—2060–2150 �C,
*70–71 mol. % Re; the mutual solubilities
of the components are low
At 1500 �C metal Re and all its binary compounds
(borides and intermetallides) are in equilibrium with
ZrB2±x. At 1950–2200 �C the interaction between Re
and ZrB2±x leads to the formation of Re7B3+x (2 h
exposure).

[21, 27–28, 125,
138, 142, 158]

Re–C–Co–W See C–Co–Re–W in Table 2.14.
Re–C–Cr See C–Cr–Re in Table 2.14.
Re–C–Cr–Mo–Ti See C–Cr–Mo–Re–Ti in Table 2.14.
Re–C–Cr–Ti See C–Cr–Re–Ti in Table 2.14.
Re–C–Hf See C–Hf–Re in Table 2.14.
Re–C–Mo See C–Mo–Re in Table 2.14.
Re–C–Nb See C–Nb–Re in Table 2.14.
Re–C–Si See C–Re–Si in Table 2.14.
Re–C–Ta See C–Re–Ta in Table 2.14.
Re–C–Tc See C–Re–Tc in Table 2.14.
Re–C–Th See C–Re–Th in Table 2.14.
Re–C–Ti See C–Re–Ti in Table 2.14.
Re–C–U See C–Re–U in Table 2.14.
Re–C–U–Zr See C–Re–U–Zr in Table 2.14.
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Table 4.6 (continued)

System Type of phase diagram (temperature and composition
sections, constituent phases or phase fields) and/or
character of interphase interaction and materials
compatibility

References

Re–C–V See C–Re–V in Table 2.14.
Re–C–W See C–Re–W in Table 2.14.
Re–C–Y See C–Re–Y in Table 2.14.
Re–C–Zr See C–Re–Zr in Table 2.14.
Re–Ca–O No diagram plot

Ca5Re2O12 (or 5CaO�Re2O7), Ca11Re4O24 (or
11CaO�Re2O7�2ReO3), Ca5Re3O15-x (x = 0.25,
or Ca5Re3O14.75, 20CaO�3Re2O7�6ReO3), Ca3ReO6

(or 3CaO�ReO3)

[163–167]

Re–Ce–O No diagram plot
Ce4Re6O19 (or 2Ce2O3�Re2O5�4ReO2)

[173–174]

Re–Co–Os–Ru (Re,Os,Ru,e-Co) continuous solid solution, a-Co,
(Re,Os,Ru)

[41]

Re–Cr–Nb No diagram plot
k2-Nb(Cr1–xRex)2 (0.075 B x B 0.5, ternary Laves
phase)

[133]

Re–Cr–W See W–Cr–Re in Table 3.6.
Re–Hf–N No diagram plot

At 2500 �C bulk dense Re and HfN1±x are compatible
with each other (1 h exposure).

[21]

Re–Hf–O No diagram plot
In vacuum, at 2400 �C the interaction between dense
metal Re and c-HfO2–x is weak.

[26]

Re–Hf–Mo–O No diagram plot
In vacuum, at 2400 �C the interaction between Re–Mo
alloys and c-HfO2–x is weak.

[26]

Re–Mo–N No diagram plot
Mo7ReN (or Mo1.76Re0.24N, solid solution based on
c-Mo2±xN)

[24]

Re–Mo–Nb Plotted at 1700 �C: r-(Mo,Nb)2Re3±x (r-Nb2Re3–x

–r-Mo2Re3±x continuous solid solution, ?),
v-(Mo,Nb)Re3±x (v-NbRe3±x–v-MoRe3+x continuous
solid solution, ?), Re, (Mo,Nb)

[14, 16, 130, 177]

Re–Mo–Ni Plotted at 1150 �C: *(Re1–yMoy)2Ni1±x (or P-phase,
0.3 B y B 0.85), d-(Mo,Re)Ni1±x (\1365 �C,
extended solid solution based on d-MoNi1±x—up to
compos. d-(Mo0.4Re0.6)Ni1±x), r-(Mo,Ni)2(Re,Ni)3±x

(extended solid solution based on r-Mo2Re3±x—up to
23 at.% Ni), v-Mo(Re,Ni)3+x (extended solid solution
based on v-MoRe3+x—up to 12 at.% Ni), c-Ni3Mo
(\905–915 �C), b-Ni4Mo (\865–875 �C), Ni, Mo, Re
Re noticeably stabilizes d-MoNi1±x and increases its
homog. range.

[120, 192]
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Table 4.6 (continued)

System Type of phase diagram (temperature and composition
sections, constituent phases or phase fields) and/or
character of interphase interaction and materials
compatibility

References

Re–Mo–O Plotted partly at 700 and 1000 �C: (Re1–yMoy)O2

(0 \ y \ 0.37, extended solid solution based on ReO2),
(Mo1–yRey)O2 (0 \ y \ 0.42, extended solid solution
based on MoO2, \*2125–2325 �C), c-(Mo1–yRey)4O11

(0 \ y \*0.11 7 0.25, extended solid solution based
on c-Mo4O11, \*550–650 �C), g-(Mo1–yRey)4O11

(0 \ y \*0.11 7 0.25, extended solid solution based
on g-Mo4O11, from *550–650 to *810–825 �C),
(Mo,Re)8O23(\*780 �C), Mo9O26 (or Mo9O24,
\*780 �C), MoO3 (\*775–790 �C), ReO3, O, Mo, Re

[14, 16, 127, 132]

Re–Mo–Si No diagram plot
ReSi2–a-MoSi2 continuous solid solution at 1400 �C.

[21, 29]

Re–Mo–Si–W See W–Mo–Re–Si in Table 3.6.
Re–Mo–Ta Plotted at 2300 �C: (Re,Mo,Ta) (extended solid solution

based on Mo–Ta continuous solid solution with homog.
range *Mo–Mo0.6Re0.4–Ta0.55Re0.45–Ta),
r-Mo2Re3±xTay (extended solid solution based on
r-Mo2Re3±x—up to *40 at.% Ta), v-TaRe3±xMoy

(extended solid solution based on v-TaRe3±x—up
to *20 at.% Mo), Re

[185]

Re–Mo–V Plotted at 1825 �C: r-(Mo,V)Re3±x (r-Mo2Re3±x

–r-VRe3+x continuous solid solution, ?),
v-(Mo,V)Re3+x (extended solid solution based on
v-MoRe3+x), d-(V,Mo)3Re7±x (solid solution based
on d-V3Re7±x), Re, (Mo,V)

[14, 16–17, 130]

Re–Mo–W See W–Mo–Re in Table 3.6.
Re–N–Si Plotted at 1200 and 1400 �C (under Ar pressure):

ReSi2, ReSi, Re2Si, Si3N4 (\*1900 �C), N, Si, Re
At 1200 �C Re, ReSi2 and Re2Si are in equilibrium
with Si3N4, and at 1400 �C ReSi2 and Re2Si are in
equilibrium with Si3N4

[25, 131]

Re–N–Zr No general diagram plot
Zr4Re2N
ZrN1±x–Re is plotted: eutectic—*2460 �C

[24, 138]

Re–Nb–Ni Plotted at 1150 �C: *Nb(Ni,Re)1–x (or
Nb7(Ni,Re)6, \*1290 �C, extended solid solution
based on NbNi1–x—up to 15 at.% Re), v-Nb(Re,Ni)4±x

(extended solid solution based on v-NbRe3±x—up to
10 at.% Ni), j-Ni3±xNb (\1400 �C, solid solution with
max. Re content – 2 at.%), f-Ni8±xNb (\535 �C),
r-Nb2Re3–x, Ni, Nb, Re

[120, 193]
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Table 4.6 (continued)

System Type of phase diagram (temperature and composition
sections, constituent phases or phase fields) and/or
character of interphase interaction and materials
compatibility

References

Re–Nb–Ta Plotted at 1700 �C: v-(Ta,Nb)Re3±x (v-NbRe3±x

–v-TaRe3±x continuous solid solution), (Ta,Nb,Re)
(extended solid solution based on Ta–Nb continuous
solid solution with homog. range *Ta–Re0.45Ta0.55–
Re0.32Nb0.45Ta0.23–Re0.45Nb0.55–Nb), Re

[186]

Re–Nb–V Plotted at 1825 �C: v-(Nb,V)Re3±x (extended solid
solution based on v-NbRe3±x), d-(V,Nb)3Re7±x (solid
solution based on d-V3Re7±x), r-VRe3+x, r-Nb2Re3–x,
Re, (Nb,V)

[14, 16–17, 130]

Re–Nb–W See W–Nb–Re in Table 3.6.
Re–Ni–Ta Plotted at 1150 �C: *Ta(Ni,Re)1–x (extended solid

solution based on l-Ni1–xTa—up to 15 at.%
Re, \1570 �C), *Ta2+x(Ni,Re) (extended solid
solution based on NiTa2+x—up to 6 at.% Re,
\1790 �C,), v-Ta(Re,Ni)4±x (extended solid solution
based on v-TaRe4±x—up to 6 at.% Ni), Ni2±xTa
(solid solution with max. Re content—1 at.%,
\1405 �C), j-Ni3±xTa (solid solution with max. Re
content—3 at.%, \1550 �C), f-Ni8±xTa (\535 �C),
r-Ta2Re3–x, Ni, Ta, Re

[120]

Re–O–Os Re2O7–OsO4 is plotted: Re2O7, OsO4; eutectic
(degenerated) Re2O7–OsO4—41 �C, very close
to the OsO4 end-member

[126]

Re–O–Sr No diagram plot
Sr3Re2O10 (or 3SrO�Re2O7), a-Sr5Re2O12

(or 5SrO�Re2O7), b-Sr5Re2O12 (or 5SrO�Re2O7),
Sr11Re4O24 (or 11SrO�Re2O7�2ReO3), SrReO4

(or SrO�ReO3), Sr3Re2O9 (or 3SrO�2ReO3),
Sr7Re4O19 (or 7SrO�4ReO3), Sr6Re15O45

(or Sr1.2Re3O9, 6SrO�3ReO3�6Re2O5), Sr2Re3O9

(or 2SrO�Re2O5�ReO2)

[165–166, 168–
172]

Re–Os–Ru (Re,Os,Ru) continuous solid solution
Complete miscibility in the solid and liquid states.

[41, 118–119]

Re–Os–Ta Plotted partially at 1000–1500 �C (Ta-rich area:
(Ta,Re,Os) solid solution based on Ta)

[184]

Re–Os–W See W–Os–Re in Table 3.6.
Re–Si–Ta No diagram plot

ReTaSi (?)
At 1150–1370 �C bulk dense Re and TaSi2 are
compatible with each other.

[21, 159]

Re–Si–W See W–Re–Si in Table 3.6.
Re–Ta–W See W–Re–Ta in Table 3.6.
Re–V–W See W–Re–V in Table 3.6.
a See notes to Table 4.5
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The character of chemical interaction and general reactions of rhenium with
common chemicals (solids, liquids, aqueous solutions) and complex gases are
summarized in Table 4.7.

Table 4.7 The interaction of rhenium with some chemicals and complex gases [4, 10, 12]

Reagent, formula Character of chemical interaction, examples of general
reactions

Air,
N2 ? O2

No interaction at room temp. At atmospheric pressure the
oxidation of Re initiates at 300–400 �C, the intensive oxidation
begins from 500–600 �C:
4Re ? 7O2 ? 2Re2O7 (sublimates at temp. [350 �C);
at various temp. the oxidation rate of Re is characterized by the
following values: 700 �C—0.03, 900 �C—3.2, 1200 �C—7.4,
1500 �C—14 g m-2 s-1 (0.25–1 h exposure). In humid air the
interaction results in the formation of volatile HReO4:
4Re ? 7O2 ? 2H2O ? 4HReO4

Water,
H2O

No interaction at the ambient temp. in the absence of O2, at
higher temp. water vapour (without O2) interacts with Re
slightly.

Hydrogen peroxide (20–30 %
aqueous solution),
H2O2

Re interacts with H2O2 on heating:
2Re ? 7H2O2 ? 2HReO4 ? 6H2O

Carbon monoxide,
CO

No interaction at temp. B1100 �C.

Hydrocarbons,
CmHn

No interaction at temp. B800 �C.

Ammonia (aqueous solution),
NH4OH

Weak interaction

Sodium hydroxide,
NaOH

No interaction with NaOH in aqueous solution at room temp.,
the slow interaction of Re with the aqueous solution initiates
only on heating; the intensive interaction occurs between Re
and molten NaOH and leads to the formation of Na perrhenate:
4Re + 4NaOH ? 7O2 ? 4NaReO4 ? 2H2O

Potassium hydroxide,
KOH

No interaction with KOH in aqueous solution at room temp.,
the slow interaction of Re with the aqueous solution initiates
only on heating; the intensive interaction occurs between Re
and molten KOH and leads to the formation of K perrhenate:
4Re + 4KOH ? 7O2 ? 4KReO4 ? 2H2O.

Potassium nitrate with calcium
oxide,
KNO3 ? CaO

At 700–800 �C the interaction results in the formation of
perrhenates:
2Re ? 7KNO3 ? CaO ? Ca(ReO4)2 ? 7KNO2

Nitric acid,
HNO3

Re interacts with HNO3 at room temp.; the interaction is more
intensive on heating and leads to the formation of HReO4:
3Re ? 7HNO3 ? 3HReO4 ? 7NO ? 2H2O
Re ? 7HNO3 ? HReO4 ? 7NO2 ? 3H2O

Sulphuric acid,
H2SO4

Slow interaction with the formation of HReO4:
2Re ? 7H2SO4 ? 2HReO4 ? 7SO2 ? 6H2O

Hydrochloric acid,
HCl

No interaction.

Hydrofluoric acid,
HF

No interaction.
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The self-diffusion characteristics of rhenium atoms, diffusion characteristics in
rhenium—element systems in the wide range of temperatures, and summarized
data on the physico-chemical interaction of rhenium with elements of the periodic
table are given in Addendum.
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Chapter 5
Osmium

5.1 Structures

Osmium is the element No. 76 of the periodic table (period—6, group—8 (or
VIIIa), relates to transition metals) with the ground state level 5D4 and electron
configuration 1s22s22p63s23p63d104s24p64d104f145s25p65d66s2. The general oxi-
dation states (numbers) of osmium in various chemical compounds are (–2), (–1),
0, (+1), (+2), (+3), (+4), (+5), (+6), (+7) and (+8); the oxidation states (+8), (+4),
(+3) and (+2) are the most common; the radii of osmium are:

atomic (metallic, CN = 12)—0.134 nm,
atomic (covalent)—0.126 nm,
ionic (+4)—0.063 nm (CN = 6),
ionic (+5)—0.058 nm (CN = 6),
ionic (+6)—0.055 nm (CN = 6),
ionic (+8)—0.039 nm (CN = 4),

its electronegativity is 2.2 in Pauling scale, or 1.52 in Allred–Rochow scale [1–3, 7–
8]. Elemental osmium has hexagonal close-packed (hcp) metal crystal structure
(space group—P63/mmc, Mg type) with lattice parameters: a = 0.27338 nm,
c = 0.43195 nm, c/a = 1.5800 (Z = 2), minimum interatomic distance—0.267 nm
(CN = 12), slip planes (0001), (10�11), (10�10) and slip directions\2�1�10[,\2�110[
[28, 76]. At room temperature the XRD density of osmium is 22.60 g cm-3, and
recommended value for the bulk density of osmium metal parts—22.4–22.5 g cm-3

[4, 8].

5.2 Thermal Properties

Osmium is a refractory noble metal; it belongs to the platinum family and is the
densest natural element. The general thermodynamic properties of osmium are
summarized in Table 5.1. For the molar heat capacity cp = f(T, K), J mol-1 K-1,

I. L. Shabalin, Ultra-High Temperature Materials I,
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the following relationship is recommended for the range of temperatures from 298
to 2500 K [5]

cp ¼ 23:82þ 3:684� 10�3
� �

T : ð5:1Þ

The equilibrium vapour pressure of osmium P, Pa, at temperatures 298–2500 K is
obeyed the rule [7]:

lg P ¼ �41198=T � 0:3896 lg T þ 14:425; ð5:2Þ

where T is temperature, K. The values of standard molar entropy S�298, molar cp

and specific c heat capacities, enthalpies (heats) of melting and vaporization, molar
and specific enthalpy differences HT - H298, vapour pressures and mass/linear
vaporization rates for osmium are given in Addendum in comparison with carbon
(graphite) and other ultra-high temperature materials (refractory metals) in the
wide ranges of temperatures. At room temperature the thermal conductivity of
polycrystalline osmium is 88 W m-1 K-1 [8], at higher temperatures it declines
noticeably [29]. In the temperature range of 20–550 �C, the average value of the
coefficient of linear thermal expansion of unalloyed osmium a & 7 9 10-6 K-1;

Table 5.1 General thermodynamic properties of osmium

Characteristics Symbol Unit Value References

Standard molar entropy (at 298.15 K and
100 kPa)

S�298 J mol-1 K-1 32.635 [4, 6, 8– 9,
29]

32.7 [5]
Standard molar heat capacity (at 298.15 K
and 100 kPa)

c�p,298 J mol-1 K-1 24.90 [4]

24.92 [5]
24.7 [6–8]

Specific heat capacity (at 298.15 K) c J kg-1 K-1 130.9 [4]
130 [7]

Molar enthalpy (heat) of melting
(at the melting point)

DHm kJ mol-1 57.86 [6–8]

31 [111]
Specific enthalpy (heat) of melting
(at the melting point)

kJ kg-1 304 [7]

Molar enthalpy (heat) of vaporization
(at the boiling point)

DHv kJ mol-1 731 [4]

738 [6]
746 [8]

Specific enthalpy (heat) of vaporization
(at the boiling point)

kJ kg-1 3840 [4]

Melting point Tm K (�C) 3320 ± 30
(3045 ± 30)

[4, 6, 9]

3305 (3030) [7–8, 14]
Boiling point Tb K (�C) 5285 (5010) [7–8]

5300 (5030) [9]
5500 (5225) [6]
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at 50 �C for the directions parallel and perpendicular to the axis c the values are
5.8 9 10-6 and 4.0 9 10-6 K-1, respectively, and those values at 550 �C are
8.3 9 10-6 K-1 and 5.8 9 10-6 K-1, respectively [29]. For the ambient tem-
perature the recommended value is a = 6.1 9 10-6 K-1 [8]. The surface tension
of liquid osmium (density 20.1 g cm-3) is 2.5 N m-1 (its temperature coefficient
is -0.33 9 10-3 N m-1 K-1) [8]. In comparison with other ultra-high tempera-
ture materials (graphite and refractory metals), the values of thermal conductivity
and thermal expansion of osmium in the wide range of temperatures are sum-
marized in Addendum.

5.3 Electro-Magnetic and Optical Properties

At room temperature the specific electrical resistance (resistivity) of unalloyed
osmium is 81–95 nX m; at 1530 �C it amounts to 0.86 lX m. In the range of
temperatures from 0 to 100 �C the thermal coefficient of resistivity is
5.1 9 10-3 K-1 [9]. The Hall coefficient of osmium at room temperature is
negative [9]. Osmium is a paramagnetic metal with magnitude of molar magnetic
susceptibility vm (SI) = 138 9 10-6 cm3 mol-1 (22 �C) [8]; the relative magnetic
susceptibility v(T)/v(293 K) amounts to *1.4 at 400 �C [30]. At 1730–2230 �C
the monochromatic emittance (spectral emissivity) ek of osmium is *0.4 [4], and
electron work function is 4.7–4.8 eV [4, 9]. The recommended values of electrical
resistivity, magnetic susceptibility, spectral emittances and thermoionic emission
characteristics (electron work function and Richardson constants) for osmium are
given in comparison with other ultra-high temperature elements (carbon and
refractory metals) in Addendum.

5.4 Physico-Mechanical Properties

Unalloyed metallic osmium is very hard and has the brittle character of fracture
(zero elongation) at room temperature, its physico-mechanical properties are
anisotropic, e.g. the hardness (HV) of osmium varies in magnitude in the wide
ranges depending on crystal orientation [29]:

at 20 �C—from 300 kgf mm–2 (2.9 GPa) to 680 kgf mm-2 (6.7 GPa);
at 200 �C—from 260 kgf mm–2 (2.5 GPa) to 580 kgf mm–2 (5.7 GPa);
at 600 �C—from 200 kgf mm–2 (2.0 GPa) to 410 kgf mm–2 (4.0 GPa);
at 1200 �C—from 130 kgf mm–2 (1.3 GPa) to 400 kgf mm–2 (3.9 GPa);
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also it possesses very high magnitudes of elastic properties at room temperature
[4, 8]:

Young’s modulus E, GPa 560
Coulomb’s (shear) modulus G, GPa 220
Poisson’s ratio m 0.25
Volume compressibility j, MPa-1 0.26 9 10-5

Longitudinal velocity of sound VS, m s-1 5480
Transversal velocity of sound VT, m s-1 3340

At elevated temperatures, the value of Young’s modulus falls with temperature
and amounts to *500 GPa at 700 �C [4]. The magnitudes of physico-mechanical
properties (hardness, strength, elasticity) of pure osmium are summarized in
Addendum in comparison with other ultra-high temperature materials (graphite
and refractory metals).

5.5 Nuclear Physical Properties

The isotopes of osmium (standard atomic mass—190.23 u) from 162Os to 197Os,
including metastable states (181m1-181m2Os, 183mOs, 185m1-185m2Os, 189m-192mOs),
and their general characteristics are summarized in Table 5.2; the naturally
occurring isotopes are listed in order of decreasing abundance, and unstable arti-
ficial (radioactive) isotopes—in order of decreasing half-life period of decay.

Table 5.2 General characteristics of the isotopes of osmiuma [7, 9, 21–23]

Isotope Mass, u Abundance,
%

Half-life
period

Decay mode, excitation (radiation)
energy, MeV

192Osb 191.961481 40.78 – –
190Osc 189.958447 26.26 – –
189Osd 188.958148 16.15 – –
188Ose 187.955838 13.24 – –
187Osf 186.955751 1.96 – –
186Osg 185.953838 1.59 2.0 9 1015 y a
184Osh 183.952489 0.02 – –
194Os 193.965182 – 6.0 y b-

185Os 184.954042 – 93.6 d K-capture; c, 0.23, 0.65, 0.88
191Os 190.960930 – 15.4 d b-, 0.143; c, 0.129, 0.042
193Os 192.964152 – 30.1 h b-, 1.10; c, 0.065
182Os 181.952110 – 22.1 h K-capture

(continued)
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Table 5.2 (continued)

Isotope Mass, u Abundance,
%

Half-life
period

Decay mode, excitation (radiation)
energy, MeV

191mOs – – 13.1 h Isomer; c, 0.074
183Os 182.95313 – 13.0 h b+; c, 0.3, 1.6
183mOs – – 9.9 h Isomer (15 %); b+ (85 %); c, 0.171
189mOs – – 5.8 h Isomer; c, 0.031
181Os 180.95324 – 105 min b+

196Os 195.96964 – 34.9 min b-

180Os 179.952379 – 21.5 min b+

190mOs – – 9.9 min Isomer; c, 0.186, 0.356, 0.401, 0.56, 0.62
179Os 178.953816 – 6.5 min b+

195Os 194.96813 – 6.5 min b-

178Os 177.953251 – 5.0 min b+

176Os 175.95481 – 3.6 min b+

177Os 176.954965 – 3.0 min b+

197Os – – 2.8 min ?
181m1Os – – 2.7 min Isomer; b+; c, 0.049
175Os 174.956946 – 1.4 min b+

174Os 173.957062 – 44 s b+ (99.97 %); a (0.024 %)
173Os 172.959808 – 22.4 s b+ (99.6 %); a (0.4 %)
172Os 171.960023 – 19.2 s b+ (98.9 %); a (1.1 %)
171Os 170.963185 – 8.3 s b+ (98.3 %); a (1.7 %)
170Os 169.963577 – 7.5 s b+ (91.4 %); a (8.6 %)
192mOs – – 5.9 s Isomer (87 %); b- (13 %); c, 2.015
169Os 168.967019 – 3.4 s b+ (89 %); a (11 %)
168Os 167.967804 – 2.1 s b+ (51 %); a (49 %)
167Os 166.97155 – 0.81 s a (67 %); b+ (33 %)
166Os 165.972691 – 0.22 s a (72 %); b+ (28 %)
165Os 164.97676 (?) – 71 ms a (60 %); b+ (40 %)
164Os 163.97804 – 21 ms a (98 %); b+ (2 %)
163Os 162.98269 (?) – 5.5 ms a; b+, p (rare); b+ (rare)
162Os 161.98443 (?) – 1.87 ms a
185m1Os – – 3.0 ls Isomer; c, 0.102, ?
185m2Os – – 0.78 ls Isomer; c, 0.276, ?
181m2Os – – 0.32 ls Isomer; c, 0.157, ?
a Naturally occurring osmium includes six stable (or nearly stable, see below notes b-f, h) iso-
topes (184Os, 187Os, 188Os, 189Os, 190Os and most abundant 192Os) and one nearly stable 186Os;
the latter has a very long (longer than the age of universe) half-life period
b Believed to undergo a decay or b- b- decay with a half-life over 9.8 9 1012 years (?)
c Believed to undergo a decay (?)
d Believed to undergo a decay (?)
e Believed to undergo a decay (?)
f Believed to undergo a decay (?)
g Primordial radionuclide
h Believed to undergo a decay or b- b- decay with a half-life over 5.6 9 1013 years (?)
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Nuclear physical properties of osmium (isotopic mass range, total number of
isotopes, thermal neutron macroscopic cross sections, moderating ability and
capture resonance integral), compared with other ultra-high temperature elements
(carbon and refractory metals), are given in Addendum.

5.6 Chemical Properties

The comprehensive information on the chemical properties and interaction of
osmium with all the elements of the periodic table is given in Table 5.3. The
osmium containing systems and corresponding binary compounds are described
and considered there in accordance to the groups of elements from 1 to 17.

Table 5.3 Chemical interaction of osmium with elements of the periodic table (binary systems
in accordance to the groups of elements)a

System Type of phase diagram
(constituent phases,
temperatures and
compositions of
transformations)

Character of interaction References

Group 1
Os–H H, no binary compounds, Os

No diagram plot
Fine Os powder adsorbs a
distinct amount of H2 with
exothermic effect.

[4, 10–11, 31]

Os–Li a-Li, b-Li, c-Li, no binary
compounds, Os
No diagram plot

No interaction between the
components, at least at temp.
B900 �C.

[80]

Os–Na a-Na, b-Na, no binary
compounds, Os
No diagram plot

No mutual solubility of the
components in the solid and
liquid states.

[81]

Os–K K, KOs (?), KOs2 (Laves
phase, ?), Os
No diagram plot

No experimental data. [12, 17]

Os–Rb Rb, no binary compounds, Os
No diagram plot

The mutual solubilities of the
components in the solid and
liquid states are very low.

[81]

Os–Cs Cs, no binary compounds, Os
No diagram plot

The mutual solubilities of the
components in the solid and
liquid states are very low.

[81–82]

Os–Fr No data – –
Group 2
Os–Be a-Be, b-Be, OsBe12, Os2Be17,

Os3Be17 (?), OsBe2, OsBe (?),
Os
No diagram plot

Os beryllides are formed by
the direct interaction of Os
and Be powders after heat
treatment at temp. C1150 �C.

[4, 13, 32–33]

Os–Mg Mg, no binary compounds (?),
Os
Eutectic (degenerated) Mg–Os
(*649 �C, *0.1 at.% Os, ?)
No complete diagram plot

The solubility of Os in solid
Mg is *0.06 at.% at eutectic
temp.

[12, 83]
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Table 5.3 (continued)

System Type of phase diagram
(constituent phases,
temperatures and
compositions of
transformations)

Character of interaction References

Os–Ca a-Ca, b-Ca, Ca2Os3 (?),
CaOs2 (Laves phase, ?),
CaOs5 (?), Os
No diagram plot

No experimental data. [13, 17]

Os–Sr No data – –
Os–Ba No data – –
Os–Ra No data – –
Group 3
Os–Sc a-Sc, b-Sc, Sc44Os7, Sc11Os4,

ScOs2 (Laves phase, ?), Os
No diagram plot

– [12, 77, 86]

Os–Y a-Y, b-Y, Y3Os (\1290 �C,
incongruent melt. point,
invariable compos.), YOs2

(\*2470–2500 �C,
congruent melt. point,
invariable compos., Laves
phase), Os
Eutectic Y3Os–a-Y (1150 �C,
*12 at.% Os)
Eutectic YOs2–Os (2100 �C,
*92–94 at.% Os)

No mutual solubilities
between the components in
the system.

[12, 14, 84–86]

Lanthanides
Os–La a-La, b-La, c-La, La3Os,

a-LaOs2 (\*1000 �C, Laves
phase), b-LaOs2 (?), Os
No diagram plot

– [12, 20, 34, 85–86]

Os–Ce a-Ce, b-Ce, c-Ce, d-Ce,
Ce3Os, a-CeOs2 (Laves
phase, ?), b-CeOs2

(\*1000 �C, Laves phase),
Os
No diagram plot

– [13, 18, 85–86]

Os–Pr a-Pr, b-Pr, Pr3Os (\670 �C,
incongruent melt. point,
invariable compos.), a-PrOs2

(Laves phase, ?), b-PrOs2

(\2200 �C, incongruent melt.
point, invariable compos.,
Laves phase), Os
Eutectic a-Pr–b-PrOs2

(670 �C, 13.8 at.% Os, ?)

The low solid solubility of Os
in b-Pr has been found out.

[12, 14, 85–86]

Os–Nd a-Nd, b-Nd, Nd3Os, NdOs2

(Laves phase), Os
No diagram plot

– [12, 85–86]
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Table 5.3 (continued)

System Type of phase diagram
(constituent phases,
temperatures and
compositions of
transformations)

Character of interaction References

Os–Pm No data – –
Os–Sm a-Sm, b-Sm, c-Sm, Sm3Os,

SmOs2 (Laves phase), Os
No diagram plot

– [12, 85–86]

Os–Eu No data – –
Os–Gd a-Gd, b-Gd, Gd3Os, GdOs2

(Laves phase), Os
No diagram plot

– [11, 18, 85–86]

Os–Tb a0-Tb, a-Tb, b-Tb, Tb3Os,
TbOs2 (Laves phase), Os
No diagram plot

– [12, 85–86]

Os–Dy a0-Dy, a-Dy, b-Dy, Dy3Os,
DyOs2 (Laves phase), Os
No diagram plot

– [85–86]

Os–Ho a-Ho, b-Ho, Ho3Os, HoOs2

(Laves phase), Os
No diagram plot

– [11, 85–86]

Os–Er a-Er, b-Er, Er3Os, ErOs2

(Laves phase), Os
No diagram plot

– [85–86]

Os–Tm a-Tm, b-Tm, Tm3Os, TmOs2

(Laves phase), Os
No diagram plot

– [12, 85–86]

Os–Yb a-Yb, b-Yb, c-Yb, YbOs2

(Laves phase, ?), Os
No diagram plot

– [12, 35, 86]

Os–Lu a-Lu, b-Lu, Lu3Os, LuOs2

(Laves phase), Os
No diagram plot

– [12, 85–86]

Actinides
Os–Ac No data – –
Os–Th a-Th, b-Th, Th7Os3 (\at least

*1500–1600 �C, congruent
melt. point, invariable compos.),
ThOs1-x (x & 0.33, or Th3Os2,
\at least *1500 �C,
incongruent melt. point,
invariable compos., ?), ThOs2

(\2480 �C, congruent melt.
point, invariable compos.,
Laves phase, ?), Os
Eutectic Th7Os3–a-Th
(*1285 �C, 13 at.% Os)
Eutectic Th7Os3–ThOs1-x

(*1480–1490 �C, 36 at.% Os)
Eutectic ThOs2–Os (2200 �C,
*75–85 at.% Os, ?)

– [12, 14, 20, 78, 82,
87–88, 90]
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Table 5.3 (continued)

System Type of phase diagram
(constituent phases,
temperatures and
compositions of
transformations)

Character of interaction References

Os–Pa No data – –
Os–U a-U, b-U, c-U, U3Os

(\1030 �C, congruent melt.
point), U2Os (\920 �C,
incongruent melt. point, ?),
U5Os4 (\1280 �C,
incongruent melt. point),
UOs2±x (\2280 �C,
congruent melt. point, homog.
range—*32.5–33.5 at.% Os,
Laves phase, ?), Os
Eutectic U3Os–c-U (970 �C,
22 at.% Os)
Eutectic U2Os–U5Os4

(900 �C, 60 at.% Os)
Eutectic UOs2±x–Os
(2170 �C, 28 at.% Os)

The max. solubility of U in Os
is\1 at.%. The solubilities of
Os in U modifications are
following: in a-U—\0.5 at.%
at 620 �C, in b-U—4 at.% at
685 �C, in c-U—18 at.% at
970 �C.

[4, 12, 14, 37, 89–
90]

Os–Np a-Np, b-Np, c-Np, ?, NpOs2

(Laves phase), Os
No diagram plot

– [90]

Os–Pu a-Pu, b-Pu, c-Pu, d-Pu, d0-Pu,
e-Pu, g-Pu19±xOs (or
Pu4.75Os0.25, \425 �C,
homog. range—*4–8 at.%
Os), a-Pu3±xOs
(\620–625 �C, homog.
range—*22–27 at.% Os),
b-Pu3?xOs (from 620–625 to
680 �C, incongruent melt.
point, homog. range—
*25–29 at.% Os), Pu5Os3

(\1010 �C, incongruent melt.
point, invariable compos.),
PuOs2 (\at least 1500 �C,
congruent melt. point,
invariable compos., Laves
phase, ?), Os
Eutectic a-Pu3±xOs–e-Pu
(495 �C, 11 at.% Os)

The solubility of Os in Pu
modifications are following:
in a-Pu, b-Pu and c-Pu—\0.3
at.%, in d-Pu—0.4 at.% at
418 �C, in e-Pu—6.8 at.% at
495 �C.

[4, 12, 14, 90]

Os–Am a-Am, b-Am, c-Am, ?,
AmOs2 (Laves phase), Os
No diagram plot

– [90]

Os–Cm No data
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Table 5.3 (continued)

System Type of phase diagram
(constituent phases,
temperatures and
compositions of
transformations)

Character of interaction References

Group 4
Os–Ti a-Ti, b-Ti, d-TiOs1±x

(\2160–2180 �C, congruent
melt. point, homog. range—
*38–51 at.% Os at
1710–2100 �C and
*44.0–50.5 at.% Os at
500–600 �C), Os
Eutectic d-TiOs1±x–Os
(2100 �C, 65 at.% Os)

Os diminishes the temp. of
a-Ti–b-Ti polymorphic
transformation. The max.
solid solubility of Os in b-Ti
is *20–23 at.% at 1710 �C.
The solubility of Os in
a-Ti at 600 �C is *1 at.%,
and that of Ti in Os is *21
at.% at 2100 �C, *13 at.% at
1000 �C and \10 at.% at
500–600 �C.

[4, 12, 14, 38]

Os–Zr a-Zr, b-Zr, Zr11Os4

(\1350 �C, incongruent melt.
point, invariable compos.),
ZrOs (\2040 �C, incongruent
melt. point, invariable
compos.), k1-ZrOs2±x

(\2660 �C, congruent melt.
point, homog. range—
*61–70 at.% Os at
2040–2440 �C, invariable
compos. (x = 0) at temp.
\1200–1600 �C, Laves phase,
?), Os
Eutectic Zr11Os4–b-Zr
(*1260–1280 �C, 20 at.% Os)
Eutectic k1-ZrOs2±x–Os
(*2420–2460 �C, 81 at.% Os)

Os stabilizes b-Zr and
diminishes the temp. of
a-Zr–b-Zr polymorphic
transformation. The solid
solubility of Os in b-Zr is
*14 at.% at 1260–1280 �C; it
is affected by temp. decrease
very slightly. The max.
solubility of Os in a-Zr is \1
at.%. The solubility of Zr in
Os is *8 at.% at
2420–2460 �C; it decreases at
lower temp.—to 4 at.% at
1100–1200 �C and\3 at.% at
400–500 �C.

[4, 12, 14, 39–43,
77]

Os–Hf a-Hf, b-Hf, h-Hf3+xOs (or
Hf54Os17, \1640–1680 �C,
incongruent melt. point,
homog. range—*21–23 at.%
Os), e-Hf2+xOs (or Hf71Os29,
\1860–1900 �C, incongruent
melt. point, homog. range—
*28–30 at.% Os), g-Hf2±xOs
(\2040–2080 �C, incongruent
melt. point, homog. range—
*32–35 at.% Os at 1880 �C
and *33–35 at.% Os at
1000 �C), d-HfOs1±x

(\2500–2540 �C, incongruent
melt. point, homog. range—
*47–52 at.% Os at

Os stabilizes b-Hf and
diminishes the temp. of
a-Hf–b-Hf polymorphic
transformation. The max.
solid solubility of Os in b-Hf
is *12 at.% (1580 �C), and in
a-Hf it is \2 at.%
(1200–1250 �C). The max.
solid solubility of Hf in Os is
[10 at.% (2600 �C); at lower
temp. the solubility decreases
to \6 at.% (1000 �C).

[11, 44, 73, 114–
115]
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Table 5.3 (continued)

System Type of phase diagram
(constituent phases,
temperatures and
compositions of
transformations)

Character of interaction References

2060–2520 �C and *48–50
at.% Os at 1000 �C),
k-HfOs2±x (\*2700 �C,
congruent melt. point, homog.
range—*62–73 at.% Os at
2520–2600 �C and *64–69
at.% Os at 1000 �C, Laves
phase, ?), Os
Eutectic h-Hf3?xOs–b-Hf
(1580 �C, *18–20 at.% Os)
Eutectic k-HfOs2±x–Os
(2600 �C, *80 at.% Os)

Group 5
Os–V V, V3Os2±x (*1570–2140 �C

(?), congruent melt. point (?),
homog. range—*38–45 at.%
Os at 1910 �C and *38–43
at.% Os at 400–1200 �C, ?),
VOs1–x (available data are
very controversial), Os
Extended solid solution based
on V (\1910–2290 �C, up to
*30–46 at.% Os, ?)
Extended solid solution based
on Os (up to 46–48 at.% V, ?)
Eutectic V3Os2±x—(Os,V)
extended solid solution
(1910 �C, *51–53 at.% Os, ?)
Eutectic (V,Os) extended solid
solution—(Os,V) extended
solid solution (2240 �C, *41
at.% Os, ?)
Peritectic V (*2010 �C, *31
at.% Os, ?)
Phase diagram data available
in literature are controversial.

The presence of Os increases
the melt. point of V up to
2010–2290 �C. The max.
solid solubility of Os in V is
*30–46 at.% at
1570–2010 �C (?) and that of
V in Os is 46–48 at.% at
1910–2240 �C. The data on
the solubility of Os in V
available in literature are very
controversial.

[12, 14, 45, 91–92]
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Table 5.3 (continued)

System Type of phase diagram
(constituent phases,
temperatures and
compositions of
transformations)

Character of interaction References

Os–Nb Nb, b-Nb3–xOs (\1975 �C,
homog. range—*26–27.5
at.% Os at 1900 �C and
*25–29 at.% Os at 1000 �C),
r-Nb3Os2±x (\2200 �C,
congruent melt. point, homog.
range—27–46 at.% Os at
1975 �C and *34.5–44.5
at.% Os at 1000 �C),
v-Nb2Os3±x (\2270 �C,
incongruent melt. point,
homog. range—*49–63.5
at.% Os at 2120 �C and
*49.5–65 at.% Os at
1000 �C), Os
Eutectic r-Nb3Os2±x–Nb
(*2175 �C, *26 at.% Os)
Eutectic r-Nb3Os2±x–
v-Nb2Os3±x (*2120 �C, 47
at.% Os)

Os diminishes the melt. temp.
of Nb. The max. solid
solubility of Nb in Os is 27
at.% at 2270 �C; at lower
temp. it decreases to *20
at.% (1000 �C). The max.
solid solubility of Os in Nb is
*19 at.% at 2175 �C; at
lower temp. it decreases to
*14–15 at.% (1000 �C).

[12, 14, 46]

Os–Ta Ta, r-Ta3Os2±x (\*2500 �C,
incongruent melt. point,
homog. range—*22–44 at.%
Os), c-Ta2Os3±x (\*2420 �C,
incongruent melt. point,
homog. range—48–63 at.%
Os), Os
Extended solid solution based
on Ta (up to *22 at.% Os at
2500 �C)
Extended solid solution based
on Os (*25 at.% Ta at
1600 �C)
Eutectic r-Ta3Os2±x–
c-Ta2Os3±x (*2360–2400 �C,
*47 at.% Os)

Os diminishes the melt. temp.
of Ta considerably. The
solubility of Ta in Os is *19
at.% at 2420 �C, *20 at.% at
2000 �C and *25 at.% at
1600 �C. The solubility of Os
in Ta is *22 at.% at 2500 �C
and *14 at.% at 2200 �C.

[4, 12, 14]

(continued)

370 5 Osmium



Table 5.3 (continued)

System Type of phase diagram
(constituent phases,
temperatures and
compositions of
transformations)

Character of interaction References

Group 6
Os–Cr Cr, Cr3±xOs (\1540 �C,

homog. range—*23–29 at.%
Os), r-Cr2±xOs
(975–1675 �C, homog.
range—30–35 at.% Os (?) at
1540 �C), Os
Extended solid solution based
on Cr (\*1900 �C, up to
*28 at.% Os, ?)
Extended solid solution based
on Os (up to *62 at.% Cr, ?)
Eutectic (Cr,Os) extended
solid solution—(Os,Cr)
extended solid solution
(*1835–1855 �C, *33 at.%
Os)

The solubility of Os in Cr is
*28 at.% at 1845 �C, *22
at.% at 1675 �C, *20 at.% at
1540 �C and *9.5–18.0 at.%
at 1300 �C; practically, at
temp. \1300 �C it is not
affected by temp. The
solubility of Cr in Os is *62
at.% at 1845 �C, *55 at.% at
1675 �C and *50–52 at.% at
1500 �C; practically, at
\1500 �C it is not affected by
temp. too.

[4, 11, 15, 47–48]

Os–Mo Mo, b-Mo3±xOs (\2210 �C,
homog. range—*25–26 at.%
Os at 2100 �C and *24–26
at.% Os at 1000 �C),
r-Mo2±xOs (\2420–2440 �C,
homog. range—*30–37 at.%
Os at 2370–2390 �C and
*30–40 at.% Os at 1000 �C),
Os
Extended solid solution based
on Mo (up to 19.5 at.% Os at
2370–2390 �C)
Extended solid solution based
on Os (up to 52 at.% Mo at
2420–2440 �C)
Eutectic r-Mo2±xOs–(Mo, Os)
extended solid solution
(*2370–2390 �C,
*20.5–21.0 at.% Os)

Os diminishes the melt. temp.
of Mo. The solubility of Os
in Mo is 19.5 at.% at
2370–2390 �C and\8 at.% at
1000 �C. The solubility of Mo
in Os is 52 at.% at
2420–2440 �C and \40 at.%
at 1000–1200 �C.

[12, 14, 19, 49–50]

Os–W See W–Os in Table 3.5.
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Table 5.3 (continued)

System Type of phase diagram
(constituent phases,
temperatures and
compositions of
transformations)

Character of interaction References

Group 7
Os–Mn a-Mn, b-Mn, c-Mn, d-Mn, no

binary compounds (?), Os
No complete diagram plot

The presence of Os increases
the temp. of a-Mn–b-Mn
transition from 727 to 762 �C.
At 400–600 �C the solubility
of Os in a-Mn is *17 at.%
and in b-Mn [40 at.%.

[93]

Os–Tc Tc, no binary compounds, Os
Continuous solid solution
Tc–Os (?)
No diagram plot

- [12–51]

Os–Re See Re–Os in Table 4.5.
Group 8
Os–Fe a-Fe, c-Fe, d-Fe, no binary

compounds, Os
Extended solid solution based
on Os (up to 75–78 at.% Fe at
400–600 �C)
Peritectic d-Fe
(*1535–1565 �C, *1.5–3.0
at.% Os)
Peritectic c-Fe (1720 �C,
*25 at.% Os)

Os raises the melt. temp. of Fe
and temp. of d-Fe–c-Fe
polymorphic transformation.
In the presence of Os the
c-Fe phase exists in the wide
range of temp. from *620 �C
to 1720 �C. The max.
solubilities of Os in Fe
polymorphic modifications
are following: *5 at.% in
a-Fe (620 �C), *25 at.% in
c-Fe (1720 �C) and *1.5–3.0
at.% in d-Fe (1535–1565 �C).

[4, 11, 14, 52–54]

Os–Ru Ru, no binary compounds, Os
Continuous solid solution
Ru–Os

- [12, 14, 20, 55]

Group 9
Os–Co e-Co, a-Co, no binary

compounds, Os
Continuous solid solution
e-Co–Os
Peritectic a-Co (*1600 �C,
*20–22 at.% Os)

Os stabilizes e-Co
modification; at 1200 �C the
limit of solid solubility of Os
in e-Co is *20 at.%.

[4, 11, 14]
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Table 5.3 (continued)

System Type of phase diagram
(constituent phases,
temperatures and
compositions of
transformations)

Character of interaction References

Os–Rh Rh, no binary compounds, Os
Peritectic Rh (*2575–2625 �C,
*55 at.% Os)

The presence of Os results in
increase in the melt. temp. of
Rh. The max. melt. point
(*2575–2625 �C) and max.
solid solubility of Os in Rh
(*55 at.%) are corresponding
to the peritectic alloy. The
solubility of Os in Rh declines
slightly with temp.
decreasing; at 1500 �C it
amounts to *50–51 at.%.
The max. solid solubility of
Rh in Os is *30 at.%
(*2575–2625 �C); at lower
temp. the solubility of Rh
declines (B20 at.% at
1500 �C).

[12, 14]

Os–Ir Ir, no binary compounds, Os
Peritectic Ir (*2625–2695 �C,
44.5 at.% Os)
Extended solid solution based on
Ir (up to 44.5 at.% Os at
*2625–2695 �C)
Extended solid solution based on
Os (up to 38 at.% Ir at
*2625–2695 �C)

The presence of Os results in
increase in the melt. temp. of
Ir. The max. melt. point
(*2625–2695 �C) and max.
solid solubility of Os in Ir
(44.5 at.%) are corresponding
to the peritectic alloy. At
2200 �C the solubility of Os
in Ir and that of Ir in Os are
42–43 and 36–37 at.%,
respectively. At lower temp.
the mutual solid solubilities of
the components are not
affected by temp.

[4, 12, 14, 113]

Group 10
Os–Ni Ni, no binary compounds, Os

Peritectic Ni (*1465–1500 �C,
*12.0–13.3 at.% Os)
Extended solid solution based
on Os (up to *12–64 at.% Ni
(?) at 1465–1500 �C)

Practically, the melt. temp. of
Ni is affected by the presence
of Os only slightly. The max.
solid solubility of Os in Ni
(*12.0–13.3 at.%) is
corresponding to the peritectic
alloy. The data on the mutual
solubilities of Os and Ni
available in literature are
controversial.

[4, 12, 14, 112]
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Table 5.3 (continued)

System Type of phase diagram
(constituent phases,
temperatures and
compositions of
transformations)

Character of interaction References

Os–Pd Pd, no binary compounds, Os
Peritectic Pd (1615–1665 �C,
*1–3 at.% Os)

The solubility of Os in Pd
declines with temp.
decreasing considerably. The
max. solid solubility of Pd in
Os is 5.2 at.%
(1615–1665 �C); at lower
temp. the solubility of Pd
declines.

[12, 14–15, 20, 56]

Os–Pt Pt, no binary compounds, Os
Peritectic Pt (*1940–1970 �C,
*25 at.% Os)
Extended solid solution based
on Pt (up to 25 at.% Os at
*1940–1970 �C)

The presence of Os results in
increase in the melt. temp. of
Pt. The max. melt. point
(*1940–1970 �C) and max.
solid solubility of Os in Pt
(*25 at.%) are corresponding
to the peritectic alloy. The
solid solubility of Os in Pt is
affected by temp. slightly. The
max. solubility of Pt in Os is
B9.3 at.%.

[4, 12, 14, 57]

Group 11
Os–Cu Cu, no binary compounds, Os

Eutectic (degenerated, ?)
Cu–Os (*1081 �C,\0.5 at.%
Os, ?)
Miscibility gap in the liquid
state (?)
Phase diagram data available
in literature are controversial

At 900 �C the solubility of Os
in Cu is negligibly small.

[4, 11, 14]

Os–Ag Ag, no binary compounds, Os
Eutectic (degenerated, ?)
Ag–Os (*961 �C, ?)

Practically, the components
are immiscible in the solid
and liquid states.

[13–14, 58]

Os–Au Au, no binary compounds, Os
No diagram plot

At 900–950 �C the solubility
of Os in Au is absolutely
negligible.

[4, 13, 59]

Group 12
Os–Zn Zn, no binary compounds, Os

No diagram plot
No interaction. [4, 12]

Os–Cd No data – –
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Table 5.3 (continued)

System Type of phase diagram
(constituent phases,
temperatures and
compositions of
transformations)

Character of interaction References

Os–Hg Hg, no binary compounds, Os
The eutectic depression or
peritectic elevation of Hg
melt. by Os addition are
indistinguishable.

The theoretically estimated
solubility of Os in liquid Hg at
25 �C is *10-19 7 10-24

at.%. The solubility of Hg in
solid Os is \1 at.%. Os is
highly resistant to corrosion in
liquid Hg (no evidence of
interaction after 350 h
exposure at 800 �C).

[14, 94–95]

Group 13
Os–B b-B, OsB12 (?), OsB3 (?), Os2B5

(?), OsB2, (\*2175–2200 �C,
congruent melt. point,
invariable compos.), Os2B3 (or
OsB1.6,\at least *1600 �C,
incongruent melt. point,
invariable compos.), OsB1+x (or
OsB1.2,\*1575–1600 �C,
congruent melt. point,
invariable compos.), Os
Eutectic OsB2–b-B
([*1995–2000 �C, *20
at.% Os)
Eutectic Os2B3–OsB1+x

(*1500 �C,*44–45 at.% Os)
Eutectic OsB1+x–Os
(\*1450–1500 �C, *55
at.% Os)

No data on mutual solubilities
of the components. Os borides
are formed directly from the
elements in vacuum at
800–1400 �C.

[4, 10, 13, 14, 60–
61, 71]

Os–Al Al, OsAl5 (?), OsAl3 (or
Os4Al13, ?), OsAl2, Os2Al3,
OsAl, Os
No diagram plot

No data on mutual solubilities
of the components. Os
aluminides are formed
directly from the elements.

[10, 13, 62]

Os–Ga Ga, OsGa3, OsGa2, ?, Os
No diagram plot

Other binary compounds were
synthesized only under high
pressures (6.5–7.7 GPa).

[11, 24]

Os–In In, In3Os (?), In2Os (?), InOs
(?), InOs2 (Laves phase, ?),
Os
Miscibility gap in the liquid
state (?)
No diagram plot
Data on the system available
in literature are controversial.

No interaction in the liquid
state (?).

[12, 96]

Os–Tl No data – –
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Table 5.3 (continued)

System Type of phase diagram
(constituent phases,
temperatures and
compositions of
transformations)

Character of interaction References

Group 14
Os–C See C–Os in Table 2.13.
Os–Si Si, OsSi3 (?), OsSi2 (or

OsSi1.8, \1620–1660 �C,
incongruent melt. point,
invariable compos.), Os2Si3
(\1820–1860 �C, congruent
melt. point, invariable
compos.), OsSi1±x

(\1720–1740 �C, incongruent
melt. point corresp. to
*OsSi1.04, homog. range—
*49–50 at.% Os at 1700 �C
and *49–51 at.% Os at
1000 �C), Os
Eutectic OsSi2–Si
(*1340–1370 �C, *10–13
at.% Os)
Eutectic OsSi1±x–Os
(*1710–1730 �C, *54–58
at.% Os)

No data on mutual solubilities
of the components. Os
silicides are formed directly
from the elements in vacuum
or inert gas atmosphere at
1000–1200 �C.

[4, 10, 12, 14, 25,
63–66, 79, 97, 116]

Os–Ge Ge, OsGe2, Os2Ge3, Os
No diagram plot

– [4, 10–11, 25–26]

Os–Sn a-Sn, b-Sn, no binary
compounds at normal
pressure, Os
No diagram plot

No interaction. At normal
pressure the mutual
solubilities of the components
are extremely low. A binary
compound was synthesized
only under high pressures
(7.7 GPa).

[4, 12, 20, 36]

Os–Pb No data – –
Group 15
Os–N N, Os2N (metastable, ?), Os

No diagram plot
No interaction at normal
pressures in the wide range of
temp.; at high pressures
(43 GPa) OsN2 is synthesized.

[12, 98]

Os–P P, a-OsP4 (invariable
compos., ?), b-OsP4

(\*425 �C, invariable
compos.), OsP2 (\1095 �C,
invariable compos.), Os

Os diphosphide is formed
directly from the elements in
sealed ampules at 500–800 �C.

[4, 10, 12, 14, 99–
100, 102]

Os–As As, OsAs2±x (0 B x B 0.2,
\at least 1600 �C, ?), Os

Os arsenide is formed directly
from the elements in sealed
ampules.

[10, 13–14, 102]
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Table 5.3 (continued)

System Type of phase diagram
(constituent phases,
temperatures and
compositions of
transformations)

Character of interaction References

Os–Sb Sb, OsSb2, Os
No diagram plot

– [12, 101–102]

Os–Bi Bi, no binary compounds, Os At 750–800 �C the solubility
of Os in liquid Bi is
\8 9 10-4 at.%.

[13–14, 103]

Group 16
Os–O O, OsO4 (\40–42 �C, melt.

point), OsO3 (?), OsO2

(\650 �C, decomposes),
Os2O3 (?), Os
No diagram plot

In pure O2 the oxidation of Os
in powder form initiates from
room temp. and leads to the
direct formation of OsO4,
which vaporizes above
130 �C. OsO2 is formed by
indirect reaction pathways.
For diffusion rate in the
system at various temp. see
Addendum.

[2, 4, 10, 12, 20, 70]

Os–S a-S, b-S, OsS2 (\at least
2450 �C, invariable compos.),
Os
Eutectic OsS2–Os
(*2000 �C, *50 at.% Os)

OsS2 is formed by the direct
interaction between Os and S
at temp. C950 �C.

[4, 10, 12, 14, 20,
27, 104]

Os–Se Se, OsSe2 (\at least 700 �C,
invariable compos.), Os

OsSe2 is formed by the direct
interaction between Os and Se.

[4, 10, 12, 14, 67]

Os–Te Te, a-OsTe2 (?), b-OsTe2

(\at least 800 �C, invariable
compos.), Os

OsTe2 is formed by the direct
interaction between Os and
Te.

[10, 12, 14, 68, 105]

Os–Po No data – –
Group 17
Os–F F, OsF8 (?), OsF7 (?), OsF6

(\33–35 �C, melt. point),
OsF5 (\70 �C, melt. point),
OsF4, Os
No diagram plot

The direct interaction between
Os and F2 at 280–300 �C
results in the formation of
OsF4 and OsF6. OsF5 is
synthesized by decomposition
of OsF6.

[2–4, 10, 69, 106]

Os–Cl Cl, OsCl4, OsCl3 (or OsxCl3x),
OsCl2, Os
No diagram plot

The direct interaction between
Os and Cl2 results in the
formation of OsCl3 at temp.
\500 �C, or OsCl4 at temp.
[650 �C. OsCl3 decomposes
to OsCl2 in vacuum.

[2–3, 10]
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The data on the selected ternary, quaternary and quasi-binary osmium con-
taining systems, which are the most important for the design, manufacture and
application of ultra-high temperature materials, are summarized in Table 5.4. The
composition and temperature stability regions for the main binary and ternary
osmium containing high temperature phases are given in Tables 5.3 and 5.4 taking
into account the spread of numerical magnitudes available in literature currently.

Table 5.3 (continued)

System Type of phase diagram
(constituent phases,
temperatures and
compositions of
transformations)

Character of interaction References

Os–Br Br, OsBr4, OsBr3, Os
No diagram plot

The direct interaction between
the elements in sealed
ampules at *500 �C results
in the formation of OsBr4.
OsBr3 is synthesized by
decomposition of OsBr4 in
vacuum.

[2–3, 10, 69]

Os–I I, OsI4, OsI3, OsI2, OsI, Os
No diagram plot

Os iodides are synthesized by
indirect reaction pathways.

[2–3, 10]

Os–At No data – –
a The intervals of temperatures and compositions for the melting and invariant equilibria points,
homogeneity ranges and thermal stability regions of constituent phases are given taking into
account the minimal and maximal values (data spread) available in literature

Table 5.4 Chemical interaction of osmium with elements and compounds at high temperatures
(selected ternary, quaternary and quasi-binary systems in alphabetical order)a

System Type of phase diagram (temperature and composition sections,
constituent phases or phase fields) and/or character of
interphase interaction and materials compatibility

References

Os–B–Hf No diagram plot
Hf9Os4B

[74]

Os–B–Mo No diagram plot
Mo2OsB2, (Mo,Os)B2

[74–75]

Os–B–C–Th See C–B–Os–Th in Table 2.14
Os–B–W See W–B–Os in Table 3.6
Os–C–Co–W See C–Co–Os–W in Table 2.14
Os–C–Hf See C–Hf–Os in Table 2.14
Os–C–Mo See C–Mo–Os in Table 2.14
Os–C–Nb See C–Nb–Os in Table 2.14
Os–C–Sc See C–Os–Sc in Table 2.14
Os–C–Si See C–Os–Si in Table 2.14
Os–C–Ta See C–Os–Ta in Table 2.14
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Table 5.4 (continued)

System Type of phase diagram (temperature and composition sections,
constituent phases or phase fields) and/or character of
interphase interaction and materials compatibility

References

Os–C–Th See C–Os–Th in Table 2.14
Os–C–Ti See C–Os–Ti in Table 2.14
Os–C–U See C–Os–U in Table 2.14
Os–C–V See C–Os–V in Table 2.14
Os–C–W See C–Os–W in Table 2.14
Os–C–Y See C–Os–Y in Table 2.14
Os–C–Zr See C–Os–Zr in Table 2.14
Os–Co–Re–Ru See Re–Co–Os–Ru in Table 4.6
Os–Cr–W See W–Cr–Os in Table 3.6
Os–Fe–Ir Plotted at 650 and 900 �C: (Ir,Fe,Os) extended solid solution

based on Ir–c-Fe continuous solid solution at higher temp., or
(Ir,Fe,Os) extended solid solution based on Ir at lower temp.,
(Os,Fe,Ir) extended solid solution based on Os, e-IrFe2±x

(\*625 �C), a-Fe, d-Fe

[11– 12, 14,
72]

Os–Hf–Ir Plotted schematically: Hf(Os,Ir)1±x (d-HfOs1±x–HfIr1±x

continuous solid solution, \2440–2540 �C), Hf2+x(Ir,Os)
(extended solid solution based on Hf2+xIr,\*1720–1775 �C),
Hf5(Ir,Os)3 (extended solid solution based on Hf5Ir3,
\*1930–1970 �C), Hf(Ir,Os)3±x (extended solid solution
based on HfIr3±x, \2460–2470 �C), h-Hf3+x(Os,Ir) (solid
solution based on h-Hf3+xOs), e-Hf2+xOs, g-Hf2±xOs,
k-Hf(Os,Ir)2±x (extended solid solution based on k-HfOs2±x),
a-Hf, b-(Hf,Ir,Os) (extended solid solution based on b-Hf),
(Ir,Os,Hf) (extended solid solution based on Ir), (Os,Ir,Hf)
(extended solid solution based on Os)

[73]

Os–Ir–Th No diagram plot
ThOs2–ThIr2±x continuous solid solution (?)

[108]

Os–Ir–Ti Plotted schematically: Ti(Os,Ir)1±x (d-TiOs1±x–a-TiIr1±x

(\1040 �C), d-TiOs1±x–b-TiIr1±x (at least from *1040 to
1750 �C) and d-TiOs1±x–c-TiIr1±x (from ? to 2130–2180 �C)
continuous solid solutions, ?), Ti3–x(Ir,Os) (solid solution based
on Ti3–xIr, \1515 �C), Ti(Ir,Os)3±x (extended solid solution
based on TiIr3±x, \*2115–2125 �C), a-Ti, b-(Ti,Ir,Os)
(extended solid solution based on b-Ti), (Ir,Os,Ti) (extended
solid solution based on Ir), (Os,Ir,Ti) (extended solid solution
based on Os)

[73]
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The character of chemical interaction and general reactions of osmium with
common chemicals (solids, liquids, aqueous solutions) and complex gases are
summarized in Table 5.5.

Table 5.4 (continued)

System Type of phase diagram (temperature and composition sections,
constituent phases or phase fields) and/or character of
interphase interaction and materials compatibility

References

Os–Ir–Zr Plotted schematically: Zr(Os,Ir)1±x (ZrOs–a-ZrIr1–x

(\900–950 �C) and ZrOs–b-ZrIr1±x (from 900–950 �C to
2040–2050 �C) continuous solid solutions), Zr3(Ir,Os) (solid
solution based on Zr3Ir, \1305 �C), Zr2(Ir,Os) (solid solution
based on Zr2Ir,\1340 �C), Zr5(Ir,Os)3 (solid solution based on
Zr5Ir3, \1730 �C), Zr(Ir,Os)2 (solid solution based on ZrIr2,
\2085 �C), Zr(Ir,Os)3±x (extended solid solution based on
ZrIr3±x, \2280 �C), Zr11(Os,Ir)4 (solid solution based on
Zr11Os4), k1-Zr(Os,Ir)2±x (extended solid solution based on
k1-ZrOs2±x), a-Zr, b-(Zr,Ir,Os) (extended solid solution based
on b-Zr), (Ir,Os,Zr) (extended solid solution based on Ir),
(Os,Ir,Zr) (extended solid solution based on Os)

[73, 107]

Os–Hf–W See W–Hf–Os in Table 3.6
Os–Mo–Ta Plotted partially at 1000 �C (Mo,Ta-rich area: (Mo,Ta,Os)

solid solution based on (Mo,Ta) continuous solid solutions)
[109]

Os–Mo–W See W–Mo–Os in Table 3.6
Os–N–Zr No diagram plot

Zr*4Os*2N
[16]

Os–Nb–Rh No diagram plot
b-Nb3–xOs–Nb3±xRh continuous solid solution (?)

[110]

Os–Nb–Ta Plotted partially at 1000 �C (Nb,Ta-rich area: (Nb,Ta,Os) solid
solution based on (Nb,Ta) continuous solid solutions)

[109]

Os–Nb–W See W–Nb–Os in Table 3.6
Os–O–Re See Re–O–Os in Table 4.6
Os–Re–Ru See Re–Os–Ru in Table 4.6
Os–Re–Ta See Re–Os–Ta in Table 4.6
Os–Re–W See W–Os–Re in Table 3.6
Os–Ta–V Plotted partially at 1000 �C (Ta,V-rich area: (Ta,V,Os) solid

solution based on (Ta,V) continuous solid solutions with
*V0.9Ta0.1–V0.6Ta0.225Os0.175–V0.5Ta0.5 miscibility gap,
V2±xTa)

[109]

Os–Ta–W See W–Os–Ta in Table 3.6
Os–V–W See W–Os–V in Table 3.6

a See notes to Table 5.3
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The diffusion characteristics in osmium containing systems in the wide range of
temperatures, and summarized data on the physico-chemical interaction of
osmium with elements of the periodic table are given in Addendum.
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Chapter 6
Tantalum

6.1 Structures

Tantalum is element No. 73 of the periodic table (period—6, group—5 (or VB),
relates to transition metals) with the ground state level 4F3/2 and electron config-
uration 1s22s22p63s23p63d104s24p64d104f145s25p65d36s2. The general oxidation
states (numbers) of tantalum in various chemical compounds are (–1), (+1), (+2),
(+3), (+4) and (+5); the oxidation state (+5) is the most common; the radii of
tantalum are:

atomic (metallic, CN = 8)—0.143 nm,
atomic (metallic, CN = 12)—0.147 nm,
atomic (covalent)—0.134 nm,
ionic (+3)—0.072 nm (CN = 6),
ionic (+4)—0.068 nm (CN = 6),
ionic (+5)—0.064 nm (CN = 6);

its electronegativity is 1.5 in Pauling scale, or 1.47 in Allred–Rochow scale [1–3,
6–8, 11]. Elemental tantalum has body-centred cubic (bcc) metal crystal structure
(space group—Im(–3)m, W type) with lattice parameter a = 0.33026 nm (Z = 2)
at 20 �C (minimum interatomic distance—0.2860 nm, CN = 8), slip (cleavage)
plane (110) and slip direction \111[ [50, 179].

So-called b-Ta phase usually occurs as thin films, obtained by magnetron
sputtering, chemical vapour deposition or electrochemical deposition from molten
salts [51]; it is metastable and converts to the common state upon heating to
750–775 �C, its crystal structure—tetragonal, space group—P(–4)21m and lattice
parameters a = 1.0184 nm, c = 0.5306 nm [52].

At room temperature the XRD density of tantalum is 16.68 g cm-3 and rec-
ommended value for the bulk density of common metal parts—
16.60–16.65 g cm-3 [4, 6, 11].

I. L. Shabalin, Ultra-High Temperature Materials I,
DOI: 10.1007/978-94-007-7587-9_6, � Springer Science+Business Media Dordrecht 2014
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6.2 Thermal Properties

The melting point of tantalum is one of the highest among the elements of the
periodic table; it is exceeded only by tungsten, rhenium and osmium for metals and
carbon. The general thermodynamic properties of tantalum are summarized in
Table 6.1. For the molar heat capacity cp = f(T, K), J mol-1 K-1, the following
relationships are recommended:

in the range of temperatures from 298 to 2500 K [5]:

cp ¼ 24:37þ 3:266� 10�3
� �

T ; ð6:1Þ

in the range of temperatures from 400 to 2400 K [9]

cp ¼ 24:26þ 2:958� 10�3
� �

T þ 0:2038� 10�6
� �

T2; ð6:2Þ

For the specific heat capacity cp = f(T, K), J kg-1 K-1 the equation is given [53]
as

cp ¼ 139:04 þ 1:757� 10�2
� �

T þ 1:375� 10�6
� �

T2: ð6:3Þ

The equilibrium vapour pressure of tantalum P, Pa, at temperatures 298–2500 K is
obeyed the rule [7]:

lg P ¼ �41346=T þ 0:7437=T3 � 3:2152 lg T þ 21:813; ð6:4Þ

where T is temperature, K. In high vacuum, the rate of tantalum vaporization at the
temperatures of 1800, 2050 and 2300 �C approximately amounts to 0.1 lm,
10 lm, 1 mm per year, respectively [4]. The values of standard molar entropy
S�298, molar cp and specific c heat capacities, enthalpies (heats) of melting and
vaporization, molar and specific mass enthalpy differences HT – H298, vapour
pressures and mass/linear vaporization rates for tantalum are given in Addendum
in comparison with carbon (graphite) and other ultra-high temperature materials
(refractory metals) in the wide ranges of temperatures. At ambient temperatures
the thermal conductivity of unalloyed tantalum k = 54–61 W m-1 K-1 [8, 11,
53]; the character of its variation with temperature [4, 10] is shown in Fig. 6.1.

At room temperature the coefficient of linear thermal expansion of unalloyed
tantalum a = (6.3–6.6) 9 10-6 K-1 [8, 10–11, 53], while for the interval from 20
to 1700 �C the recommended value is 7.7 9 10-6 K-1 [4]. The variation of the
coefficient of linear thermal expansion a with temperature is expressed by the
equation as follows [53]:

a ¼ 6:5 þ 0:34� 10�3
� �

t þ 0:12� 10�6
� �

t2 ð6:5Þ

where t denotes the value of temperature, �C; for the wide range of temperatures
the variation of a is also presented in Fig. 5.1. The surface tension of liquid
tantalum (density 15.0 g cm-3) is 2.15 N m-1 (its temperature coefficient is
-0.25 9 10-3 N m-1 K-1) [8]. In comparison with other ultra-high temperature
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Table 6.1 General thermodynamic properties of tantalum

Characteristics Symbol Unit Value References

Standard molar entropy (at 298.15 K
and 100 kPa)

S�298 J mol-1 K-1 41.50 ± 0.17 [4, 7]

41.47 [6, 8, 11]

41.4 [5, 9, 53]

Enthalpy difference H298–H0 kJ mol-1 5.682 [8]

Standard molar heat capacity (at
298.15 K and 100 kPa)

c�p,298 J mol-1 K-1 25.40 [6–7, 9]

25.39 [4]

25.30 [8]

Specific heat capacity
(at 298.15 K)

c J kg-1 K-1 140.3 [4]

139.8 [11]

138 [6]

Molar enthalpy (heat) of melting (at the
melting point)

DHm kJ mol-1 36.57 [6–8, 11]

31.4 [5, 9]

Specific enthalpy (heat) of melting
(at the melting point)

kJ kg-1 202 [11]

155 [4]

145–174 [53]

Molar enthalpy (heat) of vaporization
(at the boiling point)

DHv kJ mol-1 751 [4]

743 [8]

733 [6, 11]

Specific enthalpy (heat) of vaporization
(at the boiling point)

kJ kg-1 4150 [4]

4050 [11]

4160–4270 [53]

Melting point Tm K (�C) 3290 (3020) [7–8]

3270 (3000) [4, 6, 9, 11]

3265 (2995) [53]

Boiling point Tb K (�C) 5780 (5510) [8]

5730 (5460) [7]

5700 (5430) [11, 53]

5690 (5420) [6]

5560 (5290) [9]
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materials (graphite and refractory metals), the values of thermal conductivity and
thermal expansion of tantalum in the wide range of temperatures are summarized
in Addendum.

6.3 Electro-Magnetic and Optical Properties

At room temperature the specific electrical resistance (resistivity) of pure tantalum
q = 125-140 nX m; in the range of cryogenic temperatures 10–100 K it varies
from 6 to 40 nX m, and at elevated and ultra-high temperatures the resistivity is
almost obeyed the classic metal model (with small deviation from linearity) and
slightly exceeds 1 lX m at 2400–2600 �C. In the interval 0–100 �C the temper-
ature coefficient of resistivity equals 3.82 9 10-3 K-1, and in the interval
20–1730 �C it is 2.53 9 10-3 K-1 (the pressure coefficient is -1.62 9 10-5

MPa-1) [4, 8, 10–11, 53]. Together with the temperature growth, relatively minute
amounts of contaminations by the interstitial atomic species, such as oxygen,
nitrogen and carbon also increase the electrical resistance of refractory metals; the
following relationship for the resistivity of tantalum q, nX m, was recommended
by Gebhardt et al. [54]:

q ¼ 136 þ 367:2� 10�3
� �

t þ 59:84co ð6:6Þ

where t is temperature, �C and cO is oxygen content in contaminated metal tan-
talum, mas. %. At 0 �C the Hall coefficient of tantalum equals R = 1.01 9 10-10
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Fig. 6.1 The generalized variations of the thermal conductivity (k) and linear thermal expansion
(a) of unalloyed tantalum with temperature [4, 8, 10, 53]
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m3 A-1 s-1 (B = 0.5–2.9 T), Seebeck coefficient (absolute thermoelectric power)
is -5.0 lV K-1 [8, 11]. Tantalum is a paramagnetic metal with molar magnetic
susceptibility vm (SI) = 1.935 9 10-3 cm3 mol-1 at 22 �C [8].

The variations of main optical properties of tantalum with wavelength k are
following [9, 11]:

index of refraction (single crystal)—from 0.5 (k = 0.05 lm) to 2.2 (k =

0.60 lm);
index of absorptance (polycrystalline materials)—from 0.2 (k = 0.05 lm) to
2.0 (k = 0.60 lm);
reflective index under normal incidence (polished polycrystalline materials)—
from 0.13 (k = 0.05 lm) to 0.46 (k = 0.65 lm), or to 0.95 (k = 12.0 lm).

In the range of temperatures from 0 to 2900 �C the monochromatic emittance
(spectral emissivity) ek (k = 0.65 lm) of non-oxidized tantalum varies from 0.51 to
0.37 decreasing linearly with temperature growth, while the integral emittance eT

increases with temperature growth from 0.03 at 20 �C to 0.27–0.35 at 2000–2700 �C
[4, 9–10]. For the surface of oxidized tantalum ek varies from 0.79 at 830 �C to 0.77
at 1230 �C, and eT varies from 0.045 at 70 �C to 0.448 at 960 �C [9–10]. The
averaged magnitude of electron work function of pure tantalum is 4.12–4.25 eV [4,
8–9]; for the faces of single crystal with various (hkl)-indices the magnitudes are:
(100)—4.15 eV, (110)—4.80 eV, (111)—4.00 eV, (112)—4.3–4.4 eV, (116)—
*3.9 eV, (130)—4.57 eV and (211)—4.35 eV [9]. The approximate Richardson
constant (thermoelectronic emission constant) of tantalum is 37 A m-2 K-1 [4].
The recommended values of electrical resistivity, magnetic susceptibility, integral
and spectral emittances and thermoionic emission characteristics (electron work
function and Richardson constants) for tantalum are given in comparison with other
ultra-high temperature elements (carbon and refractory metals) in Addendum.

6.4 Physico-Mechanical Properties

Most of the physico-mechanical characteristics of tantalum are extremely sensitive
to the microstructure features, which are strongly dependent on metal working
(treatment), as well as to the relatively minute amounts of contaminations by the
interstitial atomic species, such as oxygen, nitrogen, carbon and hydrogen. The
oxygen content increases the hardness of tantalum from 0.4 GPa (HV) for highly
purified tantalum to 2.5 GPa (HV) for tantalum containing about 1 at.% oxygen, or
5.6 GPa (HV) for tantalum with 3 at.% oxygen [4]. For various microstructure
states, the hardness (HB) comes to the following values:

arc cast and cold worked (hardened)—230 kgf mm-2 (2.25 GPa);
identical metal annealed (recrystallized)—140 kgf mm-2 (1.37 GPa);
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electron-beam refined (one remelting procedure)—70 kgf mm-2 (0.69 GPa);
electron-beam refined (two remelting procedures)—45–55 kgf mm-2

(0.44–0.54 GPa).

The temperature behaviour of hardness for tantalum is rather complicated because
of the presence of two flexion points on the hardness-temperature curve, which are
connected with changing the mechanism of deformation [4].

The retardation of grain growth (recrystallization) process by the interstitial
impurities is the main reason why melt-processed tantalum has a lower tensile
strength at ambient temperatures compared to the metal produced by powder
metallurgy methods. An example of the profound influence of oxygen impurities
on the ultimate tensile strength, fracture elongation and reduction in area of tan-
talum specimens tested at room temperature is given in Fig. 6.2 [49]. The fracture
elongation of tantalum is in the inverse relation with its hardness [10]. Contrary to
tungsten and molybdenum, pure tantalum is deformed at room temperature easily
and characterized by a high ductility and low work-hardening rate. The defor-
mation dependences of yield strength and elongation of pure tantalum are pre-
sented in Fig. 6.3 [55]. The ultimate tensile strength of unalloyed tantalum at room
temperature in various microstructure states comes to the following values [4]:

arc cast and cold worked (hardened)—0.93–0.96 GPa;
identical metal annealed (recrystallized)—0.44–0.54 GPa;
tantalum wire (diameter 0.3–1.5 mm)—0.88–1.13 GPa;
tantalum wire (diameter 10–100 lm)—1.52–1.76 GPa.
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Fig. 6.2 Variations of ultimate tensile strength (rt), fracture elongation (d) and reduction in area
(w) of tantalum with oxygen content at room temperature [49]
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The generalized variations of ultimate tensile strength of annealed commercilally
pure tantalum with temperature for high and low strain rates and interstitial con-
tents are shown in Fig. 6.4 [4, 53]. The values of prolonged strength are of great
importance for the evaluation of operational time at high-temperatures; examples
of the creep behaviour of electron-beam melted tantalum together with general
data on 100 h creep rupture for pure tantalum are presented in Fig. 6.5. Some
information on the impact and fatigue strength of tantalum is given in [53], and the
fatigue properties of tantalum are summarized in [12].

At room temperature the main elastic properties of pure tantalum have the
following numerical values [4, 8, 10–11, 53]:

Young’s modulus E, GPa 185–186
Coulomb’s (shear) modulus G, GPa 65–69
Poisson’s ratio m 0.34–0.35
Bulk (compression) modulus K, GPa 193–207
Volume compressibility j, MPa-1 0.5 9 10-5

Longitudinal velocity of sound VS, m s-1 3400–4100
Transversal velocity of sound VT, m s-1 2030–2900
Elastic compliance s11, TPa-1 6.89

s44, TPa-1 12.1
s12, TPa-1 –2.58

Elastic stiffness c11, GPa 264
c44, GPa 82.6
c12, GPa 158
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Fig. 6.3 Deformation dependencies of yield strength (r0.2) and fracture elongation (d) of
unalloyed tantalum [55]
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The presence of the interstitial impurities in tantalum affects the value of Young’s
modulus considerably, e.g. the oxygen content growth to 2 at.% leads to the
increase of Young’s modulus of tantalum—up to 193 GPa [4].

The magnitudes of physico-mechanical (strength, elasticity) properties of
unalloyed tantalum in the wide range of temperatures are summarized in
Addendum in comparison with other ultra-high temperature materials (graphite
and refractory metals).

6.5 Nuclear Physical Properties

The isotopes of tantalum (standard atomic mass—180.94788 u) from 155Ta to
190Ta, including metastable states (156mTa, 157m1-2Ta, 158m-161mTa, 165mTa,
176m1-3Ta, 177m1-4Ta, 178m1-3Ta, 179m1-6Ta, 180m1-4Ta, 181m1-4Ta, 182m1-2Ta,
183mTa, 185mTa and 186mTa), and their general characteristics are summarized in
Table 6.2; the naturally occurring isotopes are listed in order of decreasing
abundance, and unstable artificial (radioactive) isotopes—in order of decreasing
half-life period of decay.

Table 6.2 General characteristics of the isotopes of tantalum [7, 9, 41–43]

Isotope Mass, u Abundance,
%

Half-life
period

Decay mode,
excitation (radiation)
energy, MeV

181Taa 180.947996 99.99 – –
180m1Tab – 0.01 – Isomer, c, 0.077
179Ta 178.945930 – 1.82 y K-capture; c, 0.7
182Ta 181.950152 – 114 d b-; c, from *0.06 to 1.60
183Ta 182.951373 – 5.1 d b-, 0.675 ([95 %); 1.0 (\5 %);

c, 0.24
177Ta 176.944472 – 2.4 d b+; c, 1.4
175Ta 174.94374 – 10.5 h b+

184Ta 183.954008 – 8.7 h b-, 1.26 (70 %), 0.15 (30 %);
c, 0.410, 0.86, 1.1 and others

180Ta 179.947465 – 8.15 h K-capture (86 %); b- (14 %), 0.7
(50 %), 0.61 (50 %); c, 0.093, 0.102

176Ta 175.94486 – 8.1 h b+; c, *2
173Ta 172.94375 – 3.1 h b+

178m1Ta – – 2.4 h Isomer; b+, 0.100
174Ta 173.94445 – 1.14 h b+

185Ta 184.955559 – 49.4 min b-, 1.72 (70 %), 0.15 (30 %);
c, 0.06, 0.125, 0.175, 0.235

172Ta 171.94490 – 36.8 min b+

(continued)
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Table 6.2 (continued)

Isotope Mass, u Abundance,
%

Half-life
period

Decay mode,
excitation (radiation)
energy, MeV

171Ta 170.94448 – 23.3 min b+

182m2Ta – – 15.8 min Isomer; c, 0.519
178Ta 177.945778 – 9.3 min b+, *1; c, *1.5
186Ta 185.95855 – 10.5 min b-, 2.26; c, from 0.125 to 1.100
170Ta 169.94618 – 6.8 min b+

169Ta 168.94601 – 4.9 min b+

168Ta 167.94805 – 2.0 min b+

187Ta 186.96053 (?) – 2.0 min (?) b-

186mTa – – 1.54 min Isomer, ?
167Ta 166.94809 – 1.33 min b+

166Ta 165.95051 – 34.4 s b+

165Ta 164.950773 – 31.0 s b+

188Ta 187.96370 (?) – 20 s (?) b-

164Ta 163.95353 – 14.2 s b+

163Ta 162.95433 – 10.6 s b+ (99.8 %), a (0.2 %)
162Ta 161.95729 – 3.6 s b+ (99.92 %), a (0.073 %)
161Ta 160.95842 (?) – 3 s (?) b+ (95 %), a (5 %)
189Ta 188.96583 (?) – 3 s (?) –
161mTa – – 2.9 s Isomer; c, 0.050
160Ta 159.96149 – 1.7 s a, b+

160mTa – – 1.55 s Isomer; b+ (66 %), a (34 %), c, 0.31
159Ta 158.963018 – 1.04 s b+ (66 %), a (34 %)
159mTa – – 0.51 s Isomer; a (56 %), b+ (44 %), c, 0.064
156mTa – – 0.36 s Isomer; p, c, 0.102
190Ta 189.96923 (?) – 0.3 s (?) –
178m3Ta – – 0.29 s Isomer; c, 3.000
182m1Ta – – 0.28 s Isomer; c, 0.016
156Ta 155.97230 (?) – 0.14 s b+ (95.8 %), p (4.2 %)
178m2Ta – – 59 ms Isomer; c, 1.570
179m6Ta – – 54 ms Isomer; c, 2.639
158Ta 157.96670 (?) – 49 ms a (96 %), b+ (4 %)
158mTa – – 36 ms Isomer; a (93 %), b+, c, 0.141
157Ta 156.96819 – 10.1 ms a (91 %), b+ (9 %)
179m4Ta – – 9.0 ms Isomer; c, 1.317
157m1Ta – – 4.3 ms Isomer; c, 0.022
157m2Ta – – 1.7 ms Isomer; c, 1.317
176m1Ta – – 1.1 ms Isomer; a, c, 1.593
185mTa – – [1 ms Isomer; c, 1.308
176m3Ta – – 0.97 ms Isomer; c, 2.820
181m4Ta – – 0.21 ms Isomer; c, 2.230
177m4Ta – – 0.13 ms Isomer; c, 4.656
180m2Ta – – 31 ls Isomer; c, 1.452
181m3Ta – – 25 ls Isomer; c, 1.485
181m2Ta – – 18 ls Isomer; c, 0.615

(continued)
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Nuclear physical properties of tantalum (isotopic mass range, total number of
isotopes, thermal neutron macroscopic cross sections, moderating ability and
capture resonance integral), compared with other ultra-high temperature elements
(carbon and refractory metals), are given in Addendum.

6.6 Chemical Properties

The comprehensive information on the chemical properties and interaction of
tantalum with all the elements of the periodic table is given in Table 6.3. The
tantalum containing systems and corresponding binary compounds are described
and considered there in accordance to the groups of elements from 1 to 17.

Table 6.2 (continued)

Isotope Mass, u Abundance,
%

Half-life
period

Decay mode,
excitation (radiation)
energy, MeV

180m4Ta – – 17 ls Isomer; c, 4.171 (?)
155Ta 154.97459 (?) – 13 ls (?) –
181m1Ta – – 6.05 ls Isomer; c, 6.238
177m3Ta – – 5.3 ls Isomer; c, 1.355
176m2Ta – – 3.8 ls Isomer; c, 1.372 (?)
177m2Ta – – 3.6 ls Isomer; c, 0.186
180m3Ta – – 2.0 ls Isomer; c, 3.679
179m5Ta – – 1.6 ls Isomer; c, 1.326
179m1Ta – – 1.4 ls Isomer; c, 0.030
177m1Ta – – 0.41 ls Isomer; c, 0.073
179m2Ta – – 0.335 ls Isomer; c, 0.520
179m3Ta – – 0.32 ls Isomer; c, 1.253
183mTa – – 0.11 ls Isomer; c, 0.073
165mTa – – ? Isomer; c, 0.060
a Believed to undergo a decay (?)
b Only known observationally stable nuclear isomer, believed to undergo decay by isomeric
transition, b- decay or K-capture with a half-life period[1.2 9 1015 y (?); it is the only naturally
occurring nuclear isomer, excluding radiogenic and cosmogenic short-living nuclides, and also
the rarest primordial nuclide in the Universe observed for any element that has any stable isotopes
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Table 6.3 Chemical interaction of tantalum with elements of the periodic table (binary systems
in accordance to the groups of elements)a

System Type of phase diagram
(constituent phases,
temperatures and
compositions of
transformations)

Character of interaction References

Group 1
Ta–H H, d-TaH1–x (or TaH0.7,

\*70 �C, homog. range—
*54–59 at.% (?) Ta),
c-Ta475H374 (\-65 �C,
invariable compos., *56
at.% (?) Ta), f-Ta3H2+x

(\-38 �C, homog. range—
*58–59 at.% Ta), g-Ta3H2–x

(\–165 �C, homog. range—
*60–63 at.% Ta), h-Ta2-xH
(–215 to –78 �C, homog.
range—*62–66 at.% Ta),
b-TaHx (\46 �C, homog.
range—*62–68 at.% Ta),
e-Ta2±xH (10–61 �C, homog.
range—*63–71 at.% Ta), Ta
(d-, c-, f- and b-phases are
ordered interstitial phases,
e-phase is partially ordered)
Extended solid solution based
on Ta (up to *42–44 at.% H
at 20–70 �C)

The interaction between Ta and H
is highly exothermic and initiates
at *300 �C with intensive weight
gain. In the range of temp.
460–540 �C the process is
accompanied with weight loss; at
higher temp. the weight gain
continues. The solubility of H in
Ta amounts to 43.1 at.% at 20 �C,
37.25 at.% at 260 �C, 27.3 at.% at
430 �C, 3.6 at.% at 830 �C, 1.2
at.% at 1330 �C; in the range of
temp. 40–95 �C the solubility of H
(x, at.%) is obeyed the following
rule
lgx = 0.5lgp - 3.56 ? 1800/T,
where p is pressure H2, Pa, and T is
temp., K. Ta is considerably
affected by brittleness in H2

atmosphere. For diffusion rate in
the system at various temp. see
Addendum.

[4, 10, 13–
14, 57–62]

Ta–D (2H) D, c-TaDx (\-65 �C, ?),
f-TaDx (\–70 �C, ?), b-TaDx

(\60 �C, wide homog. range,
?), e-Ta2±xD (*15–65 �C,
homog. range—*49–80
at.% (?) Ta), Ta
Extended solid solutions based
on Ta

– [14, 63, 271]

Ta–T (3H) T, c-TaTx (\–65 �C, ?),
f-TaTx (\–70 �C, ?), b-TaTx

(\60 �C,widehomog. range, ?),
e-Ta2±xT (*15–65 �C, homog.
range—*50–75 at.% (?) Ta),
Ta
Extended solid solutions based
on Ta

– [18, 63, 270]

Ta–Li a-Li, b-Li, c-Li, no binary
compounds, Ta

No chemical interaction. The
solubility of Ta in liquid Li is
*8 9 10-5 at.% at 730 �C and
*7 9 10-3 at.% at 1005 �C. Ta is
resistant to corrosion in liquid Li at
1000 �C.

[4, 15, 64]

(continued)
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Table 6.3 (continued)

System Type of phase diagram
(constituent phases,
temperatures and
compositions of
transformations)

Character of interaction References

Ta–Na a-Na, b-Na, no binary
compounds, Ta

No chemical interaction, no
miscibility in the solid and liquid
states. The solubility of Ta in
liquid Na is *2 9 10-6 at.%. at
325 �C, *4 9 10-5 at.%. at
425 �C and *3 9 10-4 at.%. at
525 �C; the solubility is
considerably dependent on the O
contamination of liquid Na, e.g.
Na contaminated with O up to
0.5 % dissolves Ta 11 times more
than highly purified Na. Ta is
resistant to corrosion in liquid Na
at 1100–1200 �C.

[4, 15, 65–
66]

Ta–K K, no binary compounds, Ta No chemical interaction, no
miscibility in the solid and liquid
states. At 400–1330 �C the
solubility of Ta in liquid K (with O
content\0.002 %) is 1.4 9 10-4–
3 9 10-3 at.%; the solubility
increases noticeably in the case of
O contamination. Ta is resistant to
corrosion in liquid K at 1000 �C.

[4, 15, 67–
69]

Ta–Rb Rb, no binary compounds, Ta No chemical interaction. Ta is
resistant to overheated oxygen-free
Rb melt and vapour.

[128, 185]

Ta–Cs Cs, no binary compounds, Ta No chemical interaction. Ta is
resistant to Cs melt and vapour
(with low O contamination); good
performance during 4000 h at
35 �C and 500 h at 980–1370 �C.

[4, 186]

Ta–Fr No data – –
Group 2
Ta–Be a-Be, b-Be, TaBe12 (\1850

C, melt. point), Ta2Be17

(\1980 �C, melt. point),
TaBe3 (\at least 1800 �C),
TaBe2 (\1800 �C), Ta3Be2

(\at least 1300 �C), Ta2Be
(\1300 �C), Ta

The direct interaction between Ta
and Be leads to the formation of
TaBe12.

[4, 16–17,
37, 70–71,
187]

Ta–Mg Mg, no binary compounds,
Ta
Peritectic Mg (*652 �C,
*0.2 at.% Ta, ?)
No complete diagram plot

Practically, no interaction between
Ta and Mg at temp.\600 �C. The
solubility of Ta in liquid Mg is
*0.1 at.% at peritectic temp.

[4, 188]

Ta–Ca No data – –

(continued)
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Table 6.3 (continued)

System Type of phase diagram
(constituent phases,
temperatures and
compositions of
transformations)

Character of interaction References

Ta–Sr No data – –
Ta–Ba No data – –
Ta–Ra No data – –
Group 3
Ta–Sc a-Sc, b-Sc, no binary

compounds, Ta
Eutectic b-Sc–Ta (1519 �C,
3.2 at.% Ta)

The solubility of Ta (x, at.%) in
liquid Sc is obeyed the following
rule
lgx = –2317/T ? 1.7921,
where T is temp., K.

[18, 72]

Ta–Y a-Y, b-Y, no binary
compounds, Ta
Eutectic (degenerated)
b-Y–Ta (*1502–1513 �C,
\0.5 at.% Ta, ?)
Miscibility gap in the liquid
state (from *3.5–9 to
*98–99 at.% Ta at
*3000 �C)

The solubility of Ta in liquid Y is
0.52 at.% at 1635 �C, 0.96 at.% at
1905 �C and 1.35 at.% at 2085 �C;
and that of Y in Ta is B2 9 10-4

at.% at 1585 �C. For diffusion rate
in the system at various temp. see
Addendum.

[17–19]

Lanthanides
Ta–La a-La, b-La, c-La, no binary

compounds, Ta
Eutectic (degenerated)
b-La–Ta (*845–855 �C,
\*0.015–0.020 at.% Ta)
Miscibility gap in the liquid
state (from *0 to *84–93
at.% Ta at 2915 �C, ?)

The solubility of Ta in liquid La is
0.02 at.% at, 1355 �C, 0.04 at.% at
1810 �C and 0.05 at.% at 2015 �C.

[15, 17, 19,
189]

Ta–Ce a-Ce, b-Ce, c-Ce, d-Ce, no
binary compounds, Ta
Eutectic (degenerated)
d-Ce–Ta (?)
Miscibility gap in the liquid
state (from *1 to *88 at.%
Ta at *2860 �C)

The solubility of Ta in liquid Ce
near the melt. point of Ce
(*795 �C) is \0.04 at.%. In the
presence of Ta the temp. of b-Ce–
c-Ce polymorphic transformation
is reduced.

[16–17, 189]

Ta–Pr a-Pr, b-Pr, no binary
compounds, Ta
Eutectic (degenerated)
b-Pr–Ta (*930 �C, \0.005
at.% Ta, ?)
Miscibility gap in the liquid
state (from *0.5 to *90
at.% Ta at *2875 �C)

The solubility of Ta in liquid Pr
near the melt. point of Pr
(*935 �C) is *0.006 at.%; in the
range of temp. 1200–2000 �C it
increases from 0.04 to 0.17 at.%.

[17–19, 189–
190]

(continued)

400 6 Tantalum



Table 6.3 (continued)

System Type of phase diagram
(constituent phases,
temperatures and
compositions of
transformations)

Character of interaction References

Ta–Nd a-Nd, b-Nd, no binary
compounds, Ta
Eutectic (degenerated)
b-Nd–Ta (*1020 �C, \0.01
at.% Ta, ?)
Miscibility gap in the liquid
state (from *0.5 to *90
at.% Ta at *2875 �C)

No solubilities between the
components in the solid state. The
solubility of Ta in liquid Nd is very
low.

[15, 17, 189]

Ta–Pm No data – –
Ta–Sm a-Sm, b-Sm, c-Sm, no binary

compounds, Ta
Eutectic (degenerated)
c-Sm–Ta (*990–1020 �C,
*0.01–0.02 at.% Ta, ?)
Miscibility gap in the liquid
state (?)

No solubilities between the
components in the solid state.

[17–19, 189]

Ta–Eu Eu, no binary compounds, Ta
Eutectic (degenerated) Eu–Ta
(*822 �C, ?)
Miscibility gap in the liquid
state (from *2.5–3.0 to *100
at.% Ta at *3020 �C, ?)

The solubility of Ta in liquid Eu
near the melt. point of Eu
(*822 �C) is *2910-4 at.%; in
the range of temp. 1675–1870 �C
it increases from 0.03 to 0.05 at.%.

[14, 17, 19,
189]

Ta–Gd a-Gd, b-Gd, no binary
compounds, Ta
Eutectic (degenerated)
b-Gd–Ta (*1305–1312 �C,
*0.04–0.08 at.% Ta)
Miscibility gap in the liquid
state (from *4 to *81–82
at.% Ta at *2780 �C, ?)

At 1770 �C the solubility of Ta in
liquid Gd is B0.4 at.%.

[14, 17, 19,
72, 189]

Ta–Tb a0-Tb, a-Tb, b-Tb, no binary
compounds, Ta
Eutectic (degenerated)
b-Tb–Ta (*1345–1365 �C,
0.15 at.% Ta)
Miscibility gap in the liquid
state (from *4 to *82 at.%
Ta at 2790 �C, ?)

No solubilities between the
components in the solid state. In
the range of temp. 1430–1745 �C
the solubility of Ta in liquid Tb
increases from *0.1 to *0.6
at.%.

[17–18, 72,
189]

Ta–Dy a0-Dy, a-Dy, b-Dy, no binary
compounds; Ta
Eutectic (degenerated)
b-Dy–Ta (*1408–1410 �C,
*0.10–0.25 at.% Ta)
Miscibility gap in the liquid
state (?)

No solubilities between the
components in the solid state. At
1730 �C the solubility of Ta in
liquid Dy is *0.4 at.%.

[14, 17, 72,
189]

(continued)
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Table 6.3 (continued)

System Type of phase diagram
(constituent phases,
temperatures and
compositions of
transformations)

Character of interaction References

Ta–Ho a-Ho, b-Ho, no binary
compounds, Ta
Eutectic (degenerated)
b-Ho–Ta (*1468–1470 �C,
*0.30–0.36 at.% Ta)
Miscibility gap in the liquid
state (?)

No solubilities between the
components in the solid state.

[14, 17, 72,
189]

Ta–Er a-Er, b-Er, no binary
compounds, Ta
Eutectic (degenerated)
b-Er–Ta (*1470–1522 �C,
*0.35–0.50 at.% Ta)
Miscibility gap in the liquid
state (from *15 to *70–71
at.% Ta at *2665 �C, ?)

No solubilities between the
components in the solid state. The
solubility of Ta in liquid Er is 0.51
at.% at 1530 �C, 0.71 at.% at
1605 �C, 0.82 at.% at 1655 �C,
1.13 at.% at 1750 �C and 1.24 at.%
at 1775 �C.

[14, 17, 72,
189, 191]

Ta–Tm a-Tm, b-Tm, no binary
compounds, Ta
Eutectic (degenerated)
b-Tm–Ta (*1534–1545 �C,
*0.55–0.70 at.% Ta, ?)
Miscibility gap in the liquid
state (?)

No solubilities between the
components in the solid state. The
solubility of Ta in liquid Tm is
*0.4 at.% at 1500 �C and *1.6
at.% at 1800 �C

[17–19, 72,
189]

Ta–Yb a-Yb, b-Yb, c-Yb, no binary
compounds, Ta
Eutectic (degenerated)
c-Yb–Ta (*819 �C, *0.003
at.% Ta, ?)
Miscibility gap in the liquid
state (from *2–3 to *99
at.% Ta at 3120 �C, ?)

No solubilities between the
components in the solid state. The
solubility of Ta in liquid Yb is
0.017 at.% at 1595 �C and 0.028
at.% at 1750 �C.

[17–19, 189]

Ta–Lu a-Lu, b-Lu, no binary
compounds, Ta
Eutectic (degenerated)
b-Lu–Ta (*1640–1675 �C,
*1.0–6.5 at.% Ta, ?)
Miscibility gap in the liquid
state (from *18 to *68–70
at.% Ta at *2645 �C, ?)

No solubilities between the
components in the solid state. At
1730 �C the solubility of Ta in
liquid Lu is *1.7 at.%.

[15, 17, 72,
189, 191]

Actinides
Ta–Ac No data – –
Ta–Th a-Th, b-Th, ThTa2

(\*1890 �C, incongruent
melt. point, Laves phase, ?),
Ta
Eutectic b-Th–Ta
(*1565–1680 �C, *2–5
at.% Ta)

The max. solid solubility of Ta in
Th is 0.5 at.% at eutectic temp.,
and that of Th in Ta is 0.25 at.% at
the same temp.

[4, 17–18,
73–74]
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Table 6.3 (continued)

System Type of phase diagram
(constituent phases,
temperatures and
compositions of
transformations)

Character of interaction References

Ta–Pa No data – –
Ta–U a-U, b-U, c-U, no binary

compounds, Ta
Peritectic c-U (1160 �C,
*3 at.% Ta)

The max. solid solubility of Ta in
c-U is corresponding to the
peritectic alloy. The solid
solubility of Ta in a-U and b-U is
negligible and does not affect the
temp. of the polymorphic
transitions of U. The max. solid
solubility of U in Ta is *2.5 at.%
(1160 �C). At temp.
\1200–1250 �C the kinetics of Ta
dissolution in liquid U is very
slow. Liquid U impregnates Ta
porous preforms perfectly. For
diffusion rate in the system at
various temp. see Addendum.

[4, 17–18,
75– 76]

Ta–Np No data – –
Ta–Pu a-Pu, b-Pu, c-Pu, d-Pu, d0-Pu,

e-Pu, no binary compounds,
Ta
Peritectic Pu (*660–680 �C,
*0.8–1.5 at.% Ta, ?)
Eutectic (degenerated)
e-Pu–Ta (*625–640 �C, ?)
Data on the system available
in the literature are
controversial.

Data on mutual solid solubilities
between the components in the
system are extremely
contradicting. At 900–1150 �C Ta
is not stable in the contact with
liquid Pu; the corrosion and
fracture of Ta occurs because of
the penetration of Pu along the
grain boundaries.

[4, 17–18,
149, 192–
193]

Ta–Am No data – –
Group 4
Ta–Ti a-Ti, b-Ti, no binary

compounds, Ta
Continuous solid solution
b-Ti–Ta (up to melt. points)

Ta stabilizes b-Ti phase; in the
presence of Ta the melt. point of Ti
increases, and temp. of a-Ti–b-Ti
polymorphic transformation
decreases considerably. The max.
solubility of Ta in a-Ti is *3 at.%
(600 �C). The corrosion resistance
of Ta to liquid Ti is very low. For
diffusion rate in the system at
various temp. see Addendum.

[4, 17–18,
77–78]
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Table 6.3 (continued)

System Type of phase diagram
(constituent phases,
temperatures and
compositions of
transformations)

Character of interaction References

Ta–Zr a-Zr, b-Zr, no binary
compounds, Ta
Continuous solid solution
b-Zr–Ta (up to melt. points,
min. melt. point 1875 �C
corresp. to *15 at.% Ta;
miscibility gap: critical
point—1775–1780 �C, 33
at.% Ta; from *6.5–9.5 to
*93.5–95.5 at.% Ta at
*775–800 �C)

Ta stabilizes b-Zr phase; in the
presence of Ta the temp. of
a-Zr–b-Zr polymorphic
transformation decreases. The
max. solid solubility of Ta in
a-Zr is *1.0–2.5 at.% at
*775–800 �C, and the solubility
of Zr in Ta at the same temp. is
*6.5–9.5 at.%; at lower temp. the
mutual solid solubilities decrease
considerably. For diffusion rate in
the system at various temp. see
Addendum.

[17–18, 79–
80, 262]

Ta–Hf a-Hf, b-Hf, no binary
compounds, Ta
Continuous solid solution
b-Hf–Ta (up to melt. points,
min. melt. point 2130 �C
corresp. to 20 at.% Ta;
miscibility gap: critical
point—*1140 �C (or
*1670 �C, ?), *58.5–64.0
(or *35–40, ?) at.% Ta; from
*30–50 (or *17.5, ?) to
*81–91 at.% Ta at
*1020–1085 �C)

Ta stabilizes b-Hf phase; in the
presence of Ta the temp. of
a-Hf–b-Hf polymorphic
transformation decreases. The
max. solubility of Ta in a-Hf is
*7 at.% (*1020–1085 �C); at
lower temp. the mutual solid
solubilities decrease considerably.

[4, 14, 17,
81, 265]

Group 5
Ta–V V, V2±xTa

(\*1310–1420 �C, homog.
range—from *30–33 to
*35–43 at.% Ta at 900 �C),
Ta
Continuous solid solution
V–Ta (up to melt. points,
min. melt. point 1825 �C
corresp. to 15 at.% Ta;
miscibility gap: critical
point—*1310–1420 �C,
*33–34 at.% Ta, from
*5–9 to *52–65 at.% Ta at
900 �C)

For diffusion rate in the system at
various temp. see Addendum.

[4, 17–18,
82, 260]

Ta–Nb Nb, no binary compounds, Ta
Continuous solid solution
Nb–Ta

For diffusion rate in the system at
various temp. see Addendum.

[15, 17]
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Table 6.3 (continued)

System Type of phase diagram
(constituent phases,
temperatures and
compositions of
transformations)

Character of interaction References

Group 6
Ta–Cr Cr, TaCr3 (\1825 �C,

incongruent melt. point, ?),
k2-TaCr2±x (\1660–1805 �C,
homog. range—33–36 at.%
Ta, Laves phase), k1-TaCr2±x

(from 1660–1805 �C to
*2010–2040 �C, congruent
melt. point, homog. range—
30–38 at.% Ta, Laves phase),
Ta
Eutectic k1-TaCr2±x–Cr
(*1700–1775 �C, *9.5–13
at.% Ta)
Eutectic k1-TaCr2±x–Ta
(*1945–1985 �C, *46–54
at.% Ta)

The max. solid solubility of Ta in
Cr is *3.5–4.0 at.% at
1700–1775 �C, and that of Cr in
Ta is *27.0–27.5 at.% at
1945–1985 �C. At lower temp. the
solubility of Ta decreases up to
*2.4 at.% at 1600 �C, *0.9 at.%
at *1400 �C and *0.3–0.5 at.%
at *1200 �C, and that of Cr
decreases up to *13 at.% at
*1600 �C, *9 at.% at *1400 �C
and *5.5 at.% at *1200 �C. The
direct interaction between Ta and
Cr leads to the formation of
k2-TaCr2±x.

[4, 14, 17,
20, 83–85,
165, 175,
263]

Ta–Mo Mo, no binary compounds,
Ta
Continuous solid solution
Mo–Ta

For diffusion rate in the system at
various temp. see Addendum.

[15, 17, 20,
39]

Ta–W See W–Ta in Table 3.5.
Group 7
Ta–Mn a-Mn, b-Mn, c-Mn, d-Mn,

Mn2Ta (\*1600–1750 �C,
congruent melt. point (?),
Laves phase), MnTa
(\*1700 �C, incongruent
melt. point, ?), Ta
Eutectic Mn2Ta–MnTa
(*1600 �C, *34–35 at.%
Ta, ?)
Eutectic Mn2Ta–c-Mn
(*1150–1175 �C, *2.5–7.0
at.% Ta, ?)

The max. solid solubility of Ta in
Mn modifications is *1 at.% in
a-Mn (750 �C), *0.7 at.% in
b-Mn (1060–1070 �C), *1.5 at.%
in c-Mn (1150–1175 �C) and
*0.5 at.% in d-Mn
(1190–1200 �C); the max. solid
solubility of Mn in Ta is *3–4
at.% (1700 �C).

[15, 17, 86,
194–195]

Ta–Tc Tc, Tc5Ta (?), TcTa (?), Ta
No diagram plot

– [18, 46]

Ta–Re See Re–Ta in Table 4.5.
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Table 6.3 (continued)

System Type of phase diagram
(constituent phases,
temperatures and
compositions of
transformations)

Character of interaction References

Group 8
Ta–Fe a-Fe, c-Fe, d-Fe, e-Fe2±xTa

(\*1775 �C, congruent
melt. point, homog. range—
*28–36 at.% Ta at 1300 �C,
Laves phase), l-Fe7Ta6+x (or
l-FeTa1±x, \*1800–1900
�C, congruent melt. point,
homog. range—*49–54
at.% Ta at 800–1500 �C),
FeTa4 (?), Ta
Eutectic e-Fe2±xTa–l-FeTa1±x

(*1570 �C, *42 at.% Ta)
Eutectic e-Fe2±xTa–d-Fe
(1442 �C, 7.9 at.% Ta)
Eutectic l-Fe7Ta6+x–Ta
(*1670 �C, *84 at.% Ta)

The max. solubility of Ta in Fe
modifications is: 2.8 at.% in d-Fe
(1442 �C), 0.85–0.90 at.% in c-Fe
(1215 �C) and 0.7 at.% in a-Fe
(965 �C); at lower temp. the
solubility of Ta decreases up to
0.34 at.% at 950 �C, 0.28 at.% at
900 �C and 0.185 at.% at 800 �C.
The max. solubility of Fe in Ta is
*7 at.% (*1670 �C). The
corrosion resistance of Ta to Fe
melts and molten alloys is very
low. For diffusion rate in the
system at various temp. see
Addendum.

[4, 14, 17,
32, 47–48,
87–90, 255,
266–267

Ta–Ru Ru, c-Ru3Ta2–x (\*1665 �C,
homog. range—*36–39
at.% Ta at 1200–1300 �C),
l-RuTa1±x (\*2080 �C,
incongruent melt. point,
homog. range—from *38 to
*49–51 at.% Ta at 1970 �C,
from *39 to 53–56 at.% Ta
at *1665 �C, *40–60 at.%
Ta at 1500 �C, *50–65 at.%
Ta at 1000 �C and from
55–60 to (?) at.% Ta at
500 �C), l0-RuTa1±x

(\*1400 �C, homog.
range—*45–50 at.% Ta at
1000 �C), l0 0-RuTa1±x

(\*800 �C, homog. range—
*48–53 at.% Ta at 500 �C),
Ta
Extended solid solution based
on Ru (up to *24–28 at.%
Ta at 1665 �C)
Extended solid solution based
on Ta (up to *50 at.% Ru at
2080 �C)
Eutectic l-RuTa1±x–Ru
(1970 �C, *29 at.% Ta)

The solid solubility of Ta in Ru is
*21 at.% at 1970 �C and *24–28
at.% at 1665 �C, and that of Ru in
Ta is *50 at.% at *2080 �C; at
lower temp. the mutual solubilities
decline considerably.

[4, 18, 91–
94]

Ta–Os See Os–Ta in Table 5.3.
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Table 6.3 (continued)

System Type of phase diagram
(constituent phases,
temperatures and
compositions of
transformations)

Character of interaction References

Group 9
Ta–Co e-Co, a-Co, j-Co7Ta2

(\930–970 �C, invariable
compos., ?), Co3Ta
(*950–1000 �C, metastable,
?), k3-Co3–xTa (or Co2.7Ta, or
Co2.2Ta0.8, \1450 �C,
incongruent melt. point,
homog. range—26.5–28 at.%
Ta at 600–1300 �C),
k2-Co2±xTa (\1595–
1650 �C, congruent melt.
point, homog. range—
29.5–36 at.% Ta at 1450 �C
and 30–36 at.% Ta at
600–1400 �C), k1-Co3Ta2–x

(from 1110–1150 �C to
1540 �C, invariable
compos.),
l-Co7Ta6±x (or l-CoTa1±x,
\1700 �C, congruent melt.
point, homog. range—from
*44–48 to *54–56 at.%
Ta), CoTa2 (\1800 �C,
incongruent melt. point,
invariable compos.), Ta
Eutectic k3-Co3–xTa (or
k2-Co2±xTa, ?)–a-Co
(*1270–1280 �C, *8–13.5
at.% Ta)
Eutectic k2-Co2±xTa–l-Co7

Ta6±x (1560 �C, *43 at.%
Ta)
Eutectic CoTa2–l-Co7Ta6±x

(1670 �C, 58 at.% Ta)

The presence of Ta results in
increase in the temp. of a-Co–e-Co
transformation. The max. solid
solubility of Ta in Co
modifications is: *4.2–4.4 at.% in
a-Co (*1200–1270 �C) and
*4.6–4.7 at.% in e-Co (1008 �C).
The max. solubility of Co in Ta is
*20 at.% (1800 �C); at lower
temp. the solubility declines up to
*2 at.% (at 500 �C). The direct
interaction between Ta and Co
leads to the formation of
k2-Co2±xTa. For diffusion rate in
the system at various temp. see
Addendum.

[4, 14, 17,
32, 95]
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Table 6.3 (continued)

System Type of phase diagram
(constituent phases,
temperatures and
compositions of
transformations)

Character of interaction References

Ta–Rh Rh, Rh3±xTa (\*2125 �C,
congruent melt. point
corresp. to *Rh3Ta, homog.
range—*22–31 at.% Ta at
*1900–2000 �C and
*23–28 at.% Ta at
1000 �C),
a2-Rh2±xTa (or a-Rh2±xTa,
\*1890 �C, incongruent
melt. point, homog. range—
*32–34.5 at.% Ta),
a1-Rh3±xTa2 (\*1860 �C,
incongruent melt. point,
homog. range—*36–46.5
at.% Ta), a3-RhTa1–x (from
1355–1395 �C to *1840 �C,
incongruent melt. point,
homog. range—*38–51
at.% Ta), r-RhTa2±x

(\*2080–2140 �C,
incongruent melt. point,
homog. range—*60.0–80.5
at.% Ta), Ta
Peritectic Rh (*1995–
2035 �C, *17.5 at.% Ta)
Extended solid solution based
on Rh (up to 17.5 at.% Ta at
*1995–2035 �C)
Extended solid solution based
on Ta (up to *16 at.% Rh at
*2080–2140 �C)
Eutectic a3-RhTa1–x–
r-RhTa2±x (1740 �C, 55 at.%
Ta)

The presence of Ta results in
increase in the melt. temp. of
Rh. The max. melt. point
(* 1995–2035 �C) and max. solid
solubility of Ta in Rh (17.5 at.%)
are corresponding to the peritectic
alloy. At lower temp. the mutual
solid solubilities of the
components decline; at temp.
\1000 �C the solubility of Ta in
Rh is \10 at.% and that of Rh in
Ta is \8 at.%.

[4, 17–18,
96]
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Table 6.3 (continued)

System Type of phase diagram
(constituent phases,
temperatures and
compositions of
transformations)

Character of interaction References

Ta–Ir Ir, b-Ir3±xTa
(\2450–2455 �C, congruent
melt. point corresp. to
*Ir3Ta, homog. range—
*23.5–26.5 at.% Ta at
2385 �C, *24.0–33.5 at.%
Ta at 2120–2115 �C,
*24.5–31.0 at.% Ta at
1860–1865 �C and *25–29
at.% Ta at 1600 �C),
c-Ir3Ta2+x (or a2-Ir3Ta2+x,
\1860–1865 �C, homog.
range—*41–42.5 at.% Ta at
1600 �C), d-IrTa1–x (or
a1-IrTa1–x, \*2120–
2125 �C, incongruent melt.
point, homog. range—
*39.0–49.6 at.% Ta),
r-IrTa3±x (\2475–2480 �C,
incongruent melt. point,
homog. range—*59.0–88.6
at.% Ta), Ta
Extended solid solution based
on Ir (up to 15.5 at.% Ta at
2380–2385 �C)
Peritectic Ir (?, *15.5–16.0
at.% Ta, ?)
Eutectic d-IrTa1–x–r-Ta3±xIr
(*1950–1955 �C, *55.5
at.% Ta)
Eutectic b-Ir3±xTa–Ir
(*2380–2385 �C, *16 at.%
Ta, ?)
Data on the system available
in the literature are
controversial.

The influence of Ta on the melt.
temp. of Ir alloys is uncleared. The
solubility of Ta in Ir declines with
temp. decreasing: *13 at.% at
2100 �C and *12 at.% at
1600–1900 �C. The max. solid
solubility of Ir in Ta is 7.2–7.3
at.% (2475–2580 �C) (corresp. to
the peritectic temp. of r-phase); at
lower temp. the solubility of Ir
declines noticeably.

[15, 17, 97]
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Table 6.3 (continued)

System Type of phase diagram
(constituent phases,
temperatures and
compositions of
transformations)

Character of interaction References

Group 10
Ta–Ni Ni, f-Ni8±xTa (\1330 �C,

homog. range—*10.5–12.5
at.% Ta at 800 �C),
j-Ni3±xTa (\1550 �C,
congruent melt. point
corresp. to *Ni3Ta, homog.
range—*23–28.5 at.% Ta),
Ni2±xTa (\1405 �C,
incongruent melt. point,
homog. range—*32.5–34.5
at.% Ta at 800 �C),
l-Ni7Ta6+x (or l-Ni1–xTa,
\1570 �C, incongruent melt.
point, homog. range—
*50–54 at.% Ta at 800 �C),
NiTa2+x (\*1790 �C,
incongruent melt. point,
homog. range—*66.7–71.0
at.% Ta at 800 �C), Ta
Extended solid solution based
on Ni (up to 14–15 at.% Ta at
1360 �C)
Extended solid solution based
on Ta (up to *20 at.% Ni at
*1790 �C)
Eutectic Ni2±xTa–l-Ni7Ta6+x

(1350 �C, 36 at.% Ta)
Eutectic j-Ni3±xTa–Ni
(1360 �C, 17.2 at.% Ta)
Data on the system available
in the literature are
controversial.

The direct interaction between Ta
and Ni results in the formation of
j-Ni3±xTa. The mutual solid
solubilities of the components
decline with temp. decrease
considerably: the solubility of Ta
in Ni—from 14–15 at.% (1360 �C)
to *3 at.% (800 �C), and that of
Ni in Ta—from *20 at.%
(1790 �C) to *1.5–2.0 at.%
(800 �C). For diffusion rate in the
system at various temp. see
Addendum.

[4, 15, 17,
98–100,
156–158,
261, 264]

Ta–Pd Pd, Pd17Ta (?), Pd12Ta (?),
Pd6Ta (?), Pd15Ta4 (?),
Pd3±xTa (\1770–1945 �C
(?), melt. point, homog.
range—*23.5–26.0 at.% Ta
(?) at 1000 �C), Pd2±xTa
(\1670–1800 �C (?), melt.
point, homog. range—
*33–34.5 at.% Ta (?) at
1000 �C), PdTa
(\*1720–2000 �C, melt.
point, ?), a-Pd1±xTa
(\1410 �C (?), homog.
range—*49–51 at.% Ta (?)
at 1000 �C), b-Pd1±xTa

The presence of Ta results in
increase in the melt. temp. of Pd.
The max. melt. point
(*1730–1860 �C, ?) and max.
solid solubility of Ta in Pd
(*18–22 at.%) are corresponding
to the peritectic alloy. The
solubility of Ta in Pd declines with
temp. decrease; at 800–900 �C it
amounts to *5 at.%. The
solubility of Pd in Ta also declines
with temp. decrease: from
*20–25 at.% at 2350–2550 �C (?)
to *8–10 at.% at 1000 �C.

[4, 15, 17,
101–106]
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Table 6.3 (continued)

System Type of phase diagram
(constituent phases,
temperatures and
compositions of
transformations)

Character of interaction References

(1550–1720 �C (?), homog.
range—*46–52 at.% Ta (?)
at 1700–1720 �C), r-PdTa3±x

(\2550 �C or 1575–2350 �C
(?), incongruent melt. point,
homog. range—*70–77.5
at.% Ta at 1700 �C and
*75.5–78 at.% Ta at
1000 �C, ?), Ta
Peritectic Pd
(*1730–1860 �C (?),
*18–22 at.% Ta)
Extended solid solution based
on Pd (up to *18–22 at.% Ta
at *1730–1860 �C, ?)
Extended solid solution based
on Ta (up to *20–25 at.% Pd
at 2350–2550 �C, ?)
Eutectic Pd3±xTa–Pd2±xTa
(1720–1730 �C, 28 at.%
Ta, ?)
Eutectic PdTa (or
b-Pd1±xTa)–r-PdTa3±x

(*1700–1745 �C, *52–57
at.% Ta)
Data on the system available
in the literature are
controversial.

Ta–Pt Pt, Pt4Ta (?), Pt3±xTa
(\2065–2085 �C, congruent
melt. point corresp. to
*Pt3Ta, homog. range—
limited near 25 at.% Ta),
Pt2±xTa (\2245 �C,
congruent melt. point
corresp. to *Pt2Ta, homog.
range—limited near 33 at.%
Ta), Pt1±xTa (1635–1795 �C,
incongruent melt. point,
homog. range—limited near
50 at.% Ta), r-PtTa2+x

(\2470 �C, incongruent melt.
point, homog. range—
*66–86 at.% Ta), PtTa3+x

(\1725 �C, homog. range—
*85–88 at.% Ta), Ta
Peritectic Pt (1970 �C, 19
at.% Ta)

The presence of Ta results in
increase in the melt. temp. of Pt.
The max. melt. point (1970 �C)
and max. solid solubility of Ta in
Pt (19 at.%) are correspond. to the
peritectic alloy. The solubility of
Pt in Ta is B 8 at.% at 2470 �C
and B 3 at.% at 1000–1500 �C.

[4, 18, 40,
107–108]
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Table 6.3 (continued)

System Type of phase diagram
(constituent phases,
temperatures and
compositions of
transformations)

Character of interaction References

Extended solid solution based
on Pt (up to 19 at.% Ta at
1970 �C)
Eutectic Pt3±xTa–Pt2±xTa
(2050 �C, *26–28 at.% Ta)
Eutectic Pt1±xTa–r-PtTa2+x

(1760 �C, *53–55 at.% Ta)
Group 11
Ta–Cu Cu, no binary compounds, Ta

Eutectic (degenerated) Cu–Ta
(*1083 �C, ?)
Miscibility gap in the liquid
state (critical point—2325 �C,
*25 at.% Ta; from *3–4 to
*65 at.% Ta at 2025 �C)

The mutual solid solubilities of Ta
and Cu are extremely low. At
1200 �C the solubility of Ta in
liquid Cu is 0.009 at.%.

[4, 14, 17,
194]

Ta–Ag Ag, no binary compounds, Ta
Peritectic Ag (*962 �C, ?)
Miscibility gap in the liquid
state (?)

The mutual solid solubilities of Ta
and Ag are negligible.

[4, 16, 196–
197]

Ta–Au Au, Au2Ta (\*700–800 �C,
invariable compos., ?), AuTa
(?), a-Au2Ta3 (\ at least
*1600 �C, invariable
compos.), b-Au2Ta3

(*1600–1700 �C,
incongruent melt. point,
invariable compos.), AuTa3

(?), r-AuTa3±x (or AuTa2+x,
\*2000 �C, incongruent
melt. point, homog. range—
*67–78 at.% Ta at
*1600–1700 �C and
*74–78 at.% Ta at 400 �C),
AuTa5±x (or AuTa3+x (?),
\*1600–1680 �C, homog.
range—*82–84 at.% Ta at
400–1500 �C), Ta
Peritectic Au
(*1200–1300 �C, *10–30
at.% Ta, ?)
Extended solid solution based
on Au (up to *10–30 at.%
Ta at *1200–1300 �C, ?)

At 1000 �C the solubility of Ta in
Au is 10.8–11.3 at.%; it declines
with temp. decrease up to 8.5 at.%
at 500 �C. The max. solubility of
Au in Ta is near *20 at.% (?); the
solubility declines considerably
with temp. decrease. In general,
data on the solubility in the system
available in the literature are
controversial.

[16–17, 109–
110, 195]
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Table 6.3 (continued)

System Type of phase diagram
(constituent phases,
temperatures and
compositions of
transformations)

Character of interaction References

Extended solid solution based
on Ta (up to *20 at.% Au at
1600 �C, ?)
Eutectic a-Au2Ta3–Au
(*1000 �C, *20 at.% Ta, ?)
Data on the system available
in the literature are
controversial.

Group 12
Ta–Zn Zn, TaZn2 (Laves phase, ?),

Ta6Zn7 and some other
compounds (?), Ta (most of
binary compounds melt
incongruently)
No diagram plot

At 440 �C Ta is wetted by molten
Zn; at 440–800 �C Ta is resistant
to liquid Zn in the static
conditions, but the resistance in the
dynamic conditions is poor.

[4, 18, 198]

Ta–Cd No data – –
Ta–Hg Hg, no binary compounds, Ta

No diagram plot
No interaction in the wide range of
temp. At 300–600 �C Ta is highly
resistant to corrosion and erosion
in Hg.

[4, 14]

Group 13
Ta–B b-B, TaB2±x

(\3035–3200 �C, congruent
melt. point corresp. to
*TaB1.9, homog. range—
*31–38 at.% Ta at 2800 �C,
*28–37 at.% Ta at 2055 �C,
*27.5–36.5 at.% Ta at
1800 �C and *33–34 at.%
Ta at 530 �C), Ta3B4±x

(\*2620–3030 �C (?),
incongruent melt. point,
homog. range—*42–44
at.% Ta at 2800 �C and
*42.5–43.5 at.% Ta at
1800 �C), k-TaB1±x

(\2400–3090 �C, congruent
melt. point corresp. to
*TaB1.0, homog. range—
*48–50 at.% Ta at 2800 �C,
*48–51.5 at.% Ta at
2415 �C, *48.5–50.5 at.%
Ta at 2180 �C and
*48.5–50.0 at.% Ta at
1800 �C), Ta3B2±x

The mutual solid solubilities of Ta
and B are *2 at.%. Ta bo-rides are
formed by the direct interaction
between the elements at
1500–1600 �C in vacuum or inert
gas atmosphere. The contact
interaction between compact metal
Ta and TaB2±x initiates from
1600 �C and leads to the formation
of Ta3B4±x, Ta3B2±x and Ta2+xB.
For diffusion rate in the system at
various temp. see Addendum.

[4, 13, 16–
17, 21, 33,
44, 111–113,
259, 269]
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Table 6.3 (continued)

System Type of phase diagram
(constituent phases,
temperatures and
compositions of
transformations)

Character of interaction References

(\2180 �C, homog. range—
*59–61 at.% Ta at 2040 �C,
invariable compos. at temp.
\1800 �C), Ta2+xB
(\*2040–2415 �C,
incongruent melt. point,
homog. range—*68.5–72
at.% Ta), Ta
Eutectic TaB2±x–Ta3B4±x

(*2400–2990 �C (?), *39.5
at.% Ta)
Eutectic Ta2+xB–Ta
(*2360–2385 �C, 77 at.% Ta)
Eutectic TaB2±x–b-B
(*2055–2070 �C, 2 at.% Ta)

Ta–Al Al, TaAl3 (\1550–1630 �C
(?), melt. point, invariable
compos.), TaAl2
(\*1595 �C, incongruent
melt. point, invariable
compos., ?), a-Ta2Al3
(\1225 �C, invariable
compos., ?), b-Ta2Al3
(*1225–1550 �C,
incongruent melt. point,
invariable compos., ?), TaAl
(\1770 �C, incongruent melt.
point, invariable compos., ?),
d-Ta2±xAl (or r-Ta2±xAl,
\*2000–2100 �C,
incongruent melt. point
corresp. to *Ta1.95Al,
homog. range—*50–73
at.% Ta at *1550–1770 �C
and *60–80 at.% Ta at
600 �C), Ta3Al (?), Ta
Peritectic Al (*667–668 �C,
*0.25 at.% Ta, ?)
Eutectic b-Ta2Al3–d-Ta2±xAl
(*1550 �C, *43–45 at.%
Ta, ?)
Data on the system available
in the literature are
controversial.

The max. solid solubility of Ta in
Al is B0.25 at.% (the solubility of
Ta declines with temp. decrease,
but it is affected by temp. slightly),
and that of Al in Ta is *4–12 at.%
(?) at *2000–2100 �C. At higher
and lower temp. the solid
solubility of Al in Ta declines
considerably. The reaction
between Ta and Al with the
formation of aluminides initiates
on sintering the powder mixtures
or impregnating Ta preforms by
molten Al. The corrosion
resistance of Ta to Al melts is low.
Data on the solubility of Al in Ta
available in the literature are
controversial. For diffusion rate in
the system at various temp. see
Addendum.

[4, 13, 16–
17, 114–115,
151, 256]
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Table 6.3 (continued)

System Type of phase diagram
(constituent phases,
temperatures and
compositions of
transformations)

Character of interaction References

Ta–Ga Ga, TaGa3 (\at least
1300 �C, ?), TaGa2 (?),
Ta4Ga5 (\*1145–1150 �C,
?), Ta3Ga2 (\ at least
1300 �C, ?), a-Ta5Ga3

(\980 �C), b-Ta5Ga3 (from
980 �C to at least 1300 �C),
Ta2Ga (?), Ta

At 450 �C Ta is highly resistant to
corrosion in Ga. Some metastable
binary compounds were
synthesized under high pressures
(7.7 GPa).

[4, 14, 17,
116–118,
184]

Ta–In In, no binary compounds, Ta Practically, no interaction in solid
and liquid states at normal
conditions (at least at temp.
B700 �C). The solubility of Ta in
molten In at its melt. point is
*10-9 at.%.

[15, 17, 119–
120]

Ta–Tl a-Tl, b-Tl, no binary
compounds, Ta

No interaction in solid and liquid
states (at least at temp. B700 �C
and pressures B0.7 GPa).

[17–18, 119]

Group 14
Ta–C See C–Ta in Table 2.13.
Ta–Si Si, TaSi2 (\2040–2300 �C,

congruent melt. point,
invariable compos.), a-Ta5Si3
(\*1700–2160 �C,
invariable compos.), b-Ta5Si3
(from *1700–2160 �C to
2490–2550 �C, congruent
melt. point, invariable
compos.), Ta2Si
(\2440–2460 �C,
incongruent melt. point,
invariable compos.), Ta3+xSi
(or Ta5–xSi, or Ta4.5Si,
\2340–2520 �C (?), melt.
point, invariable compos.),
Ta
Eutectic a-Ta5Si3 (or
b-Ta5Si3, ?)–TaSi2
(*1960–2100 �C, *38–42
at.% Ta)
Eutectic Ta2Si–Ta3+xSi
(*2400 �C, *70–72 at.%
Ta, ?)
Eutectic TaSi2–Si
(*1385–1400 �C,
*0.75–1.5 at.% Ta)

The max. solid solubility of Si in
Ta amounts to *1.3–6.0 at.% at
*2260–2300 �C; at higher or
lower temp. the solubility of Si
declines significantly. Solid Si has
practically no solubility for Ta.
Silicides are synthesized directly
from the elements in vacuum or
inert gas atmosphere at
1000–1500 �C. In vacuum, at
1150–1370 �C the contact
interaction between compact Ta
and TaSi2 results in the formation
of a-Ta5Si3. For diffusion rate in
the system at various temp. see
Addendum.

[4, 13, 17–
18, 21, 160,
233, 257,
268]
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Table 6.3 (continued)

System Type of phase diagram
(constituent phases,
temperatures and
compositions of
transformations)

Character of interaction References

Eutectic Ta3+xSi–Ta
(*2260–2300 �C, *83–86
at.% Ta)
Data on the system available
in the literature are
controversial.

Ta–Ge Ge, TaGe2 (\1260–1300 �C,
incongruent melt. point),
a-Ta5Ge3 (\1100 �C),
b-Ta5Ge3 ([ 1100 �C),
a-Ta2Ge, b-Ta2Ge, c-Ta2Ge,
d-Ta2Ge, a-Ta3Ge
(\1550 �C),
b-Ta3Ge ([1550 �C),Ta
(melt. points of Ta
germanides B1300–
1600 �C)
No diagram plot

The solid solubility of Ta in Ge is
0.045 at.% at 910 �C, 0.147 at.%
at 875 �C, 0.079 at.% at 850 �C,
0.043 at.% at 825 �C, 0.016 at.%
at 800 �C and 0.008 at.% at
775 �C. The direct interaction
between Ta and Ge leads to the
formation of Ta germanides.

[4, 17–18,
45, 121, 199]

Ta–Sn a-Sn, b-Sn, Ta2Sn3 (or
Ta12Sn18, \595 �C,
invariable compos.), Ta3Sn
(\*1200–1550 �C,
incongruent melt. point,
invariable compos.), Ta
Peritectic b-Sn (*232 �C, ?)

The direct interaction between Ta
and Sn leads to the formation of
Ta3Sn.

[4, 18, 200]

Ta–Pb Pb, no binary compounds, Ta
No diagram plot

Ta is highly resistant to corrosion
in molten Pb; at 1000 �C Ta parts
are fit for long-term applications in
Pb.

[4]

Group 15
Ta–N N, TaN2 (?), Ta3N5

(\900 �C, decomposition,
homog. range—*37.5–39.1
at.% Ta, ?), Ta4N5 (?),
e-TaN1–x (x & 070.02,
\*2000–2100 �C, homog.
range—*50.0–50.5 at.% Ta,
?), d-TaN1–x

(x & 0.0170.33, from
1700 �C to *2000–3140 �C,
congruent melt. point,
homog. range—*50–60
at.% Ta, ?), c-Ta2±xN
(\*2050–3000 �C (?),
congruent melt. point,
homog. range—*65–79

At elevated temp. the solubility of
N in Ta is 0.45 at.% at 350 �C, 1
at.% at 500 �C 4 at.% at 1000 �C
and *14 at.% (?) at *2900 �C. In
the range of temp. 1600–2380 �C
the solubility of N in Ta (x, at.%)
is obeyed the rule:
x = p2.4 9 1010exp(– 43500/T),
where p is pressure N2, Pa, and T is
temp., K. The interaction between
Ta and N2 initiates at
temp. C300 �C. In terms of rate
equations the initial nitridation of
Ta at 400–700 �C is cubic, at
800–1400 �C the process is
obeyed the parabolic law.

[4, 13, 15, 17,
21–22, 30,
33,122, 124–
127, 195,
201–202,
258]
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Table 6.3 (continued)

System Type of phase diagram
(constituent phases,
temperatures and
compositions of
transformations)

Character of interaction References

at.% Ta at *1750–2900 �C
and *67–72 at.% Ta at room
temp.), Ta3N (invariable
compos., ?), Ta9N2

(\790 �C, homog. range—
*81–83 at.% Ta at
450–500 �C, ?), b-TaNx

(x & 0.05, *600–750 �C,
invariable compos.), Ta27±xN
(homog. range—*96.0–99.9
at.% Ta, ?), Ta
Extended solid solution based
on Ta (C10 at.% N at
2875 �C, ?)
Eutectic c-Ta2±xN–d-TaN1–x

(*2900 �C, *64–65 at.%
Ta, ?)
Eutectic c-Ta2±xN–Ta
(*2300–2900 �C, *82–84
at.% Ta, ?)
Data on the system available
in the literature are
controversial.

The average mass gain of Ta
samples at 1000 �C in N2

atmosphere is 2 g m-2 s-1 (1 h
exposure). The main products of
the interaction between Ta and N2

are c-Ta2±xN at 800–1000 �C and
d-TaN1–x at 1200–1400 �C. For
diffusion rate in the system at
various temp. see Addendum.

Ta–P P, TaP5, TaP2, a-TaP (?),
b-TaP (?), Ta5P4, Ta5P3,
Ta2P (?), Ta3P (?), Ta
No diagram plot

Ta phosphides are synthesized
directly from the elements in
vacuum at higher temp.

[4, 13, 15,
203]

Ta–As As, TaAs2, TaAs, Ta5As4,
Ta2As, a-Ta3As, b-Ta3As (?),
Ta
No diagram plot

Ta arsenides are synthesized
directly from the elements at
800–1200 �C.

[13, 16, 129–
131, 155]

Ta–Sb Sb, TaSb2, Ta5Sb4, Ta3Sb, Ta
No diagram plot

– [18]

Ta–Bi Bi, no binary compounds, Ta No interaction and miscibility
between the components. At
900 �C Ta is resistant to corrosion
in molten Bi.

[4, 17, 273]
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Table 6.3 (continued)

System Type of phase diagram
(constituent phases,
temperatures and
compositions of
transformations)

Character of interaction References

Group 16
Ta–O O, b-Ta2O5 (\*1200–

1360 �C, invariable
compos.), a-Ta2O5 (from
*1200–1360 �C to
*1620–1900 �C, melt. point,
invariable compos.), TaO2

(?), TaO (?), Ta2O (?), Ta4O
(?), TaOx (sub-oxides, ?), Ta
Eutectic a-Ta2O5–Ta
(1520–1580 �C, *29 at.%
Ta)
Miscibility gap in the liquid
state (critical point–?, 35–57
at.% Ta at 1850–1910 �C)

The max. solubility of O in Ta is
*4–6 at.% in the range of temp.
1500–1900 �C; at higher and
lower temp. it declines
considerably and amounts to *2
at.% at 1100 �C, *1.5 at.% at
900 �C and *1 at.% at 750 �C.
Due to oxidation the surface of Ta
parts loses its lustre at pressure
O2 [1,4 Pa and temp. [1000 �C;
it is corresp. to O concentration
[1.7 at.%. In terms of rate
equations the oxidation of Ta
varies considerably with temp.
growth: logarithmic at
280–350 �C, cubic at 350–450 �C,
parabolic at 450–600 �C,
paralinear at 600–800 �C, linear at
800–1100 �C, post-parabolic at
1100–1250 �C and accelerated (up
to oxidation failure) at the temp.
[1250 �C. The mechanism of
oxidation is very complicated, e.g.
the rate of oxidation at
1000–1050 �C is higher than that
is at 1100–1200 �C. At the temp.
[1700 �C the vaporization of Ta
oxides takes on great importance.
The oxide melting at temp.
[1800 �C results in the increase
of oxidation rate. In air at
atmospheric pressure the intensive
oxidation of Ta and formation of
noticeable oxide scales starts from
500–800 �C. For diffusion rate in
the system at various temp. see
Addendum.

[4, 10, 13,
15, 23–24,
28, 132–135,
145, 204]
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Table 6.3 (continued)

System Type of phase diagram
(constituent phases,
temperatures and
compositions of
transformations)

Character of interaction References

Ta–S a-S, b-S, a-TaS3, b-TaS3,
a-TaS2, b-TaS2, c-TaS2,
d-TaS2, e-TaS2, a-TaS2–x

(x & 0.25, or Ta*1.15S2),
b-TaS2–x (x & 0.33, or
Ta*1.2S2), c-TaS2–x

(x & 0.35–0.5, or Ta1+yS2,
y & 1.271.35), TaS, Ta3S2,
Ta2S, Ta6S, Ta (most of
binary compounds have
variable compos.)
No diagram plot

Ta sulphides are synthesized by
the direct interaction between the
elements in sealed vacuum
ampules at 450–600 �C. For
diffusion rate in the system at
various temp. see Addendum.

[4, 13, 18,
136]

Ta–Se Se, g-TaSe3 (at least at
500–850 �C, ?), e-TaSe2–x

(at least at 500–1000 �C,
invariable compos.),
f-TaSe2–x (at least at
500–1000 �C, invariable
compos.), d-TaSe1+x (or
d-Ta2Se3+x, at least from 500
to 800–1000 �C, homog.
range—*35–46 at.% Ta),
c-TaSe1+x (or c-Ta2Se3+x, at
least at 800–1000 �C, homog.
range—*38–41 at.% Ta),
b-TaSe1+x (at least at
800–1000 �C, homog.
range—*48–49 at.% Ta),
a-TaSe1+x (at least at
500–800 �C, homog. range
—*46–49 at.% Ta), Ta

Ta selenides are synthesized by the
direct interaction between the
elements at temp. [800 �C.

[4, 13, 18,
137–138]

Ta–Te Te, TaTe4 (or TaTe3, ?),
b-TaTe2–x (\900 �C, homog.
range—33–50 at.% Ta, ?),
a0-TaTe2–x (\800–840 �C,
homog. range—33–54 at.%
Ta), a0 0-TaTe2–x (from
800–840 �C to ?, homog.
range—33–37 at.% Ta),
TaTe1–x (x [*0.15, ?), Ta

At temp. [800 �C the interaction
between Te vapour and Ta is
intensive and leads to the
formation of tellurides having
variable compos.

[4, 13, 17–
18, 138–141,
272]

Ta–Po a-Po, b-Po, no binary
compounds, Ta
No diagram plot

No interaction with Po vapour at
temp. B700 �C.

[18, 142]
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Table 6.3 (continued)

System Type of phase diagram
(constituent phases,
temperatures and
compositions of
transformations)

Character of interaction References

Group 17
Ta–F F, TaF5 (\95–97 �C, melt.

point, invariable compos.),
TaF3 (invariable compos.),
Ta
No diagram plot

The direct interaction between Ta
and F2 initiates at room temp. At
temp. C250 �C the intensive
interaction results in the formation
of TaF5.

[2–4, 13,
143]

Ta–Cl Cl, TaCl5 (\217–220 �C,
melt. point, invariable
compos.), TaCl4 (invariable
compos.), TaCl3 (or
TaCl2.973.1, variable
compos.), Ta2Cl5 (or Ta6Cl15,
or TaCl2.5, invariable
compos.), Ta
No diagram plot

Ta is resistant to dry and humid
Cl2 at temp. \150–250 �C. At
250 �C the interaction between Ta
and Cl2 is noticeable and results in
the formation of TaCl5; at 450 �C
the interaction accompanied with
the formation of TaCl3 is intensive,
at temp. C500 �C it proceeds
immediately. TaCl4 and Ta2Cl5 are
synthesized by special chemical
reaction pathways.

[2–4, 13,
143]

Ta–Br Br, TaBr5 (\*270–280 �C,
congruent melt. point,
invariable compos.), TaBr4

(\*390 �C, invariable
compos.), TaBr3 (or Ta6Br17,
TaBr2.973.1, \450 �C,
variable compos., ?), Ta2Br5

(or Ta6Br15, or TaBr2.5,
\*675 �C, invariable
compos.), Ta3Br7 (or
Ta6Br14, or TaBr2.33, at least
at 200–750 �C, invariable
compos.), TaBr2 (?), Ta
Eutectic TaBr5–TaBr4

(*265 �C, *17 at.% Ta)

Ta is resistant to Br at temp.
\150–250 �C. At 250–300 �C the
interaction between the elements is
noticeable; it is intensive at temp.
[500 �C and results in the
formation of TaBr5. Ta bromides
with lower valencies are
synthesized by special chemical
reaction pathways.

[2–4, 13,
143, 205–
206]

Ta–I I, TaI5 (\*370–495 �C,
congruent melt. point,
invariable compos.), TaI4

(\*380–400 �C, invariable
compos.), TaI3 (invariable
compos.), Ta3I7 (or Ta6I14,
TaI2.33, at least at
300–550 �C, invariable
compos.), Ta
Eutectic Ta3I7–TaI4 (365 �C,
*18.5 at.% Ta, ?)

Ta is resistant to I at temp.
\150–250 �C. At 300 �C the
interaction between the elements is
noticeable; it is intensive at temp.
[500 �C and results in the
formation of TaI5. Ta iodides with
lower valencies are synthesized by
special chemical reaction
pathways.

[2–4, 13,
143, 206–
207]

Ta–At No data – –

a The intervals of temperatures and compositions for the melting and invariant equilibria points,
homogeneity ranges and thermal stability regions of constituent phases are given taking into
account the minimal and maximal values (data spread) available in the literature
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The data on the selected ternary, quaternary, quasi-binary and quasi-ternary
tantalum containing systems, which are the most important for the design, man-
ufacture and application of ultra-high temperature materials, are summarized in
Table 6.4. The composition and temperature stability regions for the main binary
and ternary tantalum containing high-temperature phases are given in Tables 6.3
and 6.4 taking into account the spread of numerical magnitudes available in the
literature currently.

Table 6.4 Chemical interaction of tantalum with elements and compounds at high temperatures
(selected ternary, quaternary, quasi-binary and quasi-ternary systems in alphabetical order)a

System Type of phase diagram (temperature and composition
sections, constituent phases or phase fields) and/or
character of interphase interaction and materials
compatibility

References

Ta–Al–B No diagram plot
Ta5Al3Bx (x \ 1), Ta3AlB8 (or Ta0.75Al0.25B2, ?)

[177, 208]

Ta–Al–B–N No diagram plot
In vacuum the interaction between metal Ta and
a-BN–AlN equimolar compos. starts from 1500 �C and
leads to the formation of Ta3B4±x (traces of k-TaB1±x

and c-Ta2±xN).

[27]

Ta–Al–C See C–Al–Ta in Table 2.14.
Ta–Al–C–Ti See C–Al–Ta–Ti in Table 2.14.
Ta–Al–C–V See C–Al–Ta–V in Table 2.14.
Ta–Al–Ir Plotted partially at 1650 �C: b-Ir3±x(Ta,Al) (extended

solid solution based on b-Ir3±xTa), IrAl1±x, (\2120 �C),
Ir2Al5+x (\1615 �C), IrAl3 (\1450 �C), Ir4Al13

(\1015 �C), Ir2Al9 (\900 �C), c-Ir3Ta2+x, d-IrTa1–x,
r-IrTa3±x, TaAl3, TaAl2, TaAl, d-Ta2±xAl, Al, Ir, Ta

[15–17, 163, 252]

Ta–Al–N Plotted partially at 1250 �C: AlN (\2400–2450 �C),
TaAl3, TaAl2, a-Ta2Al3, b-Ta2Al3, TaAl, d-Ta2±xAl,
Ta3N5, e-TaN1–x, d-TaN1–x, c-Ta2±xN, Ta9N2, b-TaNx,
N, Al, Ta
No solid solutions based on binary compounds.
In vacuum (or Ar atmosphere), the interaction between
bulk dense Ta and AlN initiates from 1600 �C and leads
to the formation of d-TaN1–x and c-Ta2±xN

[21, 27, 209–210]

Ta–Al–Nb Plotted at 630–2300 �C: (Ta,Nb)Al3–x (TaAl3–NbAl3–x

continuous solid solution, \*1550–1605 �C),
d-(Ta,Nb)2±xAl (d-Ta2±xAl–Nb2±xAl continuous solid
solution at temp. *930–1700 �C, or extended solid
solution based on Ta2±xAl at temp. \*930 �C and
[*1700 �C), (Nb,Ta)3+xAl (extended solid solution
based on Nb3+xAl with compos.—up to
*(Nb0.5Ta0.5)3+xAl, \2060 �C), (Nb,Ta)2±xAl (solid
solution based on Nb2±xAl, \*930 �C), (Ta,Nb)Al2
(solid solution based on TaAl2), (Ta,Nb)Al (solid
solution based on TaAl), Al, (Ta,Nb)

[15–17, 151, 154]
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Table 6.4 (continued)

System Type of phase diagram (temperature and composition
sections, constituent phases or phase fields) and/or
character of interphase interaction and materials
compatibility

References

Ta–Al–O Ta2O5–Al2O3 is plotted partially: a-Ta2O5, b-Ta2O5,
81Ta2O5�Al2O3 (or Al2Ta162O408, \*1370 �C),
59Ta2O5�Al2O3 (or Al2Ta118O298, \*1400 �C),
37Ta2O5�Al2O3 (or Al2Ta74O188, \*1415 �C),
26Ta2O5�Al2O3 (or Al2Ta52O133, \*1440 �C),
67Ta2O5�3Al2O3 (or Al6Ta134O344, \*1465 �C),
41Ta2O5�2Al2O3 (or Al4Ta82O211, \*1500 �C),
15Ta2O5�Al2O3 (or Al2Ta30O78, \*1605 �C),
27Ta2O5�2Al2O3 (or Al4Ta54O141, \*1650 �C),
a-TaAlO4, b-TaAlO4

In vacuum the interaction between Ta and Al2O3

initiates from 1600–1900 �C and results in the
decomposition of oxide.

[4, 10, 28, 144]

Ta–As–Mo Plotted partially at 1050 and 1400 �C: MoxTa1–xAs
(*0.5 B x B *0.8), (Ta,Mo)As2 (TaAs2–MoAs2

continuous solid solution), (Ta,Mo)5As4 (Ta5As4–
Mo5As4 continuous solid solution), (Ta,Mo)3As
(extended solid solution based on Ta3As with
compos.—up to *(Ta0.7Mo0.3)3As), Ta2As (solubility
of Mo is low), TaAs (solubility of Mo is negligible),
Mo2As3, MoAs (?), As, (Ta,Mo)
The solubility of As in (Ta,Mo) varies from 0.6 to 3.1 at.%

[155]

Ta–B–C See C–B–Ta in Table 2.14.
Ta–B–C–N See C–B–N–Ta in Table 2.14.
Ta–B–C–Si See C–B–Si–Ta in Table 2.14.
Ta–B–Ce No diagram plot

In vacuum, at 1800 �C the interaction between Ta and
CeB6±x leads to the formation of TaB2±x and solid
solution of Ta in CeB6±x.

[21]

Ta–B–Co Plotted at 800 �C: CoTaB, CoTaB2, Co5TaB2, Co2TaB3

(or Co7Ta3B10), Co5Ta3B2 (extended homog range, ?),
Co21Ta2B6, Co3B (\1125 �C), Co2B (\1280 �C), CoB
(\1460 �C), TaB2±x, Ta3B4±x, k-TaB1±x, Ta3B2±x,
Ta2+xB, j-Co7Ta2, k3-Co3–xTa, k2-Co2±xTa, k1-Co3Ta2–x,
l-CoTa1±x, CoTa2, e-Co, a-Co, b-B, Ta
No solid solutions based on binary and ternary compounds.

[177, 211–212]
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Table 6.4 (continued)

System Type of phase diagram (temperature and composition
sections, constituent phases or phase fields) and/or
character of interphase interaction and materials
compatibility

References

Ta–B–Cr Plotted at 1400 �C: Ta2Cr9B9, (Ta,Cr)B2±x (extended
solid solutions based on TaB2±x and CrB2±x, or
TaB2±x–CrB2±x continuous solid solution at higher
temp., \*2150–3200 �C), (Ta,Cr)3B2±x (extended
solid solution based on Ta3B2±x—up to
*(Ta0.66Cr0.34)3B2±x compos. at 1400 �C),
k-(Ta,Cr)B1±x, (extended solid solution based on
k-TaB1±x—up to *(Ta0.9Cr0.1)B1±x compos. at
1400 �C), Cr2±xB (\*1870 �C), Cr5B3±x

(\*1900 �C), a-CrB1±x (B1000 �C, ?), b-CrB1±x

(*1000–2150 �C, ?), Cr3B4±x (\2070–2075 �C), Cr2B3

(at least at *1000–1500 �C), CrB4 (\*1450–1500 �C),
Ta3B4±x, Ta2+xB, TaCr3, k2-TaCr2±x, k1-TaCr2±x, Cr,
b-B, Ta
At 1400 �C the max. solid solubility of Ta in Cr3B4±x,
b-CrB1±x, Cr5B3±x and Cr2±xB is *1.5–2.0 at.% and
that of Cr in Ta3B4±x is *2 at.%.

[4, 213]

Ta–B–Fe Plotted at 950 �C: FeTaB, FeTa2B2, FeTaB3, FeTaB2

(?), Fe5TaB2 (?), (Ta,Fe)3B2±x (extended solid solution
based on Ta3B2±x—up to *(Ta0.67Fe0.33)3B2±x compos.
at 950 �C), Fe2B (\1407 �C), FeB (\1588 �C), TaB2±x,
Ta3B4±x, k-TaB1±x, Ta2+xB, e-Fe2±xTa, l-FeTa1±x,
a-Fe, c-Fe, d-Fe, b-B, Ta
No solid solutions based on binary and ternary
compounds apart from Ta3B2±x (at 950 �C).

[177–178]

Ta–B–Ge Plotted at 700 �C: Ta5Ge3B1–x, Ta5Ge2B, TaB2±x,
Ta3B4±x, k-TaB1±x, Ta3B2±x, Ta2+xB, TaGe2, a-Ta5Ge3,
b-Ta5Ge3, a-Ta2Ge, b-Ta2Ge, c-Ta2Ge, d-Ta2Ge,
a-Ta3Ge, b-Ta3Ge, Ge, b-B, Ta
No solid solutions based on binary and ternary
compounds.

[177, 214]

Ta–B–Hf Plotted at 1400 �C: (Ta,Hf)B2±x (TaB2±x–HfB2±x

continuous solid solution), k-(Ta,Hf)B1±x (extended
solid solution based on k-TaB1±x—up to
*(Ta0.4Hf0.6)B1±x), (Ta,Hf)3B4±x (extended solid
solution based on Ta3B4±x—up to
*(Ta0.78Hf0.22)3B4±x), (Ta,Hf)3B2±x (extended solid
solution based on Ta3B2±x—up to
*(Ta0.83Hf0.17)3B2±x), HfB1±x (\2100 �C), Ta2+xB,
a-Hf, b-B, (Ta,b-Hf)

[21, 215]

Ta–B–La LaB6±x–TaB2±x is plotted: eutectic—*2460 �C,
*40 mol.% TaB2±x (*81.5 at.% B); the max.
solubility of LaB6±x in TaB2±x and that of TaB2±x in
LaB6±x are B2 mol.% (at eutectic temp.)
At 1600–2000 �C (2–5 h exposure) the interaction
between Ta and LaB6±x leads to the formation of the
following phases (in sequence): Ta2+xB ? k-TaB1±x

? Ta3B4±x ? TaB2±x and LaB4; at 2100 �C (2–5 h
exposure) the interaction is very intensive.

[4, 21, 216]
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Table 6.4 (continued)

System Type of phase diagram (temperature and composition
sections, constituent phases or phase fields) and/or
character of interphase interaction and materials
compatibility

References

Ta–B–Mo Plotted at 1200 and 1650 �C (schematically):
(Ta,Mo)B2±x (TaB2±x–MoB2–x continuous solid
solution), k-(Ta,Mo)B1±x (extended solid solution based
on k-TaB1±x—up to *(Ta0.2Mo0.8)B1±x at 1200 �C),
(Ta,Hf)3B2±x (extended solid solution based on
Ta3B2±x—up to *(Ta0.34Mo0.66)3B2±x at 1200 �C),
(Mo,Ta)2±xB (extended solid solution based on
Mo2±xB—up to *(Mo0.85Ta0.15)2±xB at 1200 �C,
\2280 �C), a-(Mo,Ta)B1–x (solid solution based on
a-MoB1–x—up to *(Mo0.95Ta0.05)B1–x at 1200 �C,
\2180 �C), Ta3B4±x (solubility of Mo B1.5 at.% at
1200 �C), Ta2+xB (solubility of Mo \1 at.% at
1200 �C), Mo3B2 (1920–2070 �C), b-MoB1±x

(*1800–2610 �C), Mo2B5–x (\2140 �C), MoB4–x

(\*1805 �C), b-B, (Mo,Ta)
The contact interaction between Ta and Mo2B5–x

initiates at 1300 �C and leads to the formation of
Ta3B2±x, Ta3B4±x and TaB2±x; the contact interaction
between TaB2±x and Mo initiates from 1400–1800 �C
(2–5 h exposure), it is intensive at temp. C2000 �C and
results in the formation of Mo2±xB at 2000 �C and
Mo2±xB ? a-MoB1–x at temp. C2100 �C.

[4, 10, 21, 217]

Ta–B–Mo–Si TaB2±x–MoSi2 is plotted: eutectic—*1870–1930 �C,
*10–15 mol.% TaB2±x; no mutual solubilities between
the components

[274]

Ta–B–N Plotted at 1200 �C (Ar pressure—0.1 MPa) and
1400 �C (vacuum, pressure—10-3 Pa): a-BN
(\2400 �C), e-TaN1–x, d-TaN1–x, c-Ta2±xN, TaB2±x,
Ta3B4±x, k-TaB1±x, Ta3B2±x, N, b-B, Ta
Ta is in equilibrium with c-Ta2±xN and Ta3B2±x. In
vacuum, the contact interaction between metal Ta and
a-BN initiates from 1500–1700 �C and leads to the
formation of k-TaB1±x and small amounts of Ta3B4±x

and c-Ta2±xN. In Ar atmosphere, the interaction
between powdered Ta and a-BN results to the formation
of k-TaB1±x, d-TaN1–x and small amounts of TaB2±x. At
2400 �C the main product of the interaction between Ta
and a-BN is TaB2±x.

[4, 21, 26–27, 29]

Ta–B–N–O No diagram plot
The interaction between a-Ta2O5 and a-BN leads to the
formation of k-TaB1±x (at 1600 �C) and TaB2±x (at
2000 �C).

[21, 28]
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Table 6.4 (continued)

System Type of phase diagram (temperature and composition
sections, constituent phases or phase fields) and/or
character of interphase interaction and materials
compatibility

References

Ta–B–Nb Plotted at 1400 �C: (Ta,Nb)B2±x (TaB2±x–NbB2±x

continuous solid solution), (Ta,Nb)3B4±x (Ta3B4±x–
Nb3B4 continuous solid solution), (Ta,Nb)B1±x

(k-TaB1±x–NbB1±x continuous solid solution),
(Ta,Nb)3B2±x (Ta3B2±x–Nb3B2 continuous solid
solution), Nb5B6 (\*2295–2870 �C, ?), Ta2+xB, b-B,
(Nb,Ta)
No interaction between Ta and NbB2±x at
1800–2000 �C, the interaction between TaB2±x and Nb
initiates from 1400–1600 �C and leads to the formation
of NbB2±x and k-TaB1±x.

[4, 21, 177, 232]

Ta–B–Nb–Ni No diagram plot
(Ta,Nb)NiB2

[177]

Ta–B–Nb–Ru No diagram plot
(Ta,Nb)273Ru20721B6 (or (Ta,Nb,Ru)23B6)

[177]

Ta–B–Ni Plotted at 800 and 950 �C: NiTaB, NiTaB2 (\1500 �C),
Ni21Ta2B6, Ni21Ta2B6 (or Ni20.7Ta2.3B6,
\1180–1220 �C, homog. range—*7.5–8.5 at.% Ta,
*70.0–72.5 at.% Ni at 700 �C), Ni5TaB2 (?), Ni3B
(\*1155 �C), Ni2B (\1125 �C), Ni4B3–x (or o-Ni4B3,
x & 0.2, \1025 �C), Ni4B3+x (or m-Ni4B3, x & 0.1,
\*1030 �C), NiB (\1035 �C), TaB2±x, Ta3B4±x,
k-TaB1±x, Ta3B2±x, Ta2+xB, f-Ni8±xTa, j-Ni3±xTa,
Ni2±xTa, l-Ni1–xTa (or l-Ni7Ta6+x), NiTa2+x, b-B, Ni,
Ta
Ni21Ta2B6–Ni plotted: eutectic—*1070–1090 �C,
*5.5–7.5 at.% Ta, *77.5–80.0 at.% Ni
No solid solutions based on binary and ternary
compounds.

[177–178, 218–220]

Ta–B–O No diagram plot
TaBO4

The interaction between TaB2±x and Ta2O5 results in
the formation of Ta3B4±x at 1100 �C, k-TaB1±x at
1200–1700 �C, k-TaB1±x ? Ta at 1800 �C and
Ta2+xB ? Ta at 1900–2000 �C

[21, 221]

Ta–B–Re See Re–B–Ta in Table 4.6.
Ta–B–Si Plotted at 1500 �C: TaxSiyBz (x & 5.275.7, y &

3.173.7, z & 0.571.4), Ta5Si3–xBx (x & 0.271.2),
Ta2(Si,B) (extended solid solution based on Ta2Si with
max. B solubility—up to *6–7 at.%), SiBn (n & 23,
\2040 �C), SiB6 (\1850 �C), SiB3±x (\1270 �C),
TaB2±x, Ta3B4±x, k-TaB1±x, Ta3B2±x, Ta2+xB, TaSi2,
a-Ta5Si3, b-Ta5Si3, Ta3+xSi, b-B, Si, Ta
TaB2±x is stable in contact with Si.

[4, 29, 34, 224]

Ta–B–Si–Ti No diagram plot
At 2000–2200 �C the interaction between Ta silicides
(b-Ta5Si3, TaSi2) and TiB2±x is weak.

[21]

Ta–B–Si–W See W–B–Si–Ta in Table 3.6.
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Table 6.4 (continued)

System Type of phase diagram (temperature and composition
sections, constituent phases or phase fields) and/or
character of interphase interaction and materials
compatibility

References

Ta–B–Si–Zr No diagram plot
At 2000–2200 �C the interaction between Ta silicides
(b-Ta5Si3, TaSi2) and ZrB2±x is weak.

[21]

Ta–B–Ti Plotted at 1650 �C: (Ta,Ti)B2±x (TaB2±x–TiB2±x

continuous solid solution, \3035–3250 �C),
k-(Ta,Ti)B1±x (extended solid solution based on
k-TaB1±x—up to *(Ta0.8Ti0.2)B1±x at 1650 �C),
(Ti,Ta)B1–x (extended solid solution based on
TiB1–x—up to *(Ti0.8Ta0.2)B1–x at 1650 �C,
\*2180–2200 �C), Ti3B4 (\*2200–2205 �C),
Ta3B4±x, Ta3B2±x, Ta2+xB, b-B, a-Ti, (b-Ti,Ta)
At 1650 �C the max. solid solubility of Ti in Ta3B4±x,
Ta3B2±x and Ta2+xB is *1.0–2.5 at.%.
The interaction between Ta and TiB2±x results in the
formation of TiB1–x, Ta3B2±x and k-TaB1±x at
1500–1800 �C, TiB1–x, Ta3B2±x, k-TaB1±x, Ta3B4±x

and TaB2±x at 1900–2200 �C.

[4, 21, 217]

Ta–B–W See W–B–Ta in Table 3.6.
Ta–B–Zr Plotted at 1500 �C: (Ta,Zr)B2±x (TaB2±x–ZrB2±x

continuous solid solution), k-(Ta,Zr)B1±x (extended
solid solution based on k-TaB1±x—up to
*(Ta0.4Zr0.6) B1±x at 1500 �C), (Ta,Zr)3B2±x

(extended solid solution based on Ta3B2±x—up to
*(Ta0.9Zr0.1)3B2±x at 1500 �C), ZrB12–x

(*1695–2290 �C), Ta3B4±x, Ta2+xB, b-B, a-Zr,
(b-Zr,Ta)
At 1500 �C the max. solid solubility of Zr in Ta3B4±x

and Ta2+xB is *2.0–2.5 at.%.
The interaction between Ta and ZrB2±x initiates from
1200–1500 �C and results in the formation of Ta-Zr
boride solid solutions.

[4, 21, 222–223]

Ta–Be–C See C–Be–Ta in Table 2.14.
Ta–Be–O No diagram plot

In vacuum, the interaction between metal Ta and BeO
initiates from 1600 �C and leads to the formation of
complex phases.

[10, 28]

Ta–Bi–Pb No diagram plot
At 1095 �C the resistance of Ta to pitting corrosion in
Bi–Pb alloy is low.

[4]

Ta–Bi–U No diagram plot
At 1100 �C Ta is resistant to corrosion in Bi–U eutectic
alloy for *1000 h.

[4]

Ta–C–Co See C–Co–Ta in Table 2.14.
Ta–C–Co–Hf See C–Co–Hf–Ta in Table 2.14.
Ta–C–Co–Nb See C–Co–Nb–Ta in Table 2.14.
Ta–C–Co–Ti See C–Co–Ta–Ti in Table 2.14.
Ta–C–Co–V See C–Co–Ta–V in Table 2.14.
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Table 6.4 (continued)

System Type of phase diagram (temperature and composition
sections, constituent phases or phase fields) and/or
character of interphase interaction and materials
compatibility

References

Ta–C–Co–Zr See C–Co–Ta–Zr in Table 2.14.
Ta–C–Cr See C–Cr–Ta in Table 2.14.
Ta–C–Fe See C–Fe–Ta in Table 2.14
Ta–C–Ga See C–Ga–Ta in Table 2.14.
Ta–C–Hf See C–Hf–Ta in Table 2.14.
Ta–C–Hf–U See C–Hf–Ta–U in Table 2.14.
Ta–C–Ir See C–Ir–Ta in Table 2.14.
Ta–C–Mg–O See C–Mg–O–Ta in Table 2.14.
Ta–C–Mo See C–Mo–Ta in Table 2.14.
Ta–C–Mo–Nb See C–Mo–Nb–Ta in Table 2.14.
Ta–C–Mo–Si See C–Mo–Si–Ta in Table 2.14.
Ta–C–Mo–V See C–Mo–Ta–V in Table 2.14.
Ta–C–N See C–N–Ta in Table 2.14.
Ta–C–N–U See C–N–Ta–U in Table 2.14.
Ta–C–Nb See C–Nb–Ta in Table 2.14.
Ta–C–Nb–Ni See C–Nb–Ni–Ta in Table 2.14.
Ta–C–Nb–Ti See C–Nb–Ta–Ti in Table 2.14.
Ta–C–Nb–W See C–Nb–Ta–W in Table 2.14.
Ta–C–Ni See C–Ni–Ta in Table 2.14.
Ta–C–O See C–O–Ta in Table 2.14.
Ta–C–O–U See C–O–Ta–U in Table 2.14.
Ta–C–O–W See C–O–Ta–W in Table 2.14.
Ta–C–O–Zr See C–O–Ta–Zr in Table 2.14.
Ta–C–Os See C–Os–Ta in Table 2.14.
Ta–C–Pd See C–Pd–Ta in Table 2.14.
Ta–C–Pt See C–Pt–Ta in Table 2.14.
Ta–C–Pu See C–Pu–Ta in Table 2.14.
Ta–C–Re See C–Re–Ta in Table 2.14.
Ta–C–Rh See C–Rh–Ta in Table 2.14.
Ta–C–Ru See C–Ru–Ta in Table 2.14.
Ta–C–S See C–S–Ta in Table 2.14.
Ta–C–Si See C–Si–Ta in Table 2.14.
Ta–C–Tc See C–Ta–Tc in Table 2.14.
Ta–C–Th See C–Ta–Th in Table 2.14.
Ta–C–Ti See C–Ta–Ti in Table 2.14.
Ta–C–Ti–U See C–Ta–Ti–U in Table 2.14
Ta–C–Ti–W See C–Ta–Ti–W in Table 2.14.
Ta–C–U See C–Ta–U in Table 2.14.
Ta–C–U–V See C–Ta–U–V in Table 2.14.
Ta–C–U–Zr See C–Ta–U–Zr in Table 2.14.
Ta–C–V See C–Ta–V in Table 2.14.
Ta–C–V–W See C–Ta–V–W in Table 2.14.
Ta–C–W See C–Ta–W in Table 2.14.
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Table 6.4 (continued)

System Type of phase diagram (temperature and composition
sections, constituent phases or phase fields) and/or
character of interphase interaction and materials
compatibility

References

Ta–C–Zr See C–Ta–Zr in Table 2.14.
Ta–Ca–O Ta2O5–CaO is plotted: CaO (\2570 �C), 5CaO�Ta2O5

(or Ca5Ta2O10, 1460–1590 �C), 4CaO�Ta2O5 (or
Ca4Ta2O9, \1990 �C), 2CaO�Ta2O5 (or Ca2Ta2O7,
\1895 �C), b-CaO�Ta2O5 (or b-CaTa2O6,
\*1560 �C), a-CaO�Ta2O5 (or a-CaTa2O6,
*1560–1960 �C), CaO�2Ta2O5 (or CaTa4O11,
\1730 �C), a-Ta2O5, b-Ta2O5; Ca4Ta2O9–Ca2Ta2O7

eutectic—1780 �C, 29 mol.% Ta2O5; Ca2Ta2O7–
a-CaTa2O6 eutectic—1775 �C, 40 mol.% Ta2O5;
CaTa4O11–a-Ta2O5 eutectic—1700 �C, 73 mol.%
Ta2O5

[166]

Ta–Ce–O Ta2O5–Ce2O3–CeO2–x is plotted: Ce2O3�Ta2O5 (or
CeTaO4), Ce2O3�3Ta2O5 (or CeTa3O9), Ce2O3�7Ta2O5

(or CeTa7O19), Ce2O3, CeO2–x, a-Ta2O5, b-Ta2O5

Ta2O5–CeO2–x is plotted: (Ce,Ta)O2–x (solid solution
based on CeO2–x—up to *3.5 mol.% Ta2O5,
\2800 �C), Ce2O3�Ta2O5 (or CeTaO4, at least at
*1265–1600 �C), Ce2O3�3Ta2O5 (or CeTa3O9,
\at least *1600 �C), Ce2O3�7Ta2O5 (or CeTa7O19,
\1525 �C), a-Ta2O5, b-Ta2O5

[181–182]

Ta–Co–Ir Plotted at 950 �C: TaCoIr, Ta6CoIr (or Ta3Co0.5Ir0.5),
l-CoTa1±xIry (extended solid solution based on
l-CoTa1±x—up to *25 at.% Ir), r-IrTa3±xCoy

(extended solid solution based on r-IrTa3±x—up to
*22 at.% Co), d-(Ir,Co)Ta1–x (extended solid solution
based on d-IrTa1–x—up to *20 at.% Co),
c-(Ir,Co)3Ta2+x (extended solid solution based on
c-Ir3Ta2+x—up to *15 at.% Co), b-(Ir,Co)3±xTa
(extended solid solution based on b-Ir3±xTa—up to
*20 at.% Co), (Co,Ir)Ta2 (extended solid solution
based on CoTa2—up to *8 at.% Ir), k1-(Co,Ir)3Ta2–x

(extended solid solution based on k1-Co3Ta2–x—up to
*7 at.% Ir), k2-(Co,Ir)2±xTa (extended solid solution
based on k2-Co2±xTa—up to*7 at.% Ir), k3-(Co,Ir)3–xTa
(extended solid solution based on k3-Co3–xTa—up to
*12 at.% Ir), j-Co7Ta2, e-Co, (a-Co,Ir), Ta

[246]

Ta–Co–Mo Plotted at 1000 �C: j-Co3±x(Mo,Ta) (extended solid
solution based on j-Co3±xMo, \*1040 �C),
l-Co7(Mo,Ta)6±x (extended solid solution based on
l-Co7Mo6±x, \*1510 �C), Co3(Ta,Mo) (extended
solid solution based on Co3Ta), k3-Co3–x(Ta,Mo)
(extended solid solution based on k3-Co3–xTa),
k2-Co2±x(Ta,Mo) (extended solid solution based on
k2-Co2±xTa), l-CoTa1±x (extended solid solution based
on l-CoTa1±x), Co(Ta,Mo)2 (extended solid solution
based on CoTa2), r-Co2–xMo3 (from *900–1100–
1620 �C), h-Co9Mo2±x (*1020–1200 �C), a-Co,
(Ta,Mo)

[14–15, 17, 32, 150]
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Table 6.4 (continued)

System Type of phase diagram (temperature and composition
sections, constituent phases or phase fields) and/or
character of interphase interaction and materials
compatibility

References

Ta–Co–N No diagram plot
Ta4Co2N5 (or Ta2CoN2.5), g-Ta4Co2N1–x, g-Ta3Co3N

[25]

Ta–Co–Nb Plotted at 1100 �C: k-Co3–x(Ta,Nb) (k2-Co2±xTa–
k3-Co3Nb continuous solid solution, *1000–1240 �C),
l-Co(Ta,Nb)1±x (l-CoTa1±x–l-NbCo1±x continuous
solid solution, \1480–1700 �C), k2(a)-Co2+x(Nb,Ta)
(extended solid solution based on k2(a)-Co2+xNb,
\*1200 �C), k3-Co3–x(Ta,Nb) (extended solid solution
based on k3-Co3–xTa), Co(Ta,Nb)2 (extended solid
solution based on CoTa2 with compos.—up to
*Co(Ta0.4Nb0.6)2), a-Co, e-Co, (Ta,Nb)

[14–15, 17, 32, 148,
150]

Ta–Co–W See W–Co–Ta in Table 3.6.
Ta–Cr–Mo Plotted at 1000 �C: (Ta,Cr,Mo) (extended solid solution

based on Mo–Cr and Mo–Ta continuous solid solutions
with miscibility gap adjoined to Cr–Ta side:
*Ta0.015Cr0.985–Ta0.275Cr0.34Mo0.385–Ta0.88Cr0.12),
k1/k2-TaCr2±x

[195]

Ta–Cr–Mo–Si TaSi2–MoSi2–CrSi2 is plotted at 1300 �C: (Ta,Cr,Mo)Si2
(or extended solid solution based on TaSi2–CrSi2
continuous solid solution with the max. solubility of Mo
corresp. to compos.—*(Ta0.45Mo0.55)Si2 and
*(Cr0.7Mo0.3)Si2), (Mo,Cr,Ta)Si2 (or extended solid
solution based on a-MoSi2; solubility of CrSi2 is
*45 mol.% and that of TaSi2 is *15 mol.%)

[35]

Ta–Cr–N No diagram plot
Ta3Cr3N, TaCr3N4, ?
In Ar atmosphere the interaction between d-TaN1–x and
Cr (exposure—up to 1.5 h) leads to the formation of
Cr2±xN at 1600 �C and Cr2±xN ? k2-TaCr2±x at
1700–1800 �C (the liquid phase appears at the contact
boundary at *1680 �C).

[176, 225–226]

Ta–Cr–Nb Plotted partially at 1300 �C: k2-(Ta,Nb)Cr2±x

(k2-TaCr2±x–k2-NbCr2±x continuous solid solution,
\1585–1805 �C), k1-(Ta,Nb)Cr2±x (k1-TaCr2±x–
k1-NbCr2±x continuous solid solution, from
1585–1805 �C to 1720–2020 �C)
TaCr2±x–NbCr2±x is plotted: k1-TaCr2±x–k1-NbCr2±x

and k2-TaCr2±x–k2-NbCr2±x continuous solid solutions

[164–165, 175]

Ta–Cr–Nb–Ti TaCr2±x–NbCr2±x–TiCr2–x is 3D-plotted:
a-(Ta,Nb,Ti)Cr2±x (k2-TaCr2±x–k2-NbCr2±x–a-TiCr2–x

continuous solid solution, \1220–1805 �C),
b-(Ta,Nb,Ti)Cr2±x (k2-TaCr2±x–k2-NbCr2±x–b-TiCr2–x

continuous solid solution, from 1220–1350 �C to
1620–2020 �C), c-TiCr2–x (?), b-(Ta,Nb,Ti,Cr)
(extended solid solution based on b-Ti–Cr continuous
solid solution, *1350–1450 �C (?), \*3 at.%
Ta ? Nb in total)

[175]
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Table 6.4 (continued)

System Type of phase diagram (temperature and composition
sections, constituent phases or phase fields) and/or
character of interphase interaction and materials
compatibility

References

Ta–Cr–Si No diagram plot
Ta2Cr3Si, Ta2Cr4Si5, Ta3Cr8Si8, ?
TaSi2–CrSi2 is plotted: max. solubility of CrSi2 in TaSi2
is 40 mol.% and that of TaSi2 in CrSi2 is 12 mol.%

[134, 36, 227–228]

Ta–Cr–Si–Ti TaSi2–CrSi2–TiSi2 is plotted at 1300 �C: (Ta,Cr,Ti)Si2
(extended solid solution based on TaSi2–CrSi2
continuous solid solution with the max. solubility of Ti
corresp. to compos.—*(Ta0.5Ti0.5)Si2 and
*(Cr0.15Ti0.85)Si2); the solubilities of TaSi2 and CrSi2
in TiSi2 is extremely low

[35]

Ta–Cr–W See W–Cr–Ta in Table 3.6.
Ta–Cu–N No diagram plot

CuTaN2, Cu6Ta9N25, ?
No interaction between d-TaN1–x and liquid Cu.

[21, 229–230]

Ta–Cu–Nb Plotted at 1700–2800 �C: Ta–Nb continuous solid
solution, Cu
Practically, no solubility between (Ta,Nb) and Cu.

[151–152]

Ta–Fe–Mo Plotted at 900–1250 �C: Fe2±x(Ta,Mo) (e-Fe2±xTa–
k-Fe2Mo continuous solid solution), l-Fe7Mo6–x

(\1370 �C), q-Fe3+xMo2 (*1200–1490 �C),
r-FeMo1±x (1235–1540 �C), l-FeTa1±x, a-Fe, c-Fe,
d-Fe, (Ta,Mo)

[14–15, 17, 32, 238–
239]

Ta–Fe–N Plotted schematically at 1000–1700 �C: Ta4Fe2N5 (or
Ta2FeN2.572.6), g-Ta3+yFe3–yN (or g-Ta4Fe2N), ?

[25, 231]

Ta–Fe–Nb Plotted at 1100 �C: l-Fe(Ta,Nb)1±x (l-FeTa1±x–
l-Fe7Nb6+x continuous solid solution, ?), e-Fe2±xNb
(\*1625–1665 �C), e-Fe2±xTa, a-Fe, c-Fe, d-Fe,
(Ta,Nb)

[14–15, 17, 32]

Ta–Fe–Pu No diagram plot
At 900–1150 �C Ta is not stable in the contact with
Pu—10 at.% Fe alloy; the interaction of Ta occurs
because of the penetration of Pu–Fe alloy along the Ta
grain boundaries.

[4]

Ta–Fe–W See W–Fe–Ta in Table 3.6.
Ta–H–Ir No diagram plot

(Ta1-xIrx)2Hy

[240]

Ta–H–Mo No diagram plot
(Ta1-xMox)2Hy

[240]

Ta–H–Nb No diagram plot
(Ta1-xNbx)2H1-y, (Ta1-xNbx)H2

[244]

(continued)

430 6 Tantalum

http://dx.doi.org/10.1007/978-94-007-7587-9_3
http://dx.doi.org/10.1007/978-94-007-7587-9_3


Table 6.4 (continued)

System Type of phase diagram (temperature and composition
sections, constituent phases or phase fields) and/or
character of interphase interaction and materials
compatibility

References

Ta–Hf–N Plotted partially at 1000–3200 �C: (Hf,Ta)N1±x

(extended solid solution based on HfN1±x,\3385 �C; at
1600–2200 �C the max. solubility of d-TaN1–x in
HfN1±x amounts to *75 mol.%), e-(Hf,Ta)2±xN (solid
solution based on Hf2±xN (?) with max. solubility of
Ta B 2.5 at.%, ?), c-(Ta,Hf)2±xN (extended solid
solution based on c-Ta2±xN with max. solubility of
Hf B *9 at.% at *2800 �C), (Hf,Ta,N) (extended
solid solution based on a-Hf, \1743 �C), (Ta,Hf,N)
(extended solid solution based on Ta–b-Hf continuous
solid solution with miscibility gap), N, Hf, Ta
HfN1±x (HfN0.8270.83)–Ta is plotted (Ar pressure—
1 MPa): eutectic—*2630–2730 �C, *65–70 mol.%
Ta; the max. solid solubility of Ta in HfN1±x is
*10 mol.% and that of HfN1±x in Ta is
*2.4–2.8 mol.% (at the eutectic temp.)
Data on the system available in the literature are
controversial.

[4, 14, 21–22, 29, 31,
167]

Ta–Hf–O Ta2O5–HfO2 is plotted partially and schematically at
1200–1500 �C: a-HfO2–x (\*1670–2000 �C),
Ta2O5�(577)HfO2 (or Hf577Ta2O15719), a-(Ta,Hf)2O5

(extended solid solution based on a-Ta2O5)

[4, 123]

Ta–Hf–W See W–Hf–Ta in Table 3.6.
Ta–Ir–Nb Plotted partially at 2000 �C: Ir3±x(Ta,Nb) (b-Ir3±xTa–

Ir3±xNb continuous solid solution)
[253–254]

Ta–Ir–Ni Plotted at 900 �C: Ta5Ir4Ni11 (homog. range—*20–30
at.% Ta, *47–65 at.% Ni, *10–27 at.% Ir), Ta15Ir3Ni2
(or Ta3Ir0.6Ni0.4, homog. range—*65–70 at.% Ta,
*7–20 at.% Ni, *15–20 at.% Ir), Ta8Ir5Ni7, Ta5Ir8Ni7,
r-IrTa3±xNiy (extended solid solution based on
r-IrTa3±x—up to *30 at.% Ni), d-IrTa1–xNiy (extended
solid solution based on d-IrTa1–x—up to *9 at.% Ni),
c-Ir3Ta2+xNiy (extended solid solution based on
c-Ir3Ta2+x—up to *8 at.% Ni), b-Ir3±xTaNiy (extended
solid solution based on b-Ir3±xTa—up to *17 at.% Ni),
Ni2±xTa (solubility of Ir is *5 at.%), f-Ni8±xTa,
j-Ni3±xTa, l-Ni1–xTa, NiTa2+x (Ni,Ir), Ta
The solubility of Ir in Ta nickelides is low.

[247]

Ta–Ir–Pt No diagram plot
(Ir1-yPty)3±xTa (b-Ir3±xTa–Pt3±xTa continuous solid
solution, ?)

[248]

Ta–Ir–Si No diagram plot
TaIrSi, ?

[249]

Ta–Ir–Te No diagram plot
TaIrTe4, ?

[250]
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Table 6.4 (continued)

System Type of phase diagram (temperature and composition
sections, constituent phases or phase fields) and/or
character of interphase interaction and materials
compatibility

References

Ta–K–Na No diagram plot
At temp. C1000 �C Ta is resistant to corrosion in K–Na
alloys and recommended for long-term applications.

[4]

Ta–Mg–O Ta2O5–MgO is plotted: MgO (\2825 �C), 4MgO�Ta2O5

(or Mg4Ta2O9, \*1830 �C), 3MgO�Ta2O5 (or
Mg3Ta2O8, *1470–1660 �C), MgO�Ta2O5 (or
MgTa2O6, \*1765 �C), a-(Ta,Mg)2O5 (extended solid
solution based on a-Ta2O5), b-Ta2O5; MgTa2O6–
a-(Ta,Mg)2O5 eutectic—*1570–1750 �C, *80 mol.%
Ta2O5; Mg4Ta2O9–MgTa2O6 eutectic—*1690 �C (?)
The interaction between Ta and MgO initiates from
1600 �C and leads to the formation of complex phases.

[4, 10, 28, 168–170]

Ta–Mg–Pu No diagram plot
At 1150 �C Ta is resistant to corrosion in Mg–Pu
eutectic alloy.

[4]

Ta–Mg–Th No diagram plot
At 800 �C Ta is resistant to corrosion in Mg–Th eutectic
alloy and recommended for long-term applications.

[4]

Ta–Mg–U No diagram plot
At 1150 �C Ta is resistant to corrosion in Mg–U alloys.

[4]

Ta–Mn–N No diagram plot
Ta3MnN4, g-Ta*3Mn*3N

[25, 225]

Ta–Mo–N Plotted at 1100 �C (pressure N2 B 30 MPa): TaMoN1–x

(Z-phase), c-(Mo,Ta)2±xN (extended solid solution based
on c-Mo2±xN—up to compos. *(Mo0.6Ta0.4)2±xN,
\*1910–2010 �C), d-TaN1–x, c-Ta2±xN, N, (Mo,Ta)
Ta nitrides dissolve inconsiderable amount of Mo. At
higher pressures of N2 (36 MPa) (Ta,Mo)2N2 was
synthesized.

[25]

Ta–Mo–Nb Plotted at 2550–2800 �C: Ta–Mo–Nb continuous solid
solution (Ta,Mo,Nb)

[162]

Ta–Mo–Ni Plotted at 900–2500 �C: Ni3±x(Ta,Mo) (j-Ni3±xTa–
c-Ni3+xMo continuous solid solution, \*905–
1550 �C), f-Ni8±x(Ta,Mo) (extended solid solution
based on f-Ni8±xTa), Ni2±x(Ta,Mo) (extended solid
solution based on Ni2±xTa), l-Ni1–x(Ta,Mo) (extended
solid solution based on l-Ni1–xTa), Ni(Ta,Mo)2+x

(extended solid solution based on NiTa2+x), d-NiMo1±x

(\*1360–1365 �C), b-Ni4+xMo (\865–875 �C), Ni,
(Ta,Mo).

[15, 17, 32, 150–151,
153, 156, 159]

Ta–Mo–O Ta2O5–MoO3 is plotted: MoO3 (\*800 �C),
Ta2O5�2MoO3 (or Ta2Mo2O11, \950 �C),
6Ta2O5�MoO3 (or Ta12MoO33, \*1520 �C),
a-(Ta,Mo)2O5 (solid solution based on a-Ta2O5),
b-(Ta,Mo)2O5 (solid solution based on b-Ta2O5);
Ta2Mo2O11–MoO3 eutectic—*780 �C, *5 mol.%
Ta2O5

[171]
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Table 6.4 (continued)

System Type of phase diagram (temperature and composition
sections, constituent phases or phase fields) and/or
character of interphase interaction and materials
compatibility

References

Ta–Mo–Os See Os–Mo–Ta in Table 5.4.
Ta–Mo–Re See Re–Mo–Ta in Table 4.6.
Ta–Mo–Ru Plotted at 1000 and 1500 �C: (Ta,Mo,Ru) (extended

solid solution based on Mo–Ta continuous solid solution
with homog. range *Mo–Mo0.85Ru0.15–
Mo0.27Ru0.20Ta0.53–Ta0.42Ru0.58–Ta at 1500 �C),
(Ru,Mo,Ta) (extended solid solution based on Ru with
homog. range *Ru0.55Mo0.45–Ru0.75Ta0.25–Ru at
1500 �C), r-Ru3(Mo,Ta)5±x (extended solid solution
based on r-Ru3Mo5±x—up to *Ru3(Mo0.65Ta0.35)5±x at
1500 �C)

[241–242]

Ta–Mo–Si Plotted partially at 1300–1900 �C: (Ta,Mo)Si2
(extended solid solution based on TaSi2—up to
*(Ta0.15Mo0.85)Si2 at 1800 �C), a-(Ta,Mo)5Si3
(extended solid solution based on a-Ta5Si3—up to
*(Ta0.65Mo0.35)5Si3 at 1800 �C), (Mo,Ta)5Si3±x

(extended solid solution based on Mo5Si3±x—up to
*(Mo0.65Ta0.35)5Si3±x at 1800 �C, \2170–2180 �C),
a-(Mo,Ta)Si2 (solid solution based on a-MoSi2—up to
*(Mo0.95Ta0.05)Si2 at 1800 �C, \1900 �C), b-MoSi2
(from 1850–1900 �C to 2020 �C; solubility of Ta \ 0.5
at.%), Mo3Si (\2025–2065 �C), b-Ta5Si3, Ta2Si,
Ta3+xSi, Si, (Mo,Ta)
Eutectic a-(Mo,Ta)Si2–(Ta,Mo)Si2–Si (*1400 �C, *2
at.% Mo, *1 at.% Ta)
TaSi2–MoSi2 is plotted: eutectic—*1900–2000 �C (?),
*30 mol.% TaSi2 (at 1300 �C the max. solubility of
TaSi2 in MoSi2 is 16 mol.% and that of MoSi2 in TaSi2
is 56 mol.%, ?), or peritectic (Ta,Mo)Si2 (extended solid
solution based on TaSi2) —*1900 �C (?), *90 mol.%
MoSi2 with min. melt. point—*1850 �C, corresp. to
*(Ta0.3Mo0.6)Si2 compos. (max. solid solubility of
MoSi2 in TaSi2 is *90 mol.% at *1900 �C and
*65 mol.% at *1300 �C, and that of TaSi2 in a-MoSi2
at 1200–1900 �C is B*2 mol.%, ?)
Data on the system available in the literature are very
controversial.
At 1900–2050 �C the interaction between Ta and
b-MoSi2 results to the formation of Mo3Si and TaSi2.

[21, 34–35, 174, 233]

Ta–Mo–Si–Ti TaSi2–MoSi2–TiSi2 is plotted at 1300 �C:
(Ta,Mo,Ti)Si2 (or (Ta1–xMox)Si2 (0 \ x \*0.55)–
(Ti1–xMox)Si2 (*0.1 \ x \*0.6) continuous solid
solution), (Mo,Ta,Ti)Si2 (extended solid solution based
on a-MoSi2; solubility of TaSi2 is *15 mol.% and that
of TiSi2 is very low)

[35]

Ta–Mo–Si–W See W–Mo–Si–Ta in Table 3.6.
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Table 6.4 (continued)

System Type of phase diagram (temperature and composition
sections, constituent phases or phase fields) and/or
character of interphase interaction and materials
compatibility

References

Ta–Mo–Ti Plotted at 600 �C: (Ta,Mo,b-Ti) (extended solid solution
based on Ta–Mo–b-Ti continuous solid solution),
(a-Ti,Ta,Mo) (solid solution based on a-Ti with homog.
range *Ti0.005Mo0.995–Ti0.03Ta0.97–Ti at 600 �C)

[243]

Ta–Mo–W See W–Mo–Ta in Table 3.6.
Ta–N–Nb Plotted at 1400 and 1800 �C: (Ta,Nb)2±xN (c-Ta2±xN–

b-Nb2±xN seminitride continuous solid solution),
d-(Nb,Ta)N1–x (d-TaN1–x–d-NbN1–x mononitride
continuous solid solution at higher temp., or extended
solid solution based on d-NbN1–x at lower temp.),
(Nb1–xTax)8N9 (?), e-NbN1±x, c-Nb4N3+x Ta3N5,
e-TaN1–x, Ta9N2, b-TaNx, N, (Nb,Ta)

[234, 245]

Ta–N–Ni Plotted at 1200 �C (pressure N2-1 MPa): g-Ta4Ni2N,
Ta2NiN2.45 (?), Ni3N (\480 �C), f-Ni8±xTa, j-Ni3±xTa,
Ni2±xTa, l-Ni1–xTa, NiTa2+x, d-TaN1–x, c-Ta2±xN, N,
Ni, Ta
The interaction between d-TaN1–x and liquid Ni leads to
the formation of solid solutions.

[21, 25]

Ta–N–O–U No diagram plot
In vacuum, at 2760 �C no interaction between d-TaN1–x

and UO2+x.

[21]

Ta–N–Si Plotted at 1000 �C (vacuum), 1325 �C (N2 atmosphere)
and 1500 �C (Ar atmosphere): Ta5Si3N1–x (or
Ta5–xSi3–xNz, *1300–1500 �C, ?), Ta5Si3N7 (?), Si3N4

(\*1900 �C), d-TaN1–x, c-Ta2±xN, TaSi2, a-Ta5Si3,
b-Ta5Si3, Ta2Si, Ta3+xSi, Si, N, Ta
Data on the system available in the literature are
controversial.
In N2 atmosphere, at 1400–1900 �C the interaction
between Ta and Si3N4 results in the formation of
a-Ta5Si3, TaSi2, Ta5Si3N7 (?) and c-Ta2±xN; in Ar
atmosphere, at 1100–1900 �C the compact Ta interacts
with Si3N4 forming d-TaN1–x and TaSi2. The interaction
between c-Ta2±xN and Si3N4 in N2 atmosphere at
1840 �C results in the formation of TaSi2 and Ta5Si3N7

(?).

[4, 21, 26, 29–30,
147]

Ta–N–Ti Plotted at 1600 �C: d-(Ti,Ta)N1±x (extended mononitride
solid solution based on d-TiN1±x—up to*(Ti0.1Ta0.9)N1±x),
c-(Ta,Ti)2±xN (extended solid solution based on c-Ta2±xN—
up to *(Ta0.65Ti0.35)2±xN), e-(Ti,Ta)2±xN (extended solid
solution based on e-Ti2±xN—up to *(Ti0.75Ta0.25)2±xN),
d0-Ti5N3±x (\800 �C), e-TaN1–x, d-TaN1–x, N, a-Ti,
(b-Ti,Ta)
In vacuum, at 1900–2200 �C the interaction between
compact metal Ta and TiN1±x leads to the formation of
c-Ta2±xN and d-TaN1–x–TiN1±x solid solutions; at
temp. C2100 �C this interaction is very intensive.

[4, 21, 234]
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Table 6.4 (continued)

System Type of phase diagram (temperature and composition
sections, constituent phases or phase fields) and/or
character of interphase interaction and materials
compatibility

References

Ta–N–Zr No diagram plot
In vacuum, at 2100–2200 �C the interaction between
compact Ta and ZrN1±x (2–5 h exposure) leads to the
formation of N containing solid solutions based on Ta.

[4, 21]

Ta–Nb–Ni Plotted at 900 �C: j-Ni3±x(Ta,Nb) (j-Ni3±xTa–
j-Ni3±xNb continuous solid solution, \*1400–
1550 �C), l-Ni1–x(Ta,Nb) (l-Ni1–xTa–l-Ni1–xNb
continuous solid solution,\*1290–1570 �C), Ni2±xTa,
NiTa2+x, f-Ni8±xNb (\535 �C), f-Ni8±xTa, Ni, (Ta,Nb)

[15, 17, 32]

Ta–Nb–O Ta2O5–Nb2O5 is plotted: a-(Nb,Ta)2O5 (extended solid
solution based on a-Nb2O5 with compos—up to
*(Nb0.75Ta0.25)2O5, \*1485–1550 �C),
Nb*3.8574.0Ta*2.072.15O15 (or Ta2O5�nNb2O5,
n & 1.92572.00, solid solution based on
Ta2O5�2Nb2O5, or Nb4Ta2O15, *1390–1605 �C),
b-(Ta,Nb)2O5 (extended solid solution based on
b-Ta2O5 with compos.—up to
*(Ta0.5070.51Nb0.4970.50)2O5, \*1360–1450 �C),
a-(Ta,Nb)2O5 (extended solid solution based on a-Ta2O5

with compos.—up to *(Ta0.5370.55Nb0.4570.47)2O5,
*1320–1885 �C)

[15, 170, 172–173,
180 , 251]

Ta–Nb–Os See Os–Nb–Ta in Table 5.4.
Ta–Nb–Re See Re–Nb–Ta in Table 4.6.
Ta–Nb–Si No diagram plot

TaSi2–NbSi2, a-Ta5Si3–a-Nb5Si3+x, b-Ta5Si3–
b-Nb5Si3+x continuous solid solutions (?)
In vacuum, at 1150–1370 �C the contact interaction
between compact TaSi2 and Nb results in the formation
of a-Nb5Si3+x.

[21, 34, 160]

Ta–Nb–Ti Plotted at 400–650 �C: (Ta,Nb,b-Ti) (extended solid
solution based on Ta–Nb–b-Ti continuous solid solution
at temp. \*880 �C, or continuous solid solution at
higher temp.), (a-Ti,Ta,Nb) (extended solid solution
based on a-Ti)

[15, 17– 18, 146]

Ta–Nb–V Plotted in the wide range of temp.: Ta–Nb–V continuous
solid solution (Ta,Nb,V)

[38]

Ta–Nb–W See W–Nb–Ta in Table 3.6.
Ta–Nb–Zr Plotted at 1200 �C: (Ta,Nb,b-Zr) (extended solid

solution based on Ta–Nb–b-Zr continuous solid solution
with miscibility gap), (a-Zr,Ta,Nb) (extended solid
solution based on a-Zr)

[161]

Ta–Ni–Re See Re–Ni–Ta in Table 4.6.
Ta–Ni–W See W–Ni–Ta in Table 3.6.
Ta–O–Pu No diagram plot

In vacuum, the contact interaction between Ta and
PuO2–x initiates from 1500 �C and leads to the
formation of complex phases; at 1730–2130 �C Pu2O3±x

is formed.

[28]
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Table 6.4 (continued)

System Type of phase diagram (temperature and composition
sections, constituent phases or phase fields) and/or
character of interphase interaction and materials
compatibility

References

Ta–O–Th No diagram plot
Ta2O5�2ThO2 (or Th2Ta2O9), 2Ta2O5�ThO2 (or
ThTa4O12)
In vacuum, the contact interaction between Ta and
ThO2–x initiates from 1900 �C.

[4, 10, 28, 183]

Ta–O–U No diagram plot
U2Ta6O19 (or 2UO2�3Ta2O5), U4Ta18O53 (or
4UO2�9Ta2O5), UTa3O10 (or �UO2��UO3�1�Ta2O5),
UTa2O8 (or UO3�Ta2O5), U2Ta2O7 (or 2UO�Ta2O5), ?
In vacuum and inert gas atmosphere, there is no
interaction between Ta and UO2+x (at 1930–2760 �C)
during 10 min contact exposures; long-term contact at
2200 �C leads to the formation of volatile sub-oxide
phases.

[4, 28, 235]

Ta–O–W See W–O–Ta in Table 3.6.
Ta–O–Zr Ta2O5–ZrO2 is plotted: a-ZrO2 (\*1205 �C), b-ZrO2

(*1205–2375 �C), c-ZrO2–x (*1525–2710 �C),
Ta2O5�(276)ZrO2 (or Zr276Ta2O9717, extended solid
solution, ?), ZrTa6O17 (or 3Ta2O5�ZrO2, \*1500 �C),
Zr6Ta118O307 (or 59Ta2O5�6ZrO2,\*1325 �C),
Zr2Ta54O139 (or 27Ta2O5�2ZrO2, \*1330 �C),
ZrTa38O97 (or 19Ta2O5�ZrO2, \*1335 �C),
Zr2Ta98O249 (or 49Ta2O5�2ZrO2, \*1340–1345 �C),
b-Ta2O5, a-(Ta,Zr)2O5 (extended solid solution based
on a-Ta2O5 with compos.—up to *(Ta0.8Zr0.2)2O5,
*1320–1885 �C)
Data on the system available in the literature are
controversial.
In vacuum, the contact interaction between Ta and ZrO2

initiates from 1600 �C and leads to the formation of
complex phases (at 1800–2100 �C).

[4, 10, 15, 17, 28,
144, 168]

Ta–Os–Re See Re–Os–Ta in Table 4.6.
Ta–Os–V See Os–Ta–V in Table 5.4.
Ta–Os–W See W–Os–Ta in Table 3.6.
Ta–Re–Si See Re–Si–Ta in Table 4.6.
Ta–Re–W See W–Re–Ta in Table 3.6.
Ta–Si–Ti TaSi2–TiSi2 is plotted: eutectic—*1490 �C,

*15 mol.% TaSi2; max. solubility of TiSi2 in TaSi2 is
52 mol.% at eutectic temp. and 50 mol.% at 1300 �C,
and that of TaSi2 in TiSi2 is negligible at the same temp.
At 1150–1370 �C the interaction between TaSi2 and
metal Ti leads to the formation of a-Ta5Si3.

[21, 228, 245, 236]

Ta–Si–Ti–W See W–Si–Ta–Ti in Table 3.6.
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The character of chemical interaction and general reactions of tantalum with
common chemicals (solids, liquids, aqueous solutions) and complex gases are
summarized in Table 6.5.

Table 6.4 (continued)

System Type of phase diagram (temperature and composition
sections, constituent phases or phase fields) and/or
character of interphase interaction and materials
compatibility

References

Ta–Si–V Plotted at 1400 �C: V4Ta2Si5 (?), (Ta,V)Si2 (TaSi2–
VSi2 continuous solid solution), b-(Ta,V)5Si3
(b-Ta5Si3–V5Si3 continuous solid solution), (V,Ta)3+xSi
(extended solid solution based on V3+xSi—up to
*(V0.85Ta0.15)3+xSi at 1400 �C, \1925 �C), (Ta,V)2Si
(extended solid solution based on Ta2Si—up to
*(Ta0.85V0.15)2Si at 1400 �C), (Ta,V)3+xSi (solid
solution based on Ta3+xSi—up to *(Ta0.95V0.05)3+xSi at
1400 �C), V6Si5 (1160–1670 �C), a-Ta5Si3, V2±xTa, Si,
(V,Ta)

[34, 36, 195, 237]

Ta–Si–W See W–Si–Ta in Table 3.6.
Ta–Si–Zr TaSi2–ZrSi2 is plotted: at 1300 �C max. solubility of

ZrSi2 in TaSi2 is 32 mol.% and that of TaSi2 in ZrSi2 is
negligible
At 1150–1370 �C the interaction between TaSi2 and
metal Zr leads to the formation of Zr5Si3 (?).

[21, 34, 36, 160]

Ta–Ti–W See W–Ta–Ti in Table 3.6.
Ta–V–W See W–Ta–V in Table 3.6.
Ta–W–Zr See W–Ta–Zr in Table 3.6.

a See notes to Table 6.3

Table 6.5 The interaction of tantalum with some chemicals and complex gases [4, 10, 13, 38]a

Reagent, formula Character of chemical interaction, examples of general
reactions

Air, N2 ? O2 In air the oxidation of Ta initiates from 500–800 �C and
leads to the formation of b-Ta2O5 at temp.
B1200–1300 �C or a-Ta2O5 at higher temp.:
4Ta ? 5O2 ? 2Ta2O5.

Water, H2O No interaction at the moderate conditions (e.g. Ta is
absolutely resistant to steam at temp. 200 �C and pressure
1.4 MPa), at temp. [900–1100 �C Ta decomposes H2O
with O consumption and H release:
4Ta ? 5H2O ? 2Ta2O5 ? 5H2.
However, at 930 �C this reaction passes very slowly.

Hydrogen peroxide, H2O2 No interaction.
Carbon monoxide, CO The interaction initiates from 900–1000 �C and leads to

the formation of carbide TaC1–x or oxycarbide TaCxOy; at
950–1500 �C the rate of the reaction is not affected by gas
pressure.
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The self-diffusion characteristics of tantalum atoms, diffusion characteristics in
tantalum—element systems in the wide range of temperatures, and summarized
data on the physico–chemical interaction of tantalum with elements of the periodic
table are given in Addendum.
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Chapter 7
Molybdenum

7.1 Structures

Molybdenum is the element No. 42 of the periodic table (period—5, similar to
tungsten group—6 (or VIB), relates to transition metals) with the ground state
level 7S3 and electron configuration 1s22s22p63s23p63d104s24p64d55s1. The gen-
eral oxidation states (numbers) of molybdenum in various chemical compounds
are (–2), (–1), 0, (+1), (+2), (+3), (+4), (+5) and (+6); the oxidation states (+6) and
(+4) are the most common; the radii of molybdenum are:

atomic (metallic, CN = 8)—0.136 nm,
atomic (metallic, CN = 12)—0.140 nm,
atomic (covalent)—0.130 nm,
ionic (+3)—0.069 nm (CN = 6),
ionic (+4)—0.065 nm (CN = 6),
ionic (+5)—0.061 nm (CN = 6),
ionic (+5)—0.046 nm (CN = 4),
ionic (+6)—0.073 nm (CN = 7),
ionic (+6)—0.059 nm (CN = 6),
ionic (+6)—0.041 nm (CN = 4);

its electronegativity is 2.16 in Pauling scale, or 1.30 in Allred–Rochow scale
[2, 8, 9, 12]. Molybdenum has body-centred cubic (bcc) metal crystal structure
(space group—Im(–3)m, W type) with lattice parameter a = 0.31470 nm (Z = 2)
at 25 �C (minimum interatomic distance—0.2725 nm, CN = 8), slip planes (112)
at 20 �C and (110) at 1000 �C [1, 4, 9, 271, 272]. At room temperature the XRD
density of molybdenum is 10.220 g cm-3 and recommended value for the bulk
density of common metal parts—10.20–10.25 g cm-3 [5, 8–9, 11–12].

I. L. Shabalin, Ultra-High Temperature Materials I,
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7.2 Thermal Properties

Molybdenum is a refractory metal; of the naturally occurring elements, only
carbon, tungsten, rhenium, osmium and tantalum have higher melting points. The
general thermodynamic properties of molybdenum are summarized in Table 7.1.
For the molar heat capacity cp = f(T, K), J mol-1 K-1, the following relationships
are recommended:

in the range of temperatures from 298 to 2500 K [6]

cp ¼ 22:94þ 5:443� 10�3
� �

T ; ð7:1Þ

in the range of temperatures from 400 to 2400 K [10]

cp ¼ 24:15þ 1:18� 10�3
� �

T þ 2:26� 10�6
� �

T2: ð7:2Þ

For the specific heat capacity cp = f(T, K), J kg-1 K-1, in the range of tempera-
tures from 298 to 2900 K the equation was applied [5] as

cp ¼ 249:8þ 59:26� 10�3
� �

� T � 273ð Þ þ 96:7� 10�7
� �

� T � 273ð Þ2:
ð7:3Þ

The equilibrium vapour pressure of molybdenum P, Pa, is obeyed by the following
rules:

in the range of temperatures from 298 to 2500 K [8]

lgP ¼ �34626=T � 1:1331lgT þ 16:535; ð7:4Þ

in the range of temperatures from 300 to 2800 K [6]

lgP ¼ �20738=T þ 31:4799lgT � ð3;5228� 10�3ÞT � 91:1078; ð7:5Þ

in the range of temperatures from 2890 to 5100 K (for liquid molybdenum) [6]

lgP ¼ 1186374=T þ 33:61361lgT þ 0;13399T � 913:520; ð7:6Þ

where T is temperature, K. In high vacuum the rate of molybdenum vaporization at
the temperatures of 1380, 1630 and 1900 �C approximately amounts to 0.1 lm,
10 lm, 1 mm per year, respectively [5]. The values of standard molar entropy
S�298, molar cp and specific c heat capacities, enthalpies (heats) of melting and
vaporization, molar and specific mass enthalpy differences HT – H298, vapour
pressures and vaporization rates for molybdenum are given in Addendum in
comparison with other ultra-high temperature materials. The variation of the
thermal conductivity of molybdenum with temperature is shown in Fig. 7.1 on the
basis of several studies taking into account data spread in literature [5, 11, 53].

At room temperature the coefficient of linear thermal expansion of pure
molybdenum a = (5.35 7 5.43) 9 10-6 K-1 [9, 12], while for the interval
20–1700 �C the recommended value is 6.7 9 10-6 K-1 [5]. The values of the
coefficient of thermal expansion are very sensitive to the character of
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Table 7.1 General thermodynamic properties of molybdenum

Characteristics Symbol Unit Value References

Standard molar entropy (at 298.15 K
and 100 kPa)

S�298 J mol-1 K-1 28.6 ± 2.1 [5]

28.56 [9, 12]
28.6 [10]
28.7 [8]

Enthalpy difference H298–H0 kJ mol-1 4.589 [9]
Standard molar heat capacity
(at 298.15 K and 100 kPa)

c�p,298 J mol-1 K-1 23.93 [9]

23.8 [10]
24.06 [8]
24.1 [5]

Specific heat capacity (at 298.15 K) c J kg-1 K-1 251 [5, 7–8]
250 [11]
250.8 [12]

Molar enthalpy (heat) of melting
(at the melting point)

DHm kJ mol-1 37.48 [7–9, 12]

Specific enthalpy (heat) of melting
(at the melting point)

kJ kg-1 290 [5]

210 [11]
270 [62]
292 [45]

Molar enthalpy (heat) of vaporization
(at the boiling point)

DHv kJ mol-1 582.2 [9]

591 [5]
594.1 [12]
617 [7]

Specific enthalpy (heat) of vaporization
(at the boiling point)

kJ kg-1 6160 [5]

6192 [12]
6700 [11]

Melting point Tm K (�C) 2890 ± 5
(2620 ± 5)

[5, 10]

2880 (2610) [11, 45, 62]
2890 (2617) [43]
2893 (2620) [9]
2895 (2622) [7–8, 12]

Boiling point Tb K (�C) 5100 (4830) [10]
4912 (4639) [8]
4952 (4679) [9, 12]
5095 (4825) [7]
5830 (5560) [45, 62]

Critical temperature/pressurea Tc/Pc K/MPa 11000/540 [9]

a Corresponds to the critical density of 2.63 g cm-3
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thermomechanical treatment and impurities. For molybdenum treated variously,
the average value of a increases with temperature growth and differs from
(5.2 7 5.5) 9 10-6 K-1 at 0 �C to (8 7 10) 9 10-6 K-1 at 2500 �C (Fig. 7.2)
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Fig. 7.1 Variation of the thermal conductivity of unalloyed molybdenum with temperature,
taking into account data spread available in literature [5, 11, 53]
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Fig. 7.2 Variation of the linear thermal expansion of pure molybdenum with temperature
(curve—recommended values, arrows—data spread available in literature) [5, 11, 53]

454 7 Molybdenum



[5, 11, 53]. The surface tension of liquid molubdenum is 2.25 N m-1, its temper-
ature coefficient is –0.3 9 10-3 N m-1 K-1 [9].

In comparison with other ultra-high temperature materials (graphite and
refractory metals), the values of thermal conductivity and thermal expansion of
molybdenum in the wide range of temperatures are summarized in Addendum.

7.3 Electro-Magnetic and Optical Properties

At room temperature the specific electrical resistance (resistivity) of pure
molybdenum q = 50 7 60 nX m [5, 9, 11–12, 62]. At higher temperatures the
resistivity almost obeyed the classic metal model (with small positive deviation
from linearity) and exceeds 0.5 lX m at 2500 �C [5, 11, 53]. Taking into account
the data spread available in literature, the thermal dependence of the specific
electrical resistance is shown in Fig. 7.3 [5, 11]. The variation of resistivity at the
melting point of molybdenum is qliq/qsol = 1.23 [10]. The recommended values of
thermal coefficient of resistivity are 3.6 9 10-3 K-1 for the interval from 20 to
1730 �C and 4.8 9 10-3 K-1 for the interval from 20 to 2630 �C (the pressure
coefficient is –1.29 9 10-5 MPa-1) [5, 9]. At room temperature the Hall coeffi-
cient of molybdenum is R = 1.26 9 10-10 m3 A-1 s-1 (B = 0.5–2.0 T), and
Seebeck coefficient (absolute thermoelectric power) is +5.9 lV K-1 [9, 12].
Molybdenum is a paramagnetic metal with molar magnetic susceptibility vm

(SI) = 9.05 9 10-4 cm3 mol-1 at 22 �C [9].
The variations of main optical properties of tungsten with wavelength k are the

following [10, 12, 62]:

index of refraction (single crystal or polycrystalline materials)—from 2.21
(k = 0.3 lm) to 6.40 (k = 7 lm);
index of refraction (0.137 lm thin film)—from 0.615 (k = 0.25 lm) to 0.918
(k = 1.0 lm);
index of absorptance (single crystals or polycrystalline materials)—from 3.56
(k = 0.3 lm) to 78.0 (k = 20.0 lm);
index of absorptance (0.137 lm thin film)—from 1.222 (k = 0.25 lm) to 2.207
(k = 1.0 lm);
reflective index under normal incidence (polished polycrystalline materials, thin
films or single crystal)—from 0.10 (k = 0.124 lm) to 0.50 (k = 0.62 lm), or
from 0.46–0.576 (k = 0.5–0.65 lm) to 0.93–0.95 (k = 10.0–12.0 lm).

In the range of temperatures 700–2700 �C the monochromatic emittance (spectral
emissivity) ek (k = 0.65 lm) of non-oxidized molybdenum varies from 0.34 to
0.415 decreasing almost linearly with temperature growth, while the integral
emittance eT increases with temperature increase and amounts to 0.24–0.28 at
2000–2500 �C [5, 10]. The electron work function of polycrystalline molybdenum
is *4.3–4.4 eV [5, 9–10], and for variously oriented molybdenum single crystals
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these values are *4.0 (116), 4.1 (111), 4.4 (100), 4.5 (001), 4.55 (112) and 5.0
(110) [10]. The Richardson constant (thermoelectronic emission constant) of
molybdenum is *(55 7 115) 9 104 A m-2 K-2 [5, 12].

The recommended values of electrical resistivity, magnetic susceptibility,
integral and spectral emittances and thermoionic emission characteristics (electron
work function and Richardson constant) for molybdenum are given in comparison
with other ultra-high temperature elements (carbon and refractory metals) in
Addendum.

7.4 Physico-Mechanical Properties

The physico-mechanical properties of molybdenum are strongly dependent on
microstructure character (grain size and shape, dislocation network and grain
boundary constitution, stress system), which is affected by metal working and heat
treatment, as well as by the concentration of interstitial atoms (contaminations).
Hardness of molybdenum ranges widely, e.g. for the various microstructure states
of metal produced by powder metallurgy method, the hardness (HB) comes to the
following values [5]:

as-sintered (density—9.8–10.0 g cm-3)—100–123 kgf mm-2 (0.98–1.20 GPa);
sintered and cold worked (density—10.2–10.3 g cm-3)—150–180 kgf mm-2

(1.17–1.76 GPa).
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Fig. 7.3 Variation of specific electrical resistance of unalloyed molybdenum with temperature
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The temperature behaviour of hardness is complicated because of the presence of
two flexion points (approximately, at the temperatures of (0.15 7 0.25)Tm and
(0.3 7 0.5) Tm) on the hardness-temperature curve, which are connected with
changing the deformation mechanism. The hardness of molybdenum declines with
increasing temperature significantly, e.g. from 24.5 kgf mm-2 (0.26 GPa) at
1400 �C to 2.3 kgf mm-2 (0.02 GPa) at 2500 �C in HV scale [5, 11].

The value of ultimate tensile strength of pure molybdenum at room temperature
amounts up to 2.0 GPa, for the various components made from it and different
states of metal structure these characteristics comes to the following values [5, 66]:

sintered from powder (as-sintered, density—9.8–10.0 g cm-3)
—0.235–0.295 GPa;
sintered from powder (wrought 70–90 %, density—10.2–10.3 g cm-3)
—0.47–0.59 GPa;
bar, diameter 15–20 mm (as-cast, vacuum arc casting)—0.69 GPa;
bar, diameter 15–20 mm (stress relieved at 985 �C for 1 h, vacuum arc casting)
—0.67 GPa;
bar, diameter 15–20 mm (recrystallized at 1175 �C for 1 h, vacuum arc casting)
—0.46 GPa;
plate, thickness 1.25 mm (arc cast, annealed at 1000 �C)—0.74–0.80 GPa;
plate, thickness 0.33 mm (arc cast, annealed at 985 �C)—0.79–0.80 GPa
wire, diameter 30–50 lm (sintered at 1650–2000 �C for 1–2 h)—0.88–0.97 GPa;
wire, diameter 100 lm (hard drawn)—*2.06 GPa;
wire, diameter 100 lm (hard drawn and then annealed at 1250 �C)
—*0.59 GPa;

Typical examples of the variation of ultimate tensile strength of unalloyed
molybdenum with temperature are shown in Figs. 7.4, 7.5 [5, 11, 63–66]. The
yield strength of recrystallized molybdenum produced by arc casting decreases
from 0.44 to 0.45 GPa at 25 �C to 0.06–0.11 GPa at 1100 �C [10]. At the tem-
peratures C1000 �C for wrought molybdenum the elongation exceeds 20 % and
reduction in area—80 % [66]. The correlation between ultimate tensile strength
and hardness in HV scale at 1100–2000 �C could be expressed as following:

rt ¼ cHV ; ð7:7Þ

where c is the coefficient, which varies approximately from � to � [11]. At room
temperature, the fracture toughness of molybdenum differs from 5 to 12 MPa m1/2

for the metal produced by powder metallurgy methods to 18–20 MPa m1/2 for the
metal produced by vacuum arc casting. With temperature increase the magnitude
of this factor rises considerably, and for stress relieved and recrystallized
molybdenum it amounts to 60–70 MPa m1/2 just at 300 �C; increasing degree of
recrystallization results in evident decline of the fracture toughness of forged
molybdenum from 13 to 5 MPa m1/2 [53]. A fatigue limit for molybdenum may be
approached for N [107 under stress-controlled conditions [65], the reported data
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on fatigue related properties of molybdenum for various test conditions and fre-
quencies are summarized in [13].

The ductile-to-brittle transition temperature of molybdenum is very sensitive to
contamination and degree of recrystallization. The transition temperature is also
strongly dependent on treatment (annealing temperature) and test methods (char-
acter of stressed state). The concentrations of nitrogen C*0.01 at.%, oxy-
gen C*0.02 at.% and carbon C*0.05 at.% make molybdenum brittle at room
temperature. The purity is directly correlated with the value of elongation in
tensile loading tests at room temperature. For molybdenum wire with ultimate
tensile strength 0.9–1 GPa, the elongation amounts to 13–21 %, for hardened
metal with strength *0.45 GPa and yield strength *0.35 GPa the elongation
is *25 % [11–12]. High purity molybdenum prepared by multiple vacuum zone
refining has demonstrated plasticity behaviour at cryogenic temperatures
t = –190 �C. For molybdenum produced by vacuum arc casting or powder met-
allurgy methods the ductile-to-brittle transition temperature varies from –50 to
+700 �C [66].

The values of long-term strength are of great importance for the evaluation of
operational time of high-temperature components and structures. Unalloyed
molybdenum loses its long-term rupture strength considerably with increasing
temperature, e.g. 100 h rupture strength of molybdenum at 800 �C is only 62.5 %
of its value at 20 �C. Some creep properties of molybdenum, produced by different
methods and tested in the range of temperatures from 870 to 2500 �C, are given in
Table 7.2 [10–11] and Fig. 7.6 [53–54].

At room temperature the main elastic properties of pure molybdenum have the
following numerical values [5, 9–12]:

Young’s modulus E, GPa 320–330
Coulomb’s (shear) modulus G, GPa 120–126
Poisson’s ratio m 0.29–0.31
Bulk (compression) modulus K, GPa 260–295
Volume compressibility j, MPa-1 0.34 9 10-5

Longitudinal velocity of sound VS, m s-1 6250–6370
Transversal velocity of sound VT, m s-1 3350–3510
Elastic compliance s11, TPa-1 2.63

s44, TPa-1 9.20
s12, TPa-1 –0.68

Elastic stiffness c11, GPa 460–465
c44, GPa 109–110
c12, GPa 163–176
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Table 7.2 High-temperature creep rate of molybdenum produced by arc casting and powder
metallurgy methods [10–11]

Production method Temperature, �C Stress,
MPa

Testing time,
h

Steady-state creep rate, s-1

In vacuum In hydrogen

Arc casting 870 113 136 – 5.85 9 10-7

127 110 1.67 9 10-7 –
137 32 – 2.36 9 10-6

137 70 1.11 9 10-6 –
170 – 5.5 9 10-5 –
202 – 2.55 9 10-4 –
237 – 7.65 9 10-4 –
278 – 6.46 9 10-3 –

Powder metallurgy 870 92.5 328 2.03 9 10-7 –
103 94 5.56 9 10-7 –

Arc casting 980 68.5 147 – 3.9 9 10-7

68.5 482 3.62 9 10-8 –
86 58 1.39 9 10-6 –
106 – 2.7 9 10-5 –
114 – 7.0 9 10-5 –
154 – 4.3 9 10-4 –
185 – 3.5 9 10-3 –
240 – 3.7 9 10-2 –

Powder metallurgy 980 58.3 724 7.5 9 10-8 –
68.5 158 2.78 9 10-7 –

Arc casting 1100 41.2 259 – 2.36 9 10-7

58.3 28 – 2.08 9 10-6

58.3 1410 1.86 9 10-8 –
68.5 103 3.06 9 10-7 –
86 15 2.78 9 10-6 –
89.3 – 7.1 9 10-5 –
105 – 7.3 9 10-4 –
129 – 2.1 9 10-3 –
157 – 1.2 9 10-2 –

Powder metallurgy 1100 32.8 301 1.95 9 10-8 –
41.2 85 1.39 9 10-7 –

Powder metallurgy 1650a 36.2 – 2 9 10-5 –
55 – 2 9 10-4 –

1700a 27.5 – 3 9 10-6 –
2000a 3.43 – 5 9 10-8 –

6.17 – 10-6 –
13.7 – 10-4 –

2250a 4.8 – 10-6 –
6.86 – 10-5 –

2500a 2.06 – 10-6 –
6.17 – 2 9 10-4 –
10.3 – 2 9 10-3 –

a Data on creep rate are given for helium atmosphere
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The variations of Young’s and Coulomb’s (shear) moduli of wrought molybdenum
produced by arc casting with temperature are shown in Fig. 7.5 [11, 53, 66].

The magnitudes of physico-mechanical (strength, elasticity) properties of
unalloyed molybdenum in the wide range of temperatures are summarized in
Addendum in comparison with other ultra-high temperature materials (graphite
and refractory metals).

7.5 Nuclear Physical Properties

The isotopes of molybdenum (standard atomic mass—95.96 u) from 83Mo to
115Mo, including metastable states (89m-93mMo, 99m1-2Mo, 107mMo), and their
general characteristics are summarized in Table 7.3; the naturally occurring iso-
topes are listed in order of decreasing abundance, and unstable artificial (radio-
active) isotopes—in order of decreasing half-life period of decay.
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Fig. 7.6 High-temperature creep properties of molybdenum: 1—100 h rupture stress; 2—stress
for steady-state creep rate of 10-4/h; 3—stress for 1 % elongation in 10000 h [53–54]
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Table 7.3 General characteristics of the isotopes of molybdenum [8, 10, 48–50]

Isotope Mass, u Abundance,
%

Half-life
period

Decay mode, excitation (radiation)
energy, MeV

98Moa 97.905408 24.19 – –
96Mob 95.904680 16.68 – –
95Moc 94.905842 15.90 – –
92Mod 91.906811 14.77 – –
100Moe 99.907477 9.67 8.5 9 1018 y b-b-

97Moc 96.906022 9.56 – –
94Mob 93.905088 9.23 – –
93Mo 92.906813 – 4.0 y K-capture
99Mof 98.907712 – 2.75 d b-, 1.23 (80 %); 0.45 (20 %); c from

0.002 to 0.779
93mMo – – 6.85 h Isomer, c (99.88 %), 0.262, 0.69, 1.51;

b+ (0.12 %)
90Mo 89.913937 – 5.56 h b+, 1.15; c, 0.120, 0.250, 1.1
91Mo 90.911750 – 15.49 min b+, 3.7
101Mo 100.910347 – 14.61 min b-, 1.2 (70 %), 2.2 (30 %); c, 0.192,

0.960
102Mo 101.910297 – 11.3 min b-

88Mo 87.921953 – 8.0 min b+

89Mo 88.919480 – 2.11 min b+

103Mo 102.91321 – 1.125 min b-

91mMo – – 1.08 min Isomer (50.1 %), c, 0.105, 0.054, 1.210,
1.54; b+ (49.9 %), 2.6

104Mo 103.91376 – 1 min b-

105Mo 104.91697 – 35.6 s b-

86Mo 85.93070 – 19.6 s b+

87Mo 86.92733 – 14.05 s b+ (85 %), b+, p (15 %)
106Mo 105.918137 – 8.73 s b-

107Mo 106.92169 – 3.5 s b-

85Mo 84.93655 (?) – 3.2 s b+

108Mo 107.92345 (?) – 1.09 s b-

109Mo 108.92781 (?) – 0.53 s b-

110Mo 109.92973 (?) – 0.27 s b- ([99.9 %), b-, n (\0.1 %)
111Mo 110.93441 (?) – 0.2 s (?) b-

89mMo – – 0.19 s Isomer, c, 0.387
112Mo 111.93684 (?) – 0.15 s (?) b-

113Mo 112.94188 (?) – 0.1 s (?) b-

114Mo 113.94492 (?) – 80 ms (?)
115Mo 114.95029 (?) – 60 ms (?)
83Mo 82.94874 (?) – 23 ms b+b+, p
84Mo 83.94009 (?) – 3.8 ms b+

99m1Mo – – 15.5 ls Isomer, c, 0.098
90mMo – – 1.12 ls Isomer, c, 2.874
99m2Mo – – 0.76 ls Isomer, c, 0.684
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Nuclear physical properties of molybdenum (isotopic mass range, total number
of isotopes, thermal neutron macroscopic cross sections, moderating ability and
capture resonance integral), compared with other ultra-high temperature elements
(carbon and refractory metals), are given in Addendum.

7.6 Chemical Properties

The comprehensive information on the chemical properties and interaction of
molybdenum with all the elements of the periodic table are given in Table 7.4. The
molybdenum containing systems and corresponding binary compounds are
described and considered there in accordance to the groups of elements from
1 to 17.

Table 7.3 (continued)

Isotope Mass, u Abundance,
%

Half-life
period

Decay mode, excitation (radiation)
energy, MeV

107mMo – – 0.47 ls Isomer, c, 0.066
92mMo – – 0.19 ls Isomer, c, 2.760

a Believed to undergo b-b- decay with a half-life period [1.8 9 1014 y (?); fission product
b Believed to be capable of spontaneous fission (?)
c Believed to be capable of spontaneous fission (?); fission product
d Believed to undergo b+b+ decay with a half-life period [1.9 9 1020 y (?)
e Primordial radionuclide; fission product
f Fission product

Table 7.4 Chemical interaction of molybdenum with elements of the periodic table (binary
systems in accordance to the groups of elements)a

System Type of phase diagram
(constituent phases,
temperatures and
compositions of
transformations)

Character of interaction References

Group 1
Mo–H H, MoHx (?), Mo No chemical interaction at high and ultra-

high temp. (up to the melt. point). In the
range of pressures \10 MPa the
solubility of H is obeyed Sieverts’s law,
i.e. it is proportional to p�, where p is
pressure H2. At 1600 �C the solubility of
H in Mo is B0.01 at.%. The data on solid
solubility of H in Mo available in
literature are controversial, especially in
the range of temp. around 800 �C. For
diffusion rate in the system at various
temp. see Addendum.

[5, 11, 14–
15, 18, 47,
55, 67–69,
273]

(continued)
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Table 7.4 (continued)

System Type of phase diagram
(constituent phases,
temperatures and
compositions of
transformations)

Character of interaction References

Mo–Li a-Li, b-Li, c-Li, no binary
compounds, Mo

The solubility of Mo in liquid Li varies
from 3.7 9 10-5 at.% to 1.1 9 10-4 at.%
with temp. increase from 675 to 925 �C;
however, the data on Mo solubility in Li
available in literature differ considerably.
The solubility of Li in Mo is very low too.
At 600–500 �C Mo is highly resistant to
liquid Li. At 1490 �C, in the static
conditions during 1000 h exposure testing
the concentration of Mo in Li increases up
to 3.6 9 10-3 at.%. During 40 h
exposure testing the mass loss of Mo in
liquid Li is 8.4 g m-2 at 600 �C,
20.8 g m-2 at 800 �C and 180.2 g m-2 at
1000 �C. At 930–1020 �C the rate of
dissolution of Mo in liquid Li is less than
those of W, Ta or Nb. For diffusion rate in
the system at various temp. see
Addendum.

[5, 16, 18,
47, 70]

Mo–Na a-Na, b-Na, no binary
compounds, Mo

At 700–1000 �C the solubility of Mo in
liquid Na is \6 9 10-4 at.%. At
600–1500 �C Mo is highly resistant to
corrosion in liquid and vaporized Na. At
1000 �C, in the static conditions during
400 h exposure testing the mass loss of
Mo in liquid Li is 0.52 mg m-2.

[5, 16, 18,
47]

Mo–K K, no binary compounds,
Mo

At 1205 �C the solubility of Mo in liquid
K is \8 9 10-6 at.%; however, the data
on Mo solubility in K available in
literature differ considerably. The
solubility of K in solid Mo is negligible
and controlled by its crystal lattice
defects. At temp. \900–1000 �C Mo is
resistant to corrosion in K. In the dynamic
conditions (in K flow) the mass loss of
Mo is *6 g m-2 at 540–620 �C (11 h
exposure) and *30 g m-2 at
650–1930 �C (4.5 h exposure). For
diffusion rate in the system at various
temp. see Addendum.

[5, 16, 18,
47]

Mo–Rb Rb, no binary compounds,
Mo

No interaction in the dynamic conditions
at 730–960 �C (500 h exposure testing)

[5, 16, 18,
47]
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Table 7.4 (continued)

System Type of phase diagram
(constituent phases,
temperatures and
compositions of
transformations)

Character of interaction References

Mo–Cs Cs, no binary compounds,
Mo

The solubility of Mo in Cs is strongly
dependent on concentration of impurities
(O, N, C) in Cs. The solubility of Cs in
solid Mo is negligible and controlled by
its crystal lattice defects. No reliable data
on mutual solubility. At temp. \300 �C
Mo is resistant to Cs during long-term (up
to 4000 h) applications. At 250–1000 �C,
in the static conditions during 100–200 h
exposure testing the mass gain of Mo in
Cs is \0.7 g m-2. At 1000 �C the
destruction of Mo pipes in a Cs supply
system was observed.

[5, 15, 18,
47, 274]

Mo–Fr Fr, no binary compounds,
Mo

No interaction. [18, 47]

Group 2
Mo–Be a-Be, b-Be, MoBe22 (or

MoBe20, MoBe28,
\1300 �C, incongruent
melt. point, invariable
compos.), MoBe12

(\*1700 �C, congruent
melt. point, invariable
compos.), MoBe2

(\*1840–2045 �C,
congruent melt. point,
invariable compos., Laves
phase), Mo3Be (\890–
910 �C, invariable
compos., ?), Mo

The solubility of Be in Mo is B0.5 at.% at
1970 �C, 0.53 at.% at *1830 �C, 0.42
at.% at 1740 �C and 0.2 at.% at 1480 �C.
The solubility of Mo in solid Be is
negligible and controlled by its crystal
lattice defects. Mo beryllides are formed
by the direct interaction between elements
in solid or liquid state in inert gas
atmosphere; in mixed powdered
compositions the reaction initiates at
800–945 �C.

[5, 14, 17–
18, 44, 47,
71]

Eutectic MoBe2–MoBe12

(*1680–1700 �C, *9–10
at.% Mo)
Eutectic MoBe2–Mo
(*1775–1875 �C,
*57–57.5 at.% Mo)
Eutectic (degenerated)
MoBe22–Be (*1289 �C)

Mo–Mg Mg, no binary compounds,
Mo

No interaction, at least at temp.
\1000 �C. The mutual solubilities of the
elements are negligible. At 600 �C Mo is
compatible with Mg.

[5, 16, 18]

Mo–Ca a-Ca, b-Ca, no binary
compounds, Mo

No interaction. The estimated solubility
of Mo in liquid Ca is *10-4 at.% at
840 �C and 3.5 9 10-2 at.% at 1480 �C.

[17–18, 47,
275]
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Table 7.4 (continued)

System Type of phase diagram
(constituent phases,
temperatures and
compositions of
transformations)

Character of interaction References

Mo–Sr a-Sr, b-Sr, no binary
compounds, Mo

No interaction. [18, 47]

Mo–Ba Ba, no binary compounds,
Mo

No interaction. The estimated solubility
of Mo in liquid Ba is *10-8 at.% at
730 �C and 6 9 10-3 at.% at 1680 �C.

[17–18, 47]

Mo–Ra Ra, no binary compounds,
Mo

No interaction. [18, 47]

Group 3
Mo–Sc a-Sc, b-Sc, no binary

compounds, Mo
The presence of Mo decreases the temp.
of a-Sc–b-Sc polymorphic
transformation. The max. solubility of Sc
in Mo is 7 9 10-3 at.% at *2125 �C, it
decreases to 2 9 10-3 at.% at *1370 �C;
however the data on solubilities in the
system available in literature differ
considerably.

[16, 18, 47]

Eutectic b-Sc–Mo
(*1340–1420 �C, *7–13
at.% Mo)

Mo–Y a-Y, b-Y, no binary
compounds, Mo

The solubility of Mo is *0.02 at.% in
b-Y (1500 �C) and 0.1 at.% in a-Y
(1475 �C). The solubility of Y in solid
Mo is 0.2 at.% at 2130 �C and *0.030–
0.065 at.% at 1450 �C. For diffusion rate
in the system at various temp. see
Addendum.

[16, 18, 47,
72, 276]

Eutectic a-Y–Mo
(*1380–1500 �C (?),
*9–11 at.% Mo)
Miscibility gap in the liquid
state (around 90 at.%
Mo, ?)

Lanthanides
Mo–La a-La, b-La, c-La, no binary

compounds, Mo
The solid solubility of Mo in La is \0.01
at.% and that of La in Mo is *0.2 at.% at
2545 �C and *0.01 at.% at 625 �C.

[16, 18, 47,
72]

Eutectic (degenerated)
c-La–Mo (*918 �C, *0.1
at.% Mo, ?)
Peritectic c-La (920 �C, ?)
Miscibility gap in the liquid
state (critical point—
3540–3550 �C, 64–65 at.%
Mo; from *3–21
to *75–96 at.% Mo
at *2545 �C)
Data on the system
available in literature are
controversial.
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Table 7.4 (continued)

System Type of phase diagram
(constituent phases,
temperatures and
compositions of
transformations)

Character of interaction References

Mo–Ce a-Ce, b-Ce, c-Ce, d-Ce, no
binary compounds, Mo

The solubility of Mo in liquid Ce is \0.3
at.% at 1300 �C, 0.0175 at.% at 1200 �C
and 0.001 at.% at 800 �C. The solid
solubility of Ce in Mo is 0.10–0.15 at.%.
At temp. [800 �C the dissolution of Mo
in liquid Ce is noticeable.

[5, 17–18,
47, 277]

Eutectic (degenerated)
d-Ce–Mo or peritectic d-Ce
(*795 �C, ?)
Miscibility gap in the liquid
state (critical point—
*3200–3210 �C, *72–73
at.% Mo; from *24–40
to *92.5–94.5 at.% Mo
at *2515–2535 �C)

Mo–Pr a-Pr, b-Pr, no binary
compounds, Mo

The solubility of Pr in Mo is *0.02–0.30
at.%.

[16, 18, 47]

Eutectic (degenerated)
b-Pr–Mo (*931 �C,
*0.09–0.11 at.% Mo, ?)
Miscibility gap in the liquid
state (critical point—
*3345–3360 �C, *66–67
at.% Mo; from *20–36
to *94–96 at.% Mo
at *2535–2555 �C)

Mo–Nd a-Nd, b-Nd, no binary
compounds, Mo

The solubility of Nd in Mo is *0.3 at.%
at 2570 �C and *0.05–0.07 at.% at lower
temp.

[16, 18, 47]

Eutectic (degenerated)
b-Nd–Mo (*1010 �C,
*0.04–0.4 at.% Mo, ?)
Miscibility gap in the liquid
state (critical point—
*3350 �C, *70 at.% Mo;
from *17–33 to *95–97
at.% Mo at *2535–
2570 �C)

Mo–Pm a-Pm, b-Pm, no binary
compounds, Mo

The solubility of Pm in Mo is *0.3 at.%
at 2560–2570 �C.

[16, 18, 47]

Eutectic (degenerated)
b-Pm–Mo (*1042 �C, ?)
Miscibility gap in the liquid
state (critical point—
*3360 �C, *70 at.% Mo;
from *15–30 to *95–97
at.% Mo at *2560–
2570 �C)
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Table 7.4 (continued)

System Type of phase diagram
(constituent phases,
temperatures and
compositions of
transformations)

Character of interaction References

Mo–Sm a-Sm, b-Sm, c-Sm, no
binary compounds, Mo

– [18, 47]

Eutectic (degenerated)
c-Sm–Mo (*1068 �C, ?)

Mo–Eu Eu, no binary compounds,
Mo

– [18, 47,
275]

Eutectic (degenerated)
Eu–Mo (*822 �C, ?)

Mo–Gd a-Gd, b-Gd, no binary
compounds, Mo

The presence of Mo decreases the temp.
of a-Gd–b-Gd polymorphic
transformation to *1215–1230 �C. The
solubility of Gd in solid Mo is 0.05 at.%
at 2570 �C, 0.93 at.% at 2510 �C, 0.67
at.% at 2400 �C, 0.24 at.% at 2200 �C,
0.18 at.% at 2000 �C, 0.12 at.% at
1800 �C and 0.09 at.% at 1600 �C.

[15, 18, 47,
73, 278]

Eutectic b-Gd–Mo
(*1295–1310 �C,
*1.0–2.5 at.% Mo, ?)
Miscibility gap in the liquid
state (critical point—
*2870–2950 �C, *60–70
at.% Mo; from *32–36
to *85–90 at.% Mo
at *2455–2485 �C)

Mo–Tb a0-Tb, a-Tb, b-Tb, no
binary compounds, Mo

– [18, 47]

Eutectic b-Tb–Mo
(*1330 �C, *2 at.%
Mo, ?)
Miscibility gap in the liquid
state (critical point—
*3100 �C, *65–67 at.%
Mo; *33–93 at.% Mo
at *2510–2530 �C)

Mo–Dy a0-Dy, a-Dy, b-Dy, no
binary compounds, Mo

At least at temp. 825–1115 �C the
components are soluble in each other (?).

[15, 18, 47,
275]

Eutectic b-Dy–Mo
(*1375 �C, *1.5–2.5
at.% Mo, ?)

Mo–Ho a-Ho, b-Ho, no binary
compounds, Mo
Eutectic b-Ho–Mo
(*1430 �C, 3 at.% Mo, ?)

The max. solid solubility of Mo in Ho is
0.6 at.% at *1430 �C and that of Ho in
Mo is *0.6 at.% at 2515 �C.

[18, 47]

Miscibility gap in the liquid
state (critical point—
*2800 �C, *65–66 at.%
Mo; from *35–36 to 92
at.% Mo at *2515–
2530 �C)
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Table 7.4 (continued)

System Type of phase diagram
(constituent phases,
temperatures and
compositions of
transformations)

Character of interaction References

Mo–Er a-Er, b-Er, no binary
compounds, Mo

At least at temp. *725–1125 �C the
mutual solubilities of the components
are \0.1 at.%.

[15, 18, 47,
275]

Eutectic b-Er–Mo
(*1480 �C, *3.5–4.0
at.% Mo, ?)
Miscibility gap in the liquid
state (critical point—
*2750–2760 �C, *75–78
at.% Mo; from *40–42 to
90–98 at.% Mo at
*2435–2495 �C)

Mo–Tm a-Tm, b-Tm, no binary
compounds, Mo

– [18, 47]

Eutectic b-Tm–Mo
(*1475–1480 �C,
*5 at.% Mo, ?)

Mo–Yb a-Yb, b-Yb, c-Yb, Yb3Mo
(?), Yb2Mo (Laves phase,
?), YbMo (?), YbMo2

(Laves phase, ?), YbMo3

(?), YbMo5 (?), Mo

The mutual solubilities between the
components are absent (?).

[16, 18, 47,
74–77,
279]

Eutectic (degenerated)
c-Yb–Mo (*824 �C,
*(0.472.4) 9 10-3

at.% Mo, ?)
Miscibility gap in the liquid
state (critical point—
[3500 �C; from *1.5–2.0
to *99.0–99.5 at.% Mo
at *2610–2620 �C)
Data on the system
available in literature are
contradicting.

Mo–Lu a-Lu, b-Lu, no binary
compounds, Mo

The max. solid solubility of Lu in Mo
is *1.5 at.% (1900–2100 �C) and that of
Mo in Lu is *3.5 at.% (1545 �C).

[16, 18, 47]

Eutectic b-Lu–Mo
(1545 �C, 9 at.% Mo, ?)
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Table 7.4 (continued)

System Type of phase diagram
(constituent phases,
temperatures and
compositions of
transformations)

Character of interaction References

Actinides
Mo–Ac Ac, no binary compounds,

Mo
The solid solubility of Ac in Mo
is *0.01–8 at.% (?) at *1500–1515 �C
and *0.15–10 (?) at.% at 2040 �C, that
of Mo in Ac is 9 9 10-5 at.% at
925–1050 �C; the data on solubilities in
the system available in literature differ
considerably.

[17, 18, 47]

Eutectic Ac–Mo
(*1000–1050 �C,
*0.3–1.5 at.% Mo, ?)
Miscibility gap in the liquid
state (critical point—
*3400 �C, *45–46 at.%
Mo; from *9–33
to *77–99 at.% Mo
at *2040–2520 �C, ?)

Mo–Th a-Th, b-Th, no binary
compounds, Mo
Eutectic b-Th–Mo
(1370–1390 �C, *14–16
at.% Mo)

The presence of Mo decreases temp. of
Th polymorphic transformation to
*1325–1355 �C. The max. solid
solubility of Th in Mo is *1.5 at.% at
1370–1390 �C. The solubility of Mo is
0.8–2.0 at.% in b-Th at 1370–1390 �C
and 0.12 at.% in a-Th at 1335 �C; at
lower temp. it declines considerably—up
to 0.01 at.% at *875 �C. For diffusion
rate in the system at various temp. see
Addendum.

[5, 16, 18,
46–47, 78,
280]

Some data on the system
available in literature are
controversial.

Mo–Pa a-Pa, b-Pa, MoPa2

(\375 �C, metastable, ?),
Mo

The max. solid solubility of Pa in Mo
is *3–4 at.% at 1700–2100 �C; it
declines at lower temp.—up to \0.01
at.% at 415–515 �C. The max. solid
solubility of Mo in b-Pa is *20 at.% at
1415–1515 �C.

[16, 47]

Eutectic b-Pa–Mo
(*1415–1515 �C, *20–24
at.% Mo)

Mo–U a-U, a0-U (metastable,
*0–6 at.% Mo), a0 0-U
(martensite, *6–10 at.%
Mo), b-U, c0-U (martensite,
partly ordered, *12–14
at.% Mo), cv-U (martensite,
*14 at.% Mo), c-U,
MoU2±x (\595–640 �C,
homog. range—29.5–35
at.% Mo), Mo

The solubility of Mo in a-U is \0.1 at.%
at 650 �C and 0.2–0.7 at.% at 570 �C;
max. solid solubility of Mo in b-U
is *1.2–3.0 at.% (at 635–650 �C) and in
c-U is 40–43 at.% at peritectic temp. The
solid solubility of U in Mo is *0.5 at.%
at 510–580 �C, *2–3 at.% at 1285 �C
and *3.5 at.% at 1500–1900 �C. The
kinetics of Mo dissolution in liquid U is
fast. At 1250 �C liquid U impregnates Mo
porous preforms perfectly. For diffusion
rate in the system at various temp. see
Addendum.

[5, 16, 18,
46–47, 79–
81, 322]

Peritectic c-U (*1280–
1285 �C, 40–43 at.% Mo)
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Table 7.4 (continued)

System Type of phase diagram
(constituent phases,
temperatures and
compositions of
transformations)

Character of interaction References

Mo–Np a-Np, b-Np, c-Np, MoNp2

(\*225 �C, ?), Mo
The presence of Mo decreases temp. of
Np polymorphic transformations. The
solubility of Np in Mo is B0.01 at.%
at *505 �C and that of Mo in Np is
controlled considerably by impurities.

[16, 47]

Eutectic c-Np–Mo
(*415–575 �C, *7–11
at.% Mo)

Mo–Pu a-Pu, b-Pu, c-Pu, d-Pu,
d0-Pu, e-Pu, no binary
compounds, Mo

The solubility of Mo in e-Pu is *0.2 at.%
at eutectic temp. and that of Pu in Mo
is *2 at.% at 2100 �C.

[16, 18, 47,
281–282]

Eutectic (degenerated)
e-Pu–Mo (*590–630 �C,
*1.0–2.5 at.% Mo, ?)

Mo–Am a-Am, b-Am, c-Am, no
binary compounds, Mo

The max. solid solubility of Mo in c-Am
is *0.4 at.% (*1175 �C) and that of Am
in Mo is *1.25 at.% (*1900 �C).

[18, 47,
275]

Eutectic (degenerated)
c-Am–Mo (*1175 �C,
\4 at.% Mo, ?)

Mo–Cm a-Cm, b-Cm, no binary
compounds, Mo

The max. solid solubility of Mo in b-Cm
is *0.4 at.% (*1345 �C) and that of Cm
in Mo is *0.3 at.% at 1345 �C and *2
at.% at *2000 �C.

[18, 47,
275]

Eutectic (degenerated)
b-Cm–Mo (*1345 �C,
\3 at.% Mo, ?)

Mo–Bk a-Bk, b-Bk, no binary
compounds, Mo

No interaction, the mutual solid
solubilities of the components are
negligible (?).

[18, 47,
275]

Eutectic (degenerated)
b-Bk–Mo (*1050 �C,
\*3–5 at.% Mo, ?)

Mo–Cf a-Cf, b-Cf, no binary
compounds, Mo

No interaction. The estimated solid
solubility of Mo in Cf is *10-2 at.%
at 830 �C.

[15, 18, 47]

Eutectic (degenerated)
b-Cf–Mo (*1075 �C, ?)

Mo–Es a-Es, b-Es, no binary
compounds, Mo

No interaction, the mutual solid
solubilities of the components are
negligible (?).

[18, 47]

Eutectic (degenerated)
b-Es–Mo (*925 �C, ?)

Mo–Fm Fm, no binary compounds,
Mo

No interaction, the mutual solid
solubilities of the components are
negligible (?).

[18, 47]

Mo–Md Md, no binary compounds,
Mo

No interaction, the mutual solid
solubilities of the components are
negligible (?).

[18, 47]

Mo–No No, no binary compounds,
Mo

No interaction, the mutual solid
solubilities of the components are
negligible (?).

[18, 47]
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Table 7.4 (continued)

System Type of phase diagram
(constituent phases,
temperatures and
compositions of
transformations)

Character of interaction References

Mo–Lr Lr, no binary compounds,
Mo

The max. solid solubility of Mo in Lr
is *5 at.% (*1385 �C) and that of Lr in
Mo is *3 at.% at 1385 �C and *5 at.%
at 2000–2200 �C.

[16, 18, 47]

Eutectic Lr–Mo (*1385 �C,
*12 at.% Mo, ?)

Group 4
Mo–Ti a-Ti, a0-Ti (metastable

martensite, 0–2 at.% Mo),
a0 0-Ti (metastable, from
2.0–4.7 to 4.0–6.9 at.%
Mo), x-(Ti,Mo)
(metastable, intermediate
between b-Ti and a-Ti
structure, from 4.0–6.4 to
6–15 at.% Mo), b-Ti, no
binary compounds, Mo (the
composition ranges of
metastable phases are
affected considerably by the
minute amounts of O
contamination)

The melt. point of Ti increases to
1700–2000 �C for the alloys containing
10–50 at.% Mo. In the presence of Mo
temp. of a-Ti–b-Ti polymorphic
transformation decreases to 650–695 �C
(12–14 at.% Mo). The max. solubility of
Mo in a-Ti is B0.4 at.% (650–695 �C).
For diffusion rate in the system at various
temp. see Addendum.

[5, 16, 18,
47, 82–85]

Continuous solid solution
b-Ti–Mo (up to melt.
points, miscibility gap:
critical point—
*795–850 �C, *20–35
at.% Mo; from *12–14
to *45–60 at.% Mo
at *650–695 �C)

Mo–Zr a-Zr, b-Zr, r-ZrMo2±x

(\*1880–2000 �C,
incongruent melt. point,
homog. range—*60–70
at.% Mo, ?), Mo
Peritectic b-Zr
(*1545–1605 �C,
*31–35.5 at.% Mo, ?)

The melt. point of Zr decreases
to *1525–1750 �C for the alloys
containing *10–40 at.% Mo. Min. melt.
temp. (*1525–1585 �C) corresp. to
27–29 at.% Mo compos. (?). In the
presence of Mo temp. of a-Zr–b-Zr
polymorphic transformation decreases
to *630–755 �C (*6.5–8.5 at.% Mo).
Mo sta-bizes b-Zr modification. The max.
solid solubility of Mo in b-Zr is *31–41
at.% (1500–1600 �C); it declines to
*6.5–8.5 at.% at *630–755 �C. The
solubility of Mo in a-Zr is very low; at
temp. \400 �C it is \0.01 at.%. The max.
solid solubility of Zr in Mo is *10–20
at.% (1880–2000 �C); it declines
to *3–7 at.% (?) at *600–1100 �C. For
diffusion rate in the system at various
temp. see Addendum.

[5, 16, 18–
19, 47, 86–
89]

Eutectic ZrMo2±x–b-Zr
(*1500–1550 �C,
*37–48.5 at.% Mo, ?)
Data on the system
available in literature are
controversial
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Table 7.4 (continued)

System Type of phase diagram
(constituent phases,
temperatures and
compositions of
transformations)

Character of interaction References

Mo–Hf a-Hf, b-Hf, a-HfMo2±x

(\*1770–1875 �C, Laves
phase, homog. range—
65.5–68.3 at.% Mo),
b-HfMo2±x (from
*1770–1875 �C
to *2130–2210 �C,
incongruent melt. point,
Laves phase, homog.
range—*65–67at.% Mo),
b0-HfMo2±x (\*900 �C, ?),
Mo

The melt. point of Hf decreases
to *1855–2000 �C for the alloys
containing *10–40 at.% Mo. Min. melt.
temp. (*1855–1875 �C) corresp.
to *33–35 at.% Mo compos. (?). In the
presence of Mo temp. of a-Hf–b-Hf
polymorphic transformation decreases
to *1165–1235 �C (26.5 at.% Mo). Mo
stabizes b-Hf modification. The max.
solid solubility of Mo in b-Hf is *42–46
at.% (1890–1910 �C); it declines to 26.5
at.% at 1165–1235 �C. The max.
solubility of Mo in a-Hf is 1 at.% at
1165–1235 �C; it declines to B0.01 at.%
at 480 �C. The max. solid solubility of Hf
in Mo is *26–28 at.% (2130–2210 �C);
it declines to *9.5–17 at.%
at *1000–1800 �C.

[5, 15, 18,
47, 86, 89–
90]

Peritectic b-Hf (*1890–
1910 �C, *42–46 at.%
Mo, ?)
Eutectic b-HfMo2±x–b-Hf
(*1890–1910 �C, *42–46
at.% Mo, ?)
Data on the system
available in literature are
controversial.

Group 5
Mo–V V, no binary compounds,

Mo
For diffusion rate in the system at various
temp. see Addendum.

[5, 16, 18,
45, 91,
328, 334]Continuous solid solution

V–Mo
Mo–Nb Nb, no binary compounds,

Mo
For diffusion rate in the system at various
temp. see Addendum.

[5, 16, 18,
45, 47, 61,
91–94,
336]

Continuous solid solution
Nb–Mo

Mo–Ta See Ta–Mo in Table 6.3.
Group 6
Mo–Cr Cr, no binary compounds,

Mo (some metastable
phases are formed due to
the minute amounts of O
contamination)

Min. melt. temp. of continuous solid
solution (*1790–1860 �C) corresp.
to *12.5 at.% Mo compos. For diffusion
rate in the system at various temp. see
Addendum.

[5, 15, 18,
95–97]

Continuous solid solution
Cr–Mo (up to melt. points,
miscibility gap: critical
point—880 �C, *39 at.%
Mo; from *5–6 to
*90–91 at.% Mo at
500 �C)

Mo–W See W–Mo in Table 3.5.
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Table 7.4 (continued)

System Type of phase diagram
(constituent phases,
temperatures and
compositions of
transformations)

Character of interaction References

Group 7
Mo–Mn a-Mn, b-Mn, c-Mn, d-Mn,

r-Mn5Mo3–x (from
1075–1105 �C to
1300–1500 �C, incongruent
melt. point, homog.
range—*35–37 at.%),
l-Mn5Mo4±x (\1400–
1600 �C, incongruent melt.
point, homog. range—
*40–50 at.%, ?), Mo

The solubilities of Mo in Mn
modifications are: in a-Mn—*14–20
at.% at 1050–1150 �C, in b-Mn–2 at.% at
800 �C and up to 2.6 at.% at
1100–1120 �C, in c-Mn—B0.6 at.% at
1100–1120 �C and in d-Mn—up to *20
at.% at *1225–1425 �C. The solubility
of Mn in Mo is *30–32 at.% at
1800 �C, *36 at.% at 1500 �C and *16
at.% at 800 �C.

[5, 16, 18,
47, 98]

Extended solid solution
based on Mo (up to *36
at.% Mn at 1500 �C)
Extended solid solution
based on a-Mn (up to *20
at.% Mo at *1050–
1150 �C)
Extended solid solution
based on d-Mn (up to *20
at.% Mn at *1225–
1425 �C)
Peritectic d-Mn
(*1225–1425 �C, *20
at.% Mo)

Mo–Tc Tc, r-Tc3-xMo
(\*1975–2175 �C,
incongruent melt. point,
homog. range—28–32 at.%
Mo at 1800 �C, 26–35 at.%
Mo at 1200 �C and 27–30
at.% Mo at 1000 �C),
b-TcMo1–x (\*1600–
1800 �C, homog. range—
*45–46 at.% Mo), Mo

The solid solubility of Mo in Tc
is *27–30 at.% at *2080–2090 �C,
and that of Tc in Mo is *50–52 at.%
at *1925–2125 �C, *45 at.%
at *1600–1800 �C and *10–15 at.%
at *1000 �C.

[16, 99–
100]

Extended solid solution
based on Tc (up to *27–30
at.% Mo at *2080–
2090 �C)
Extended solid solution
based on Mo (up
to *50–52 at.% Tc
at *1925–2125 �C)
Eutectic r-Tc3-xMo–Mo
(*1925–2125 �C, *39–49
at.% Mo)
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Table 7.4 (continued)

System Type of phase diagram
(constituent phases,
temperatures and
compositions of
transformations)

Character of interaction References

Mo–Re See Re–Mo in Table 4.5.
Group 8
Mo–Fe a-Fe (d-Fe), c-Fe, k-Fe2Mo

(\900–1000 �C, Laves
phase, invariable compos.),
q-Fe3Mo2–x (or Fe62Mo38,
R-phase, from
1190–1210 �C
to *1490 �C, incongruent
melt. point, homog.
range—34–40 at.% Mo),
l-Fe7Mo6–x (\1370 �C,
homog. range—38–45 at.%
Mo), r-FeMo1±x

(from *1540–1610 �C to
1215–1255 �C, incongruent
melt. point, homog.
range—43–58 at.% Mo),
Mo

Mo stabilizes a-Fe modification,
increasing the temp. of a-Fe–c-Fe
transformation and decreasing the temp.
of c-Fe–d-Fe transformation (c-Fe region
is locked in a-Fe region). The solubilities
of Mo are following: in c-Fe—1.6–1.7
at.% at *1140 �C and in a/d-Fe—21–25
at.% at 1450 �C, 12–14 at.% at 1200 �C
and 5–7 at.% at 950 �C. The max. solid
solubility of Fe in Mo is *22–31 at.% at
1540–1610 �C; it declines at lower
temp.—up to 6.0–6.2 at.% at
1215–1255 �C. The resistance of Mo to
corrosion in Fe and steel melts is low. For
diffusion rate in the system at various
temp. see Addendum.

[5, 15, 18,
47, 52,
101–104]

Peritectic a-Fe
(1449–1450 �C, *21–25
at.% Mo)

Mo–Ru Ru, r-Ru3Mo5±x

(from *1145 to
1915–1920 �C, homog.
range—*62–64 at.% Mo),
Mo

The solid solubility of Mo in Ru declines
from 51 at.% at eutectic temp. to *45
at.% at 1500 �C, and that of Ru in Mo
declines from 30.5–32.0 at.% at eutectic
temp. to *13–15 at.% at 1500 �C.

[5, 16, 18,
105–106,
326]

Extended solid solution
based on Ru (up to 51 at.%
Mo at 1945–1955 �C)
Extended solid solution
based on Mo (up to
30.5–32.0 at.% Ru at
1945–1955 �C)
Eutectic Ru–Mo
(*1945–1955 �C,
*58.0–58.4 at.% Mo)

Mo–Os See Os–Mo in Table 5.3.
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Table 7.4 (continued)

System Type of phase diagram
(constituent phases,
temperatures and
compositions of
transformations)

Character of interaction References

Group 9
Mo–Co e-Co, a-Co, h-Co9Mo2+x (or

Co4Mo, *1020–1200 �C,
invariable compos.),
j-Co3±xMo (\1025 �C,
homog. range—from
22.5–23.5 to 23–25 at.%
Mo), l-Co7Mo6±x (or
e-CoMo1–x, \*1510 �C,
incongruent melt. point,
homog. range—41.5–49.5
at.% Mo at 400–1335 �C),
r-Co2Mo3+x (or r-Co3

Mo5±x, from *900–1250 to
1620 �C, incongruent melt.
point, homog. range—
*60–64 at.% Mo), Mo

The presence of Mo decreases the melt.
temp. of Co (up to 1335 �C) and increases
the temp. of a-Co–e-Co transformation
(up to *550–850 �C). The mutual
solubilities of the components are
strongly affected by temp. The solubility
of Mo in a-Co is 19.5 at.% at 1300 �C,
*17 at.% at 1200 �C, 13.5 at.% at
1100 �C, 11.4 at.% at 1000 �C and 6.8
at.% at 900 �C. The max. solubility of Mo
in e-Co is B9 at.% (at 550–850 �C). The
max. solid solubility of Co in Mo is
*7.0–11.5 at.% (at 1620 �C); it declines
considerably at lower temp.—up to 1.5
at.% at 1300 �C. For diffusion rate in the
system at various temp. see Addendum.

[5, 15, 18,
47, 107–
109, 329]

Eutectic l-Co7Mo6±x–a-Co
(1335 �C, *28–29 at.% Mo)

Mo–Rh Rh, Rh3±xMo (\1180–
1220 �C, ordered phase,
homog. range—*24–26
at.% Mo), e-Rh2±xMo
(from *1000–1200 to
2065–2085 �C, congruent
melt. point corresp. to
RhMo0.54, homog. range—
18.5–57 at.% Mo at
1925–1955 �C, 18–55 at.%
Mo at 1300 �C and 44–49
at.% Mo at *1100 �C),
e0-RhMo1±x (\975–1125
�C, homog. range—
*49–51 at.% Mo), Mo

The presence of Mo results in increase in
the melt. temp. of Rh. The max. melt.
point (*1990–2010 �C) and max. solid
solubility of Mo in Rh (*15 at.%) are
corresponding to the peritectic alloy. The
mutual solubilities of the components,
especially the solubility of Rh, decline
considerably with temp. decreasing.

[5, 16, 18,
47, 110–
111, 333]

Extended solid solution
based on Rh (up to *15
at.% Mo at 1990–2010 �C)
Extended solid solution
based on Mo (up to *20
at.% Rh at 1925–1955 �C)
Peritectic Rh (*1990–
2010 �C, *15 at.% Mo)
Eutectic e-Rh2±xMo–Mo
(*1925–1955 �C, *59–61
at.% Mo)
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Table 7.4 (continued)

System Type of phase diagram
(constituent phases,
temperatures and
compositions of
transformations)

Character of interaction References

Mo–Ir Ir, Ir3–xMo (\2300 �C,
incongruent melt. point,
homog. range—*25–36.5
at.% Mo at 2270 �C
and *25–33 at.% Mo at
1200 �C), e-IrMo1±x (from
1400–1620 to 2270 �C,
incongruent melt. point,
homog. range—*41.5–63
at.% Mo at 2075–2085 �C,
*43–58 at.% Mo at
1600–1620 �C and two
separated areas near *43
and *57 at.% Mo at
1400–1450 �C), IrMo1±x

(\1600–1620 �C, ordered
phase, homog. range—
*48.5–51 at.% Mo),
r-Ir3Mo7+x (from
*1970–1980 �C
to *2080–2110 �C,
incongruent melt. point,
invariable compos.),
IrMo3+x (\2100–2120 �C,
incongruent melt. point,
homog. range—*75–78
at.% Mo), Mo

The presence of Mo results in decrease in
the melt. temp. of Ir alloys. Practically,
the solid solubility of Mo in Ir is not
affected by temp. In opposite, the solid
solubility of Ir in Mo is strongly
dependent on temp.; at lower temp. it
declines to *7–8 at.% at 1200 �C.

[5, 16, 18,
47, 111–
113]

Extended solid solution
based on Ir (up to 22–23
at.% Mo at 2300 �C)
Extended solid solution
based on Mo (up to
16.0–16.5 at.% Ir at
2100–2120 �C)
Eutectic e-IrMo1±x–
r-Ir3Mo7+x (2075–2085 �C,
69 at.% Mo)
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Table 7.4 (continued)

System Type of phase diagram
(constituent phases,
temperatures and
compositions of
transformations)

Character of interaction References

Group 10
Mo–Ni Ni, b-Ni4+xMo (\865–

875 �C, homog. range—
*19–20 at.% Mo),
c-Ni3+xMo (\905–915 �C,
homog. range—*24–25
at.% Mo), Ni17Mo5

(metastable, ?), Ni3Mo
(metastable, ?), Ni2Mo
(metastable, ?), l-NiMo1±x

(or d-NiMo1±x, \*1360–
1365 �C, incongruent melt.
point, homog. range—
*47.7–52.5 at.% Mo), Mo

At lower temp. the solid solubility of Mo
in Ni declines considerably with temp.
decreasing. The max. solid solubility of
Ni in Mo is 1.8 at.% (1360–1365 �C); it
also declines with temp. decreasing. For
diffusion rate in the system at various
temp. see Addendum.

[16, 18, 47,
114–116,
335]

Extended solid solution
based on Ni (up to 28.5
at.% Mo at *1315–
1320 �C)
Eutectic l-NiMo1±x–Ni
(*1315–1320 �C,
*34.5–36 at.% Mo)

Mo–Pd Pd, Pd2+xMo
(\*900–1100 �C, ordered
phase, homog. range—
33–34 at.% Mo), e-PdMo1–x

(from 1340–1450 to
1745–1765 �C, incongruent
melt. point, homog. range
—*46.5–48.5 at.%
Mo), Mo
Peritectic Pd (*1690–1755
�C, *32.0–47.5 at.%
Mo, ?)

The presence of Mo results in increase in
the melt. temp. of Pd—up to the max. at
1750–1770 �C corresp. to *38–39 at.%
Mo compos. The max. solid solubility of
Mo in Pd is *32.0–47.5 at.% (?) at
*1200–1700 �C, and that of Pd in Mo
is *5–25 at.% (?) at 1400–1765 �C. The
mutual solid solubilities of the
components decline slightly with temp.
decreasing.

[5, 16, 18,
47, 56,
117–119,
327, 330–
332]

Extended solid solution
based on Pd (up to
*32.0–47.5 at.% Mo (?)
at *1200–1700 �C)
Eutectic e-PdMo1–x–Pd
(1670–1730 �C, *44–48
at.% Mo, ?)
Data on the system
available in literature are
controversial.
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Table 7.4 (continued)

System Type of phase diagram
(constituent phases,
temperatures and
compositions of
transformations)

Character of interaction References

Mo–Pt Pt, g-Pt2±xMo
(\*1780–1820 �C,
ordered phase, homog.
range—from *26–30
to *40–44 at.% Mo at
1280–1630 �C and
*32–37.5 at.% Mo at
600 �C), d-PtMo1±x

(\1280–1320 �C, homog.
range—from *45–49
to *55–59 at.% Mo at
800–1000 �C),
e0-PtMo3–x (\*1455–
1910 �C, homog. range—
from *53–57 to *68–70
at.% Mo at 1475–1880 �C
and *61.0–62.5 at.% Mo
at 1000 �C), e-PtMo3–x

(from 1455–1495 �C
to *2155–2195 �C,
congruent melt. point
corresp. to *PtMo1.0471.22,
homog. range—from
*44–48 to *68–70 at.%
Mo at 2020–2080 �C),
b-PtMo6–x (from
1270–1290 �C to
1760–1800 �C, homog.
range—from *81–82.5
at.% Mo at 1400–1600 �C),
Mo

The presence of Mo results in increase in
the melt. temp. of Pt; the max. melt. point
(*2000–2040 �C) corresp. to the
peritectic alloy. The solubility of Pt in Mo
declines at lower temp.—up to 12 at.% at
1780–2000 �C and 2 at.% at 1000 �C.
The solubility of Mo in Pt is slightly
affected by temp.; at lower temp.
(B600 �C) it is B20 at.%.

[5, 16, 18,
47,118–123]

Peritectic Pt (*2000–2040
�C, *38 at.% Mo)
Extended solid solution
based on Pt (up to *54–58
at.% Mo at
*1570–1630 �C)
Extended solid solution
based on Mo (up to
*14–16 at.% Pt at
2060–2100 �C)
Eutectic e-PtMo3–x–Mo
(*2060–2100 �C, *72–75
at.% Mo)
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Table 7.4 (continued)

System Type of phase diagram
(constituent phases,
temperatures and
compositions of
transformations)

Character of interaction References

Group 11
Mo–Cu Cu, no binary compounds,

Mo
At eutectic temp. the solid solubility of
Mo in Cu is 0.061 at.% and that of Cu in
Mo is *0.06 at.%. At 2415–2615 �C the
solid solubility of Cu in Mo is 1.6–2.0
at.% and solubility of Mo in liquid Cu is
11.8–13.0 at.%. The max. solubility of
Mo in liquid Cu is 13 at.%
(at *2485–2685 �C). The data on mutual
solubilities of the components available in
literature are controversial

[5, 15, 18,
47, 124–
125]Eutectic (degenerated)

Cu–Mo (*1083 �C, 0.067
at.% Mo)
Miscibility gap in the liquid
state (from 11.8–13.0 to
88.5–89.5 at.% Mo at
2515–2585 �C)

Mo–Ag Ag, no binary compounds,
Mo

At eutectic temp. the solid solubility of
Mo in Ag is 0.15 at.% and that of Ag in
Mo is 0.006 at.%. At 1600 �C the
solubility of Mo in liquid Ag is 5.6 at.%.
At temp. B1430 �C Mo is resistant to
corrosion in liquid Ag. The data on
mutual solubilities of the components
available in literature are controversial.

[5, 17–18,
47]

Eutectic (degenerated)
Ag–Mo (*959 �C, 0.33
at.% Mo)

Mo–Au Au, no binary compounds,
Mo

The max. solid solubility of Mo in Au is
1.25 at.% (at eutectic temp.) and that of
Au in Mo is 0.4 at.% (at 1260 �C); at
eutectic temp. the solubility of Au in Mo
is 0.025 at.%. At lower temp. the solid
solubility of Mo in Au declines—up to
1.2 at.% at 1000 �C, 1.05–1.10 at.% at
800 �C, 0.90–0.95 at.% at 600 �C and 0.7
at.% at 200 �C.

[5, 17–18,
126]

Eutectic Au–Mo (1054 �C,
2.1 at.% Mo)

Group 12
Mo–Zn Zn, MoZn22±x

(\*460–465 �C,
incongruent melt. point,
homog. range—*3.5–4.5
at.% Mo), MoZn7±x

(\*570–580 �C,
incongruent melt. point,
homog. range—*12–13.5
at.% Mo), Mo

The solubility of Mo in liquid Zn is
2.5 9 10-3 at.% at its melt. point,
5.2 9 10-3 at.% at 460–465 �C and
1.5 9 10-2 at.% at 550–750 �C. The
mutual solid solubilities of the
components are extremely low and
controlled by crystal lattice defects. At
temp. B500 �C Mo is resistant to
corrosion and erosion in liquid Zn.

[5, 16, 18,
47, 127]

Peritectic Zn (*419 �C,
1.6 9 10-3 at.% Mo)
Data on the system
available in literature are
controversial.
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Table 7.4 (continued)

System Type of phase diagram
(constituent phases,
temperatures and
compositions of
transformations)

Character of interaction References

Mo–Cd Cd, no binary compounds,
Mo

No interaction at least at temp. \1000 �C. [17, 47,
275]

Eutectic (degenerated)
Cd–Mo (*321 �C, ?)

Mo–Hg Hg, no binary compounds
(at normal conditions), Mo
Peritectic Hg (–39 �C, ?)

Some binary compounds are formed at
higher pressures. At room temp. the
solubility of Mo in Hg is *10-5 at.%. At
temp. \600 �C Mo is resistant to
corrosion and erosion in Hg (no
amalgams are formed); at 600–700 �C the
resistance is limited.

[5, 15, 283]

Group 13
Mo–B b-B, MoB*12 (?), MoB4–x

(or Mo1–xB3, \*1755–
1855 �C, homog. range—
*20–22 at.% Mo at
1400 �C), Mo2B5–x

(\1600–2200 �C,
incongruent melt. point,
homog. range—*30–32
at.% Mo at 1895–1945 �C
and *30–35 at.% Mo at
1500–1530 �C), MoB2–x

(from 1500–1600 �C to
2100–2400 �C, incongruent
melt. point, homog. range
—*34–38 at.% Mo at
2125–2200 �C and
*36–39 at.% Mo at
1720–1880 �C), a-MoB1±x

(\1720–2210 �C, the temp.
of polymorphic
transformation decreases
with the growth of B
content, homog. range—
*49–52 at.% Mo at
1400–1880 �C), b-MoB1±x

(from 1720–2210 �C
to *2350–2610 �C,
congruent melt. point
corresp. to *MoB1.0,
homog. range—*48–51
at.% Mo at 2150–2390 �C),
Mo3B2 (*1920–2250 �C,
invariable compos., ?),
Mo2±xB (\*2140–2295 �C,
incongruent melt. point,

The solid solubility of B in Mo
is *1.0–1.75 at.% at 2000–2200 �C,
*0.5–0.6 at.% at 1400–1600 �C
and *0.04 at.% at 1100–1200 �C. The
max. solid solubility of Mo in B is *1
at.% (at 1895–1945 �C). Direct
interaction between Mo and B at
1100–1800 �C in vacuum or inert gas
atmosphere results in the formation of the
borides with lower B content. The contact
interaction between Mo and a-MoB1±x

leads to the formation of Mo2±xB (at
1400–1600 �C), between Mo and
Mo2B5–x—to the formation of Mo2±xB
(at 1300–1800 �C) and MoB1±x (at
1900 �C). For diffusion rate in the system
at various temp. see Addendum.

[5, 14, 17–
19, 21, 33–
34, 47, 128–
134, 231,
251]
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Table 7.4 (continued)

System Type of phase diagram
(constituent phases,
temperatures and
compositions of
transformations)

Character of interaction References

homog. range—*65–67
at.% Mo at 2150–2210 �C
and 66–67 at.% Mo at
1400–2000 �C), Mo
Eutectic Mo2B5–x–b-B
(*1895–1945 �C, *2–10
at.% Mo)
Eutectic MoB*12–b-B
(*2030–2040 �C, ?)
Eutectic Mo2±xB–Mo
(*2165–2215 �C, *76–78
at.% Mo)
Data on the system
available in literature are
controversial.

Mo–Al Al, MoAl12 (\680–700 �C,
incongruent melt. point,
invariable compos.),
MoAl6±x (\705–735 �C,
incongruent melt. point,
homog. range—*13.5–14.5
at.% Mo, ?), MoAl5
(from [700 �C (?) to
735–795 �C, incongruent
melt. point, invariable
compos.), Mo5Al22

(\820–980 �C, incongruent
melt. point, invariable
compos.), Mo4Al17

(\900–1060 �C,
incongruent melt. point,
invariable compos.), MoAl4
(from \750 �C (?) to
1110–1150 �C, incongruent
melt. point, invariable com-
pos.),MoAl3–x (orMo3Al8±x,
\*1545–1605 �C,
congruent melt. point
corresp. to *MoAl2.3,
homog. range—*25–31
at.% Mo), MoAl2–x (or
Mo37Al63±x, from
1480–1500 to 1560–1580 �C,
incongruent melt. point,
homog. range—*36.5–37.5

The solid solubility of Mo in Al is 0.07
at.% at 660 �C, 0.06 at.% at 640 �C, 0.05
at.% at 550 �C, 0.045 at.% at 500 �C,
0.04 at.% at 450 �C and 0.02 at.% at
400 �C. The max. solid solubility of Al in
Mo is B19.5 at.% at 2050–2250 �C; at
higher and lower temp. the solid solubility
of Al in Mo declines considerably. The
interaction between Mo and Al initiates
from 650 �C; it is characterized by the
great exothermic heat effect and relates to
the SHS type (see special notes for the
C–Ti system). The corrosion resistance of
Mo to liquid Al is low.

[5, 14, 17–
18, 47,
135–137,
321]
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482 7 Molybdenum



Table 7.4 (continued)

System Type of phase diagram
(constituent phases,
temperatures and
compositions of
transformations)

Character of interaction References

at.% Mo), Mo2Al3
(*1450–1500 �C, ?),
MoAl1±x (from
*1455–1475 �C to
*1720–1765 �C,
congruent (?) melt. point
corresp. to *MoAl1.0 (?),
homog. range—*48–54
at.% Mo), Mo3±xAl
(\2050–2250 �C,
incongruent melt. point
corresp. to *Mo3.0Al,
homog. range—*73–78.5
at.% Mo), Mo
Extended solid solution
based on Mo (up to *19.5
at.% Al at 2050–2250 �C)
Peritectic Al (*660 �C,
0.03 at.% Mo)
Eutectic MoAl2–x–MoAl3–x

(*1510–1545 �C, *31–38
at.% Mo)
Eutectic Mo3±xAl–MoAl1±x

(*1720 �C, *63 at.%
Mo, ?)
Eutectic Mo3±xAl–MoAl2–x

(*1760 �C, ?)
Data on the system
available in literature are
controversial.

Mo–Ga Ga, Mo8Ga41 (\830–
840 �C, incongruent melt.
point, invariable compos.),
Mo6Ga31 (\670–720 �C,
invariable compos.), MoGa2

(\*800–830 �C, invari-
able compos.), MoGa
(\*800–830 �C,
invariable compos.),
Mo3±xGa (\1800–1840 �C,
incongruent melt. point,
homog. range—*74–76
at.% Mo), Mo

The max. solid solubility of Ga in Mo
is *15 at.% (1800–1840 �C); at lower
temp. it declines considerably—up to 10.3
at.% at 1700 �C and 1.75 at.% at
1275 �C. The resistance of Mo to
corrosion in liquid Ga is high at temp.
\300–400 �C, limited—at 400–450 �C
and poor—at temp. [450 �C.

[5, 15, 47,
138]

(continued)
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Table 7.4 (continued)

System Type of phase diagram
(constituent phases,
temperatures and
compositions of
transformations)

Character of interaction References

Mo–In In, no binary compounds,
Mo

The solubility of Mo in liquid In (under
gas pressure – 0.1 MPa) is 14.0 at.%
at *2100 �C, 0.036 at.% at 725 �C
and *10-7 at.% at the melt. point of In
(157 �C).

[16, 18, 47,
139, 284]

Mo–Tl a-Tl, b-Tl, no binary
compounds, Mo

No interaction. [18, 47]

Group 14
Mo–C See C–Mo in Table 2.13.
Mo–Si Si, a-MoSi2 (\1900 �C,

invariable compos.),
b-MoSi2 (from 1850–1900
to 2020 �C, congruent melt.
point, invariable compos., ?),
Mo5Si3±x (or Mo3Si2–x,
\2170–2180 �C, congruent
melt. point corresp. to
*MoSi0.6, homog. range
—60–63 at.% Mo), Mo3Si
(\2025–2065 �C,
incongruent melt. point,
invariable compos.), Mo

The max. solid solubility of Si in Mo
amounts to *3.5–9.0 at.% (?) at
2025–2070 �C; at lower temp. the
solubility of Si declines—up to \3.35
at.% at 1820 �C, *2.5 at.% at
1425 �C, *1.1 at.% at 1370 �C and
*0.7 at.% at 1315 �C. The solid
solubility of Mo in Si is extremely low.
The resistance of Mo to corrosion and
erosion in molten Si is poor. Mo silicides
are synthesized directly from the elements
in vacuum or inert gas atmosphere at
1100–1500 �C. At 1190–1715 �C the
contact interaction between Mo and
a-MoSi2 compact bodies results in the
formation of Mo5Si3±x and Mo3Si. For
diffusion rate in the system at various
temp. see Addendum.

[5, 14, 16,
18, 21,
140, 204–
207, 323–
324]

Eutectic a-MoSi2–Si
(1400–1405 �C, 1.7–2.0
at.% Mo)
Eutectic b-MoSi2 (or
a-MoSi2, ?)–Mo5Si3±x

(1900–1925 �C, 46–55 at.%
Mo)
Eutectic Mo5Si3±x–Mo3Si
(2020–2065 �C, 73.6 at.%
Mo)
Data on the system
available in literature are
controversial.
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Table 7.4 (continued)

System Type of phase diagram
(constituent phases,
temperatures and
compositions of
transformations)

Character of interaction References

Mo–Ge Ge, a-MoGe2

(\*1065–1100 �C,
incongruent melt. point,
invariable compos.),
b-MoGe2 (?), Mo13Ge23±x

(or Mo2Ge3+x, \1520 �C,
incongruent melt. point,
homog. range—36–37 at.%
Mo), Mo3Ge2 (?), Mo5Ge3

(\1730 �C, incongruent
melt. point, invariable
compos.), Mo3Ge
(\1800 �C, incongruent
melt. point, invariable
compos.), Mo

The solid solubility of Mo in Ge is
negligible; max. solid solubility of Ge in
Mo is *5.0–5.5 at.% at 1800 �C, and at
lower and higher temp. it declines
considerably. Mo germanides are
synthesized from the powdered
compositions of elements in sealed quartz
ampules.

[5, 14, 15,
141–143]

Eutectic (degenerated)
a-MoGe2–Ge (935 �C, ?)

Mo–Sn a-Sn, b-Sn, MoSn2

(\700–900 �C, incongruent
melt. point, invariable
compos.), MoSn1±x (or
Mo2Sn3–x, or Mo3Sn2+x,
\1100–1300 �C,
incongruent melt. point,
homog. range—48.5–56
at.% Mo), Mo3Sn
(\300 �C, invariable
compos.), Mo

At 1450 �C the solubility of Mo in liquid
Sn is 5 9 10-3 at.%.

[5, 16, 18,
47, 141,
144]

Mo–Pb Pb, no binary compounds,
Mo

The solubility of Mo in liquid Pb is
*10-4 at.% at 880–1010 �C and
*10-2–10-3 at.% at 1200–1750 �C. At
600–1100 �C Mo is highly resistant to
corrosion and erosion in molten Pb. No
evidence of Mo corrosion was revealed
after 500 h exposure testing in Pb at
760–1095 �C. Long-term strength of Mo
at 870–980 �C in liquid Pb is higher than
in He atmosphere.

[5, 16, 18,
47]

Eutectic (degenerated)
Pb–Mo (*328 �C, ?)

(continued)
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Table 7.4 (continued)

System Type of phase diagram
(constituent phases,
temperatures and
compositions of
transformations)

Character of interaction References

Group 15
Mo–N N, MoN3 (?), Mo1–xN

(x = 0.18, or MoN1.22,
invariable compos., ?),
d-MoN (\*600–1150 �C,
invariable compos.),
d0-MoN (?), d0 0-MoN (?),
Mo3N2 (\800 �C, ?),
c-Mo2±xN (\*1910–2010
�C, incongruent melt. point
(?), homog. range—
*65–73 at.% Mo),
b-Mo2±xN (from
*400–600 �C to
*850–1000 �C, homog.
range—*65–72 at.% Mo,
?), Mo16N7 (low-temp.
ordered phase, ?), Mo

The max. solid solubility of N in Mo
is *2 at.% (1800–1920 �C). The
solubility of N in Mo is obeyed the rules:
lgx = 3.72 – 7940/T
(in solid Mo at 900–1800 �C),
lgx = 0.5lgp – 0.523 – 4940/T
(in solid Mo at 1600–2400 �C),
lgx = 0.5lgp – 1.46
(in liquid Mo at 2700 �C and
pressures \0.046 MPa),
lgx = 0.5lgp – 1.5
(in liquid Mo at 2650 �C and
pressures \0.066 MPa),
where x is N content, at.%, p is pressure
N2, MPa, and T is temp., K. In general,
the data on solubility of N in Mo available
in literature are controversial. Mo nitrides
are synthesized by the interaction of Mo
with N2 at 1100–1500 �C or with NH3 at
400–720 �C. At N2 pressures B1 Pa Mo
does not react at temp. B2400 �C.

[5, 11, 14,
16, 18, 21–
22, 47,
145–148,
285–288]

Eutectic c-Mo2±xN–Mo
(*1800–1920 �C, 79–81
at.% Mo)

Mo–P P, MoP2 (\*975–1000 �C,
dissociation point,
invariable compos.), MoP
(\*1550–1755 �C (?),
dissociation or melt. point
(?), invariable compos.),
Mo4P3 (from 600–800 to
1700 �C, incongruent melt.
point, invariable compos.),
Mo8P5 (or Mo3P2–x, from
1530–1630 to 1680 �C,
incongruent melt. point,
invariable compos., ?),
Mo2–xP (or Mo1.7P,
*1670–1750 �C, ?), Mo3P
(\*1700 �C, incongruent
melt. point, invariable
compos.), Mo

The max. solubility of P in Mo is *14–16
at.% (?). Mo phosphides are synthesized
from the powdered compositions of
elements in sealed quartz ampules. For
diffusion rate in the system at various
temp. see Addendum.

[5, 14, 16,
18, 47,
149]

Eutectic Mo3P (or Mo2–xP)
–Mo8P5 (*1650 �C, *70
at.% Mo)
Eutectic MoP–Mo
(*1065–1650 �C, *70
at.% Mo, ?)
Data on the system
available in literature are
controversial.
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Table 7.4 (continued)

System Type of phase diagram
(constituent phases,
temperatures and
compositions of
transformations)

Character of interaction References

Mo–As As, MoAs5 (or
Mo0.4As2, \*600 �C,
invariable compos.),
MoAs2 (\1015–1115 �C,
invariable compos.),
Mo2As3 (\1200–1300 �C,
invariable compos.),
Mo3As4 (?), Mo4As5 (?),
MoAs1+x (or Mo49As51, at
least near *700 �C, ?),
MoAs (stabilized by
impurities, ?), Mo5As4

(\1820–1840 �C,
invariable compos.), Mo

Mo arsenides are synthesized from the
powdered compositions of elements in
sealed quartz ampules at 500–600 �C.

[5, 14, 17,
47, 141,
150–151]

Mo–Sb Sb, Mo3Sb7 (\760–800 �C,
incongruent melt. point,
invariable compos.), Mo

Sb is soluble in solid Mo. [16, 47,
141]

Eutectic (degenerated)
Mo3Sb7–Sb (*630 �C,
*10-4 at.% Mo)

Mo–Bi Bi, no binary compounds,
Mo

No interaction. Practically, no mutual
solubilities in the solid state. The
solubility of Mo in liquid Bi is
*0.005–0.030 at.% (?) at 1010–1030 �C
and \0.001–0.003 at.% at 700–800 �C.
The data on the solubility of Mo in Bi
available in literature are controversial. At
600–1430 �C Mo is resistant to corrosion
and erosion in liquid Bi. At 600–1000 �C
Mo parts are suitable for long-term
applications in Bi melts; at 1000 �C the
interaction (damaged) zone is 5–20 lm.

[5, 17, 47,
275]

(continued)
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Table 7.4 (continued)

System Type of phase diagram
(constituent phases,
temperatures and
compositions of
transformations)

Character of interaction References

Group 16
Mo–O O, MoO3 (\775–810 �C,

congruent melt. point,
invariable compos.),
n-Mo9O26 (or n-Mo9O24

(?), from *600 to
*725–770 �C, invariable
compos.), b-Mo9O26 (or
b-Mo9O24 (?), from
*725–770 to
*775–815 �C, congruent
melt. point, invariable
compos.), Mo5O14

(metastable, ?), Mo17O47

(metastable, ?), Mo18O52

(metastable, ?), Mo8O23

(\*775–820 �C,
incongruent melt. point,
invariable compos., ?),
g-Mo4O11 (\*550–
650 �C, invariable
compos.), c-Mo4O11

(from *550–650 �C
to *810–860 �C,
incongruent melt. point,

At 1200–1400 �C the solubility of O in
Mo is obeyed the rule:
lnx = 1.67 – 4870/T,
where x is O content, at.% and T is temp.,
K. At elevated and high temp. the
oxidation process of Mo is affected by the
vaporization of oxide scales. The rate of
Mo oxidation is very sensitive to the
velocity of gas flow. In air at atmospheric
pressure the intensive oxidation of Mo
begins from 300–400 �C. Nanotubes
constructed from MoO3 and MoO2±x

have been prepared.

[5, 14, 16,
18, 23–24,
47, 152–
157, 167,
217, 253]

invariable compos.), Mo2O5

(metastable, ?), MonO3n–m

homologous series of
oxides (n = 4, 5, 8714,
m = 1 and n = 18722,
m = 2, in the range of
25.5–26.7 at.% Mo),
a-MoO2±x (?), b-MoO2±x

(\2125–2325 �C,
incongruent melt. point,
homog. range—*33.0–34
at.% Mo), Mo3O
(metastable, ?), Mo
Miscibility gap in the liquid
state (\33.0–33.3 at.% Mo, ?)
Eutectic MoO3–b-Mo9O26

(*770–780 �C,
*25.3–25.5 at.% Mo)
Eutectic b-MoO2±x–Mo
(*2050–2250 �C)
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Table 7.4 (continued)

System Type of phase diagram
(constituent phases,
temperatures and
compositions of
transformations)

Character of interaction References

Mo–S a-S, b-S, MoS3 (?), Mo2S5

(?), MoS2+x (\1700–
1800 �C, incongruent melt.
point, homog. range—
*31.5–33.3 at.% Mo at
585–715 �C and from
*29.5–30 to 33.3 at.%
Mo at 115 �C), Mo2S3–x

(from *585–715 �C to
*1600–1800 �C, congruent
melt. point (?), homog.
range—*40–41 at.% Mo),
Mo3S4 (metastable, ?), Mo

The max. solubility of S in solid Mo is 3.5
at.% at 1450–1650 �C; it declines
considerably at lower temp.—up to 1.5
at.% at 1100 �C and 0.3 at.% at 600 �C.
MoS2+x and Mo2S3–x are synthesized by
the interaction of Mo powder with S
vapour in sealed quartz ampules at
1000–1200 �C. Nanoparticles with onion-
like fullerene type structure and
nanotubes constructed from MoS2+x have
been prepared. For diffusion rate in the
system at various temp. see Addendum.

[5, 14, 16,
18, 47, 57–
58, 158–
166]

Eutectic Mo2S3–x–MoS2+x

(*1580–1680 �C, *47
at.% Mo)
Eutectic Mo2S3–x–Mo
(*1450–1650 �C, *50–63
at.% Mo)

Mo–Se Se, MoSe3 (?), Mo2Se5 (?),
MoSe2–x (\1100–1200 �C,
homog. range—*33.3–34.5
at.% Mo), Mo3Se4±x (\1300–
1500 �C, homog. range—
*42–45 at.% Mo), Mo

At higher temp. the solubility of Se in Mo
is low (\1–2 at.%); it is negligible and
controlled by crystal lattice defects at
lower temp. (\530 �C). Mo selenides are
synthesized directly from the elements.
Nanotubes constructed from MoSe2–x

have been prepared.

[14, 16, 47,
58, 161,
168–173]

Mo–Te Te, a-MoTe2–x

(\820–880 �C, max. homog.
range—33.3–34.5 at.% Mo at
820 �C), b-MoTe2–x (from
800–820 to 1140–1220 �C,
max. homog. range—
33.4–34.5 at.% Mo
at *990 �C), a-Mo3Te4±x

(?), b-Mo3Te4±x

(\1230–1370 �C, homog.
range—41.7–44.1 at.% Mo at
1140–1370 �C and 42.6–43.5
at.% Mo at lower temp.), Mo
(at higher pressures Te2 the
congruent melt. points of
b-MoTe2–x and b-Mo3Te4±x

—*1500–1600 �C, ?)

The solid solubility of Te in Mo is 0.5–2.0
at.% at 1230–1370 �C. The solubility of
Mo in liquid and solid Te is negligible.
Mo tellurides are synthesized from the
elements at 1000–1100 �C.

[14, 16, 47,
169, 174–
177]

Eutectic b-Mo3Te4±x–
b-MoTe2–x (at higher
pressures Te2, ?)
Eutectic b-Mo3Te4±x–Mo
(at higher pressures Te2, ?)
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Table 7.4 (continued)

System Type of phase diagram
(constituent phases,
temperatures and
compositions of
transformations)

Character of interaction References

Mo–Po a-Po, b-Po, no binary
compounds, Mo

No interaction with Po vapours at
temp. B700 �C.

[16, 18]

No diagram plot
Group 17
Mo–F F, a0-MoF6 (?), a-MoF6

(\17–18 �C, congruent
melt. point, invariable
compos.), Mo4F23 (\33 �C,
congruent melt. point,
invariable compos.),
Mo2F11 (or Mo4F22,
\40 �C, congruent melt.
point, invariable compos.),
a0-MoF5 (?), a-MoF5 (or
Mo4F20, \67 �C, congruent
melt. point, invariable
compos.), Mo2F9 (?), MoF4

(\300 �C, invariable
compos.), a-MoF3

(\1100 �C, invariable
compos.), b-MoF3 (?), Mo

At 60 �C the direct interaction between
Mo and F2 results in the formation of
MoF6. Other Mo fluorides are synthesized
by special chemical reaction pathways.
The data available in literature on the
stability of Mo in F2 are controversial.

[2–3, 5, 14,
18, 47,
275, 289–
290]

Eutectic a0-MoF5–Mo2F11

(8 �C, 15.7 at.% Mo, ?)
Eutectic Mo4F23–Mo2F11

(1 �C, 15.1 at.% Mo)
Eutectic Mo4F23–a-MoF6

(8 �C, 14.5 at.% Mo)
Mo–Cl Cl, MoCl6 (\25 �C,

invariable compos.),
a-MoCl5 (or Mo2Cl10,
\*95–100 �C, invariable
compos.), b-MoCl5 (or
Mo2Cl10, from
*95–100 �C to *195 �C,
melt. point, invariable
compos.), a-MoCl4
(\*80–240 �C (?),
invariable compos.),
b-MoCl4 (from *80–
240 �C to *265–285 �C
(?), incongruent melt. point,
invariable compos.),
b-MoCl3+x (\*280–
290 �C, decompos. point,
invariable compos.),
a-MoCl3–x (\*640–
660 �C, decompos. point,
invariable compos.), MoCl2

At 250–700 �C the direct interaction
between Mo and Cl2 results in the
formation of MoCl5. Other Mo chlorides
are synthesized by special chemical
reaction pathways. Mo is resistant to
corrosion and erosion in Cl2 at temp.
\230 �C.

[2–3, 5,
14–15, 18,
47, 178–
183]
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The data on the selected ternary, quaternary, quasi-binary and quasi-ternary
molybdenum containing systems, which are the most important for the design,
manufacture and application of ultra-high temperature materials, are summarized
in Table 7.5. The composition and temperature stability regions for the main
binary and ternary molybdenum containing high-temperature phases are given in
Tables 7.4 and 7.5 taking into account the spread of numerical magnitudes
available in literature currently.

Table 7.4 (continued)

System Type of phase diagram
(constituent phases,
temperatures and
compositions of
transformations)

Character of interaction References

(or Mo6Cl12, \*940–
960 �C, decompos. point,
cluster compound,
invariable compos.), Mo
Eutectic b-MoCl5–a/b(?)-
MoCl4 (*180–185 �C,
*18 at.% Mo)

Mo–Br Br, MoBr4 (\120–160 �C,
decompos. point, invariable
compos.), MoBr3

(\680–700 �C, decompos.
point, invariable compos.),
MoBr2 (or Mo6Br12,
\1050–1110 �C,
decompos. point, invariable
compos.), Mo

The direct interaction between Mo and
Br2 results in the formation of MoBr3 (at
500 �C), MoBr4 (at 625 �C) and MoBr2

(at 700 �C). Mo is resistant to corrosion in
Br2 vapour at temp. \450 �C.

[2, 3, 5, 14,
17, 47,
178, 184–
186]

Mo–I I, MoI4 (\*20–100 �C (?),
decompos. point, invariable
compos.), MoI3 (\355 �C,
invariable compos.), MoI2

(or Mo6I12, \*850–
1025 �C, decompos. point,
invariable compos.), Mo

Mo iodides are synthesized by the direct
interaction between the elements at
temp. C300 �C. Mo is highly resistant to
corrosion in I2 vapour at temp. B800 �C.

[2, 3, 5, 14,
18, 47,
178]

Mo–At At, MoAt2 (\1050 �C,
decompos. point, invariable
compos.), Mo

– [18, 47,
275]

a The intervals of temperatures and compositions for the melting and invariant equilibria points,
homogeneity ranges and thermal stability regions of constituent phases are given taking into
account the minimal and maximal values (data spread) available in literature
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Table 7.5 Chemical interaction of molybdenum with elements and compounds at high tem-
peratures (selected ternary, quaternary, quasi-binary and quasi-ternary systems in alphabetical
order)a

System Type of phase diagram (temperature and
composition sections, constituent phases or phase
fields) and/or character of interphase interaction
and materials compatibility

References

Mo–Al–B Plotted at 1000 �C: MoAlB (*30–36 at.%
Mo, *31–34.5 at.% B, B1000 �C), Mo9AlB10

(43.5–47 at.% Mo, 48–50 at.% B),
a-Mo(B,Al)1±x (solid solution based on
a-MoB1±x, \5 at.% B), a-AlB12 (\1550 �C),
b-AlB12 (from 1550 to *2075–2150 �C), AlB10

(1660–1850 �C), AlB2 (from *213 �C to
*970–980 �C), MoAl12, MoAl5, Mo5Al22,
Mo4Al17, MoAl4, MoAl3–x, MoAl2–x, Mo2Al3,
Mo3±xAl, MoB4–x, Mo2B5–x, MoB2–x, b-MoB1±x,
Mo3B2, Mo2±xB, b-B, Al, Mo

[17, 18, 245–248]

No solid solutions based on binary compounds
apart from a-Mo(B,Al)1±x. Mo is in equilibrium
with Mo2±xB and Mo3±xAl.

Mo–Al–B–Hf No diagram plot [262–263]
(Hf,Al)9(Mo,Al)4B

Mo–Al–B–N No diagram plot [30]
In vacuum the interaction between metal Mo and
a-BN–AlN equimolar compos. starts from
1500 �C (in powder mixtures—from 1200 �C)
and leads to the formation of Mo2±xB and
a-MoB1±x

Mo–Al–C See C–Al–Mo in Table 2.14.
Mo–Al–C–Ni See C–Al–Mo–Ni in Table 2.14.
Mo–Al–Nb Plotted at 1000 and 1600 �C (partially):

NbMo3Al16 (homog. range—*18–23 at.%
Mo, *1–4 at.% Nb, *75–80 at.% Al at
1000 �C), (Mo,Nb)3±xAl (Mo3±xAl–Nb3+xAl
continuous solid solution), (Nb,Mo)Al3-x

(extended solid solution based on NbAl3-x—up
to *(Nb0.4Mo0.6)Al3-x compos. at 1000 �C,
\1605–1680 �C), r-(Nb,Mo)2±xAl (extended
solid solution based on r-Nb2±xAl—up
to *(Nb0.5Mo0.5)2±xAl compos. at 1000 �C,
\*1860–1940 �C), MoAl12, MoAl6±x,
Mo5Al22, Mo4Al17, MoAl4, MoAl3–x, MoAl2–x,
Mo2Al3, MoAl1±x, Mo3±xAl, Al, (Mo,Nb)

[16–18, 187, 291, 292]

Mo–Al–Ni–W See W–Al–Mo–Ni in Table 3.6.
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Table 7.5 (continued)

System Type of phase diagram (temperature and
composition sections, constituent phases or phase
fields) and/or character of interphase interaction
and materials compatibility

References

Mo–Al–O Plotted at 1400 �C: a-Al2(MoO4)3 (or
a-Al2O3�3MoO3), b-Al2(MoO4)3 (or
b-Al2O3�3MoO3) c-Al2(MoO4)3 (or
c-Al2O3�3MoO3), c-Al2O3–x, a-Al2O3

(\*2030–2055 �C), MoAl12, MoAl6±x,
Mo5Al22, Mo4Al17, MoAl4, MoAl3–x, MoAl2–x,
Mo2Al3, MoAl1±x, MoO3, n-Mo9O26, b-Mo9O26,
Mo8O23, g-Mo4O11, c-Mo4O11, MonO3n–m

homologous series of oxides, b-MoO2±x, O, Al,
Mo

[31, 293–295]

In vacuum the interaction between compact
metal Mo and Al2O3 initiates from 1900 �C; it is
characterized with the increase of porosity in the
metal-oxide contact zone because of the
vaporization of the volatile products of reaction
(Mo oxides).

Mo–As–Ta See Ta–As–Mo in Table 6.4.
Mo–B–C See C–B–Mo in Table 2.14.
Mo–B–C–La See C–B–La–Mo in Table 2.14.
Mo–B–C–N See C–B–Mo–N in Table 2.14.
Mo–B–C–Ni See C–B–Mo–Ni in Table 2.14.
Mo–B–C–Si See C–B–Mo–Si in Table 2.14.
Mo–B–Ce Plotted at 600 and 800 �C: *CeMoB3, CeB6±x

(\2550 �C), CeB4 (\2380 �C), MoB4–x, Mo2B5–x,
MoB2–x, a-MoB1±x, b-MoB1±x, Mo3B2, Mo2±xB,
b-B, a-Ce, b-Ce, c-Ce, d-Ce, Mo

[216, 227, 230]

No solid solutions based on binary and ternary
compounds.

Mo–B–Co Plotted at 800 and 1100 �C: Mo2CoB2,
MoCo2B4, v-MoCo4B, s-Mo2Co21B6 (or
Mo2-xCo21+xB6, x = 0.7), MoCoB, Mo3CoB3,
(Mo,Co)2±xB (solid solution based on Mo2±xB—
up to *(Mo0.9Co0.1)2±xB compos. at 800 �C),
a-(Mo,Co)B1±x (solid solution based on
a-MoB1±x—up to *(Mo0.85Co0.15)B1±x

compos. at 1100 �C), b-(Mo,Co)B1±x (solid
solution based on b-MoB1±x, stabilized by Co at
lower temp., homog. range—*7–12 at.% Co at
800 �C, ?), Co3B (\1125 �C), Co2B (\1280 �C),
CoB (\1460 �C), h-Co9Mo2+x, j-Co3±xMo,
l-Co7Mo6±x, r-Co2Mo3+x, MoB4–x, Mo2B5–x,
MoB2–x, Mo3B2, b-B, e-Co, a-Co, Mo

[21, 25, 32, 262, 264,
296–297]

At 1100 �C the interaction between Mo2B5–x and
Co leads to the formation of MoB1±x and Co3B.
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Table 7.5 (continued)

System Type of phase diagram (temperature and
composition sections, constituent phases or phase
fields) and/or character of interphase interaction
and materials compatibility

References

Mo–B–Cr Plotted at 800–1950 �C: Cr2MoB4,
(Mo1–yCry)2±xB (0.3 B y B 0.7, at least at
1000 �C), Mo0.2470.39Cr1.6171.76B (or MoCr5B3,
?), Mo271.5Cr171.5B2 (or (Mo,Cr)3B2, ?),
b-(Cr,Mo)B1±x (b-MoB1±x–b-CrB1–x continuous
solid solution at higher temp., or extended (very
widely ranged) solid solution based on b-CrB1–x

at lower temp. (up to (Cr0.4Mo0.6)B1±x at
1000 �C), ?), (Cr,Mo)B2±x (extended solid
solution based on CrB2±x), (Cr,Mo)3B4+x

(extended solid solution based on Cr3B4+x),
(Cr,Mo)5B3–x (extended solid solution based on
Cr5B3–x—up to (Cr0.55Mo0.45)5B3–x at 1000 �C),
(Cr,Mo)2±xB (extended solid solution based on
Cr2±xB—up to (Cr0.7Mo0.3)2±xB at 1000 �C),
(Mo,Cr)2±xB (solid solution based on Mo2±xB),
(Mo,Cr)B2–x (solid solution based on MoB2–x, ?),
CrB4 (\1500 �C), MoB4–x, Mo2B5–x, a-MoB1±x,
Mo3B2, b-B, (Mo,Cr)

[5, 21, 188–192, 262]

Eutectic Cr2MoB4–CrB2±x (2120 �C, 6 mol.%
Mo)
Eutectic Cr2MoB4–Mo (1950–1960 �C,
83 mol.% Mo)
The solubility of CrB2±x in Mo is *3 mol.%.
Mo-based binary borides have low solubilities of
Cr, whereas Cr-based binary borides dissolve
considerable amounts of Mo.

Mo–B–Dy Plotted at 1000 �C: DyMoB3, DyMoB4,
Dy3MoB7, *DyMo4B8, DyMo3B7 (?),
(Mo,Dy)B2–x (solid solution based on MoB2–x, ?),
DyB2 (\2100 �C), DyB4 (\2500 �C), DyB6±x

(\2200 �C), DyB12 (\2100 �C), DyB66

(\2025 �C), MoB4–x, Mo2B5–x, a-MoB1±x,
b-MoB1±x, Mo3B2, Mo2±xB, b-B, a-Dy, b-Dy,
Mo

[216, 230, 262]

No solid solutions based on binary and ternary
compounds apart from (Mo,Dy)B2–x stabilized by
Dy.

Mo–B–Er Plotted at 1000 �C: ErMoB4, Er2MoB6,
Er3Mo2B6, ErMo3B7 (?), ErMoB3 (?), Er3Mo3B4

(?), ErB2 (solubility of Mo—up to *5 at.%,
\2185 �C), ErB4 (\2500 �C), ErB12 (\2080 �C),
ErB66 (\2070 �C), MoB4–x, Mo2B5–x, MoB2–x,
a-MoB1±x, b-MoB1±x, Mo3B2, Mo2±xB, b-B,
Er, Mo

[212, 216, 262, 298]

No solid solutions based on binary and ternary
compounds apart from ErB2.
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Table 7.5 (continued)

System Type of phase diagram (temperature and
composition sections, constituent phases or phase
fields) and/or character of interphase interaction
and materials compatibility

References

Mo–B–Fe Plotted at 1000 and 1050 �C: Mo2Fe13B5

(\*1000–1100 �C), Mo2FeB2, Mo2FeB4,
Mo7FeB10 (or Mo4FeB6, ?), Mo0.4Fe2.6B (or
MoFe5B2, ?), Mo1–xFexB (0.82 B x B 0.87, ?),
Mo1+xFe2–xB4 (–0.09 B x B 0.7571.0, or
(Mo,Fe)3B4, or MoFe2B4), (Mo,Fe)2B5–x (solid
solution based on Mo2B5–x, \5 at.% Fe), Fe2B
(\1407 �C), FeB (\1588 �C), k-Fe2Mo,
l-Fe7Mo6–x, MoB4–x, a-MoB1±x, Mo3B2,
Mo2±xB, b-B, a-Fe (d-Fe), c-Fe, Mo

[21, 25–26, 32, 249–250,
262, 266]

No solid solutions based on binary compounds
apart from (Mo,Fe)2B5–x. At 1100 �C the contact
interaction between MoB2–x and Fe results in the
formation of liquid phase. The interaction
between Mo2B5–x and Fe at 1120 �C leads to the
formation of FeB.

Mo–B–Gd Plotted at 1000 �C: GdMoB4, Gd3MoB7, GdB66

(\2150 �C), GdB6±x (\2510 �C), GdB4

(\*2650 �C), Gd2B5 (\2100 �C), GdB2

(\*2050 �C), MoB4–x, Mo2B5–x, a-MoB1±x,
b-MoB1±x, Mo3B2, Mo2±xB, b-B, a-Gd, b-Gd, Mo

[216, 229, 262]

No solid solutions based on ternary and binary
compounds. Gd inhibits a-MoB1±x–b-MoB1±x

solid state phase transformation.
Mo–B–Hf Plotted at 1400 �C: Hf9Mo4B (or Hf9Mo*3B2–x),

MoHf274B172.5 (?), (Hf,Mo)B2±x (extended
solid solution based on HfB2±x—up to
compos. *(Hf0.3Mo0.7)B2±x at 2380 �C,
\3250–3410 �C), (Mo,Hf)B2–x (solid solution
based on MoB2–x—up to compos.
*(Mo0.9270.95Hf0.0570.08)B2–x, from 1500–1600
to 2345–2415 �C), HfB1±x (\2100 �C),
a-HfMo2±x, b-HfMo2±x, MoB4–x, Mo2B5–x,
a-MoB1±x, b-MoB1±x, Mo3B2, Mo2±xB, b-B,
a-Hf, b-Hf, Mo

[5, 19, 21, 27, 38, 51,
209, 233, 251, 252, 262]

MoB2–x–HfB2±x is plotted: peritectic MoB2–x

(2345–2415 �C, 90 mol.% MoB2–x)
HfB2±x–Mo is plotted: eutectic—2045–2095 �C,
84 mol.% Mo; the mutual solubilities of the
components are low

Mo–B–Ho Plotted at 1000 �C: HoMoB3, HoMoB4,
Ho3MoB7, *HoMo4B8, HoMo3B7 (?),
(Mo,Ho)B2–x (solid solution based on MoB2–x, ?),
HoB2 (\2200 �C), HoB4 (\2500 �C), HoB6±x

(\2180 �C), HoB12 (\2100 �C), HoB66

(\2025 �C), MoB4–x, Mo2B5–x, a-MoB1±x,
b-MoB1±x, Mo3B2, Mo2±xB, b-B, a-Ho, b-Ho, Mo

[216, 230, 262]

No solid solutions based on binary compounds
apart from (Mo,Ho)B2–x stabilized by Ho.
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Table 7.5 (continued)

System Type of phase diagram (temperature and
composition sections, constituent phases or phase
fields) and/or character of interphase interaction
and materials compatibility

References

Mo–B–Ir No diagram plot [262, 268]
Mo2IrB2, (Mo,Ir)5B6 (or *Mo2.5Ir2.5B5, or
MoIrB2), (Mo,Ir)B2 (?).

Mo–B–La Plotted at 600 and 800 �C: no ternary
compounds, LaB6±x (\2715 �C), LaB4

(\1800 �C), MoB4–x, Mo2B5–x, MoB2–x,
a-MoB1±x, b-MoB1±x, Mo3B2, Mo2±xB, b-B,
a-La, b-La, c-La, Mo

[5, 21, 216, 227, 228,
230]

No solid solutions based on binary compounds.
At temp. C1000 �C (2–5 h exposure) Mo reacts
with LaB6±x (at temp. C2100 �C the interaction
is very intensive); the products of contact
interaction are LaB4 ? Mo2±xB (1000 �C),
La ? a-MoB1±x (1500 �C) and La ? MoB2–x

(1800 �C).
Mo–B–Lu Plotted at 1000 �C: Lu2–yMo1+yB6, (Lu,Mo)B2

(extended solid solution based on LuB2—up
to *10 at.% Mo, \*2250 �C), LuB66

(\*2100 �C), LuB12 (\*2170 �C), LuB4

(\*2550 �C), MoB4–x, Mo2B5–x, MoB2–x,
a-MoB1±x, b-MoB1±x, Mo2±xB, b-B, Lu, Mo

[214]

Mo–B–Mn Plotted at 800 �C: Mo2MnB2 (or (Mo,Mn)3B2,
homog. range—*36–42 at.% Mo, *18–24 at.%
Mn), Mo2Mn3B10 (or Mo0.3670.45Mn0.6470.55B2),
Mo4MnB5 (or Mo0.7470.84Mn0.1270.26B),
(Mn,Mo)B (extended solid solution based on
MnB—up to *(Mn0.7Mo0.3)B compos.,
\1890 �C), (Mn,Mo)3B4 (solid solution based on
Mn3B4—up to *(Mn0.85Mo0.15)3B4 compos.,
\*1750–1830 �C), (Mn,Mo)2B (solid solution
based on Mn2B—up to *(Mn0.9Mo0.1)2B
compos., \1580 �C), (Mo,Mn)2±xB (solid
solution based on Mo2±xB—up to
*(Mo0.9Mn0.1)2±xB compos.), MnB4 (\*1380–
2160 �C, ?), MnB2 (*1100–1990 �C), Mn4B
(\1120–1285 �C), MoB4–x, Mo2B5–x, MoB2–x,
a-MoB1±x, b-MoB1±x, r-Mn5Mo3–x,
l-Mn5Mo4±x, b-B, a-Mn, b-Mn, c-Mn,
d-Mn, Mo

[267]
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Table 7.5 (continued)

System Type of phase diagram (temperature and
composition sections, constituent phases or phase
fields) and/or character of interphase interaction
and materials compatibility

References

Mo–B–N Plotted at 1200, 1400 and 1600 �C (pressure
Ar—0.1 MPa): no ternary compounds, a-BN
(\3000 �C), MoB4–x, Mo2B5–x, MoB2–x,
a-MoB1±x, b-MoB1±x, Mo3B2, Mo2±xB, N,
b-B, Mo
a-BN is in equilibrium with MoB4–x, Mo2B5–x,
a-MoB1±x and Mo2±xB at 1200 �C; with MoB4–x,
Mo2B5–x and a-MoB1±x at 1400 �C; with MoB4–x,
Mo2B5–x, MoB2–x and a-MoB1±x at 1600 �C. In
vacuum the interaction between Mo and a-BN
initiates from 1400–1600 �C, the products of
contact interaction are Mo2±xB, a-MoB1±x and
slight amounts of Mo2B5–x; at temp. [1700 �C
the reaction takes place also through vapour
phase.

[21, 29, 30, 32]

Mo–B–Nb Plotted at 1400 �C: no ternary compounds,
(Nb,Mo)B2±x (extended solid solution based on
NbB2±x—up to *(Nb0.3Mo0.7)B2±x compos.,
\3000 �C), (Nb,Mo)3B4 (extended solid solution
based on Nb3B4—up to *(Nb0.3Mo0.7)3B4

compos., \2700 �C), (Nb,Mo)B1±x (extended
solid solution based on NbB1±x—up to
*(Nb0.2Mo0.8)B1±x compos.,\*2270–2325 �C),
(Nb,Mo)3B2 (extended solid solution based on
Nb3B2—up to *(Nb0.33Mo0.67)3B2 compos.,
\*1800–2230 �C), (Mo,Nb)2±xB (extended solid
solution based on Mo2±xB—up to
*(Mo0.85Nb0.15)2±xB compos.), a-(Mo,Nb)B1±x,
(solid solution based on a-MoB1±x—up to
*(Mo0.9Nb0.1)B1±x compos.), Nb5B6 (\at least
2200 �C, ?), MoB4–x, Mo2B5–x, MoB2–x,
b-MoB1±x, Mo3B2, b-B, (Nb,Mo)

[21, 32, 193, 194]

The solubilities of Mo in Nb borides is higher
noticeably than those of Nb in Mo borides. In
vacuum the contact interaction between Mo2B5–x

and Nb initiates from 1300 �C and leads to the
formation of Nb3B2, NbB1±x and Nb3B4.

Mo–B–Nb–Si MoSi2–NbB2±x is plotted: eutectic—
*1840–1900 �C, *20 mol.% NbB2±x; no
mutual solubilities between the components

[337]

Mo–B–Nd Plotted at 800 �C: no ternary compounds, Nd2B5

(\*2000 �C), NdB4 (\*2350 �C), NdB6±x

(\2610 �C), NdB66 (\2150 �C), MoB4–x, Mo2B5–x,
MoB2–x, a-MoB1±x, b-MoB1±x, Mo3B2, Mo2±xB,
b-B, a-Nd, b-Nd, Mo

[230, 298]

No solid solutions based on binary compounds.
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Table 7.5 (continued)

System Type of phase diagram (temperature and
composition sections, constituent phases or phase
fields) and/or character of interphase interaction
and materials compatibility

References

Mo–B–Ni Plotted partially at 800–1200 �C: x-Mo2NiB2

(\1800 �C), Mo7–xNi2+yB7+z (0.2 B x B 0.6,
0 B y B 0.4, z & 0.2, Y-phase), Mo3Ni6B11,
Mo2NiB4 (?), Mo3NiB6 (?), Ni3B (\1156 �C),
Ni2B (\1125 �C), a-Ni4B3–x (or o-Ni4B3,
\1025 �C), b-Ni4B3+x (or m-Ni4B3, \1031 �C),
NiB (\1035 �C), b-Ni4+xMo, c-Ni3+xMo,
d-NiMo1–x, MoB4–x, Mo2B5–x, MoB2–x,
a-MoB1±x, b-MoB1±x, Mo2±xB, b-B, Ni, Mo
Eutectic Ni–d-NiMo1–xx–Mo2NiB2

(*1160–1230 �C, *56.5–59 at.%
Ni, *30.5–33 at.% Mo)

[21, 32, 210, 218–222,
262, 265]

Eutectic Ni–Ni3B–x-Mo2NiB2 (*1075–1090 �C,
*71.5–72 at.% Ni, *6–9 at.% Mo)
The mutual solubilities between ternary and
binary phases are low. a-MoB1±x is in
equilibrium with a-Ni4B3–x, b-Ni4B3+x and Ni2B.
Ni stabilizes b-MoB1±x. The interaction between
Mo2B5–x and Ni leads to the formation of
a-MoB1±x and NiB.

Mo–B–O–Zr No diagram plot [21]
In vacuum, at temp. [1100 �C the interaction
between Mo2B5–x and ZrO2 leads to the
formation of Mo borides with lower B content
and ZrB2±x.

Mo–B–Os See Os–B–Mo in Table 5.4.
Mo–B–P Plotted at 800 �C: Mo5PB2, Mo3(P,B) (extended

solid solution based on Mo3P—up to
*Mo3(P0.5B0.5) compos.), Mo(B,P)2–x (extended
solid solution based on MoB2–x—up to
*Mo(B0.85P0.15)2–x compos.), a-Mo(B,P)1±x

(solid solution based on a-MoB1±x—up to
*Mo(B0.9P0.1)1±x compos.), Mo2±x(B,P) (solid
solution based on Mo2±xB—up to
*Mo2±x(B0.9P0.1) compos.), PB14, PB6, a-PB
(\825 �C), b-PB ([825 �C), MoB4–x, Mo2B5–x,
b-MoB1±x, Mo3B2, MoP2, MoP, Mo4P3, Mo8P5,
Mo2–xP, P, b-B, Mo

[211, 299]

The solubilities of Mo in PB6 and PB, and those
of B in MoP2, MoP and Mo4P3 have been
discovered to be low.

Mo–B–Pr Plotted at 600/800 �C: no ternary compounds,
Pr2B5 (or PrBx, x & 2.5–2.6, \*2000 �C), PrB4

(\*2350 �C), PrB6±x (\2610 �C), MoB4–x,
Mo2B5–x, MoB2–x, a-MoB1±x, b-MoB1±x,
Mo3B2, Mo2±xB, b-B, a-Pr, b-Pr, Mo

[230, 298]

No solid solutions based on binary compounds.
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Table 7.5 (continued)

System Type of phase diagram (temperature and
composition sections, constituent phases or phase
fields) and/or character of interphase interaction
and materials compatibility

References

Mo–B–Re See Re–B–Mo in Table 4.6.
Mo–B–Rh No diagram plot.

MoRhB*9

[262]

Mo–B–Ru No diagram plot [262, 268]
MoRu2B4, (Mo,Ru)3B2 (or Mo2RuB2, or
Mo1.5Ru1.5B2), (Mo0.5Ru0.5)B (or MoRuB2),
(Mo,Ru)B2

Mo–B–Si Plotted at 1600 and 1800 �C: Mo5SiB2,
Mo5Si3±xBz (or Mo5+ySi3–yBz, 0 B z B *0.16,
–0.08 B y B 0.04), SiBn (n & 23, \2040 �C),
SiB6 (\1850 �C), SiB3±x (\1270 �C), a-MoSi2,
b-MoSi2, Mo3Si, MoB4–x, Mo2B5–x, MoB2–x,
a-MoB1±x, b-MoB1±x, Mo3B2, Mo2±xB, b-B, Si,
Mo

[195–198, 215, 300–
301]

Mo–B–Si–Ta See Ta–B–Mo–Si in Table 6.4.
Mo–B–Si–Zr No diagram plot [21, 32]

Mo5Si3±x reacts with ZrB2±x at temp. C2000 �C,
and MoSi2—at temp. C1800 �C.

Mo–B–Sm Plotted at 800 �C: no ternary compounds, Sm2B5

(\*2000 �C), SmB4 (\*2400 �C), SmB6±x

(\2580 �C), SmB66 (\2150 �C), MoB4–x, Mo2B5–x,
MoB2–x, a-MoB1±x, b-MoB1±x, Mo3B2, Mo2±xB,
a-Sm, b-Sm, c-Sm, b-B, Mo

[230, 298]

No solid solutions based on binary compounds.
Mo–B–Ta See Ta–B–Mo in Table 6.4.
Mo–B–Tb Plotted at 1000 �C: TbMoB4, Tb3MoB7,

*TbMo4B8, TbMo3B7 (?), (Mo,Tb)B2–x (solid
solution based on MoB2–x, ?), TbB2

(\*2100 �C), TbB4 (\*2600 �C), TbB6±x

(\2340 �C), TbB12 (\2200 �C), TbB66

(\*2100 �C), MoB4–x, Mo2B5–x, a-MoB1±x,
b-MoB1±x, Mo3B2, Mo2±xB, b-B, a-Tb, b-Tb,
Mo

[216, 230, 262]

No solid solutions based on binary compounds
apart from (Mo,Tb)B2–x stabilized by Tb.

Mo–B–Th No diagram plot
ThMoB4

[262, 269]
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Table 7.5 (continued)

System Type of phase diagram (temperature and
composition sections, constituent phases or phase
fields) and/or character of interphase interaction
and materials compatibility

References

Mo–B–Ti Plotted at 1200 �C (partially), 1400 and 1950 �C
(partially): MoTi2B4 (?), MoTiB4 (?), Mo2TiB2

(?), a-MoB1±x (solubility of Ti—up to *5–6
at.% at 1400 �C), b-(Mo,Ti)B1±x (extended solid
solution based on b-MoB1±x, stabilized by Ti at
lower temp., homog. range—*15–30 at.% Ti at
1400 �C, ?), (Ti,Mo)B1–x (extended solid
solution based on TiB1–x—up to *10 at.% Mo at
1400 �C, \*2180–2200 �C), TiB2±x (solubility
of Mo—up to *3.5 at.% at 1400 �C,
\3200–3250 �C), Ti3B4 (\*2200–2205 �C),
MoB4–x, Mo2B5–x, MoB2–x, Mo3B2, Mo2±xB,
b-B, a-Ti, (b-Ti,Mo)

[5, 11, 21, 188, 302, 338]

At 1400 �C the solubilities of Ti in Mo borides
(apart from MoB1±x) are low: for Mo2±xB—B5
at.%, for Mo2B5–x—B4 at.% and for MoB4–x—
B2 at.%.
TiB2±x–Mo is plotted: MoTi2B4 (or MoTiB4

(?), \3050 �C, congruent melt. point, invariable
compos.), Mo2TiB2 (\2680 �C, incongruent
melt. point, invariable compos., ?); TiB2±x–
MoTi2B4 eutectic—2800 �C (?), Mo2TiB2–Mo
eutectic—2000 �C (?), the solubility of TiB2±x in
Mo is \5 mol.% and that of Mo in TiB2±x is
inconsiderable.
In vacuum the interaction between Mo and
TiB2±x initiates from 1300 to 1400 �C (5 h
exposure); the products of contact interaction are
Mo2±xB at 1300 �C, TiB1–x ? Mo2±xB at
1400 �C, TiB1–x ? a-MoB1±x at 1500–2000 �C
and TiB1–x ? b-MoB1±x at 1950–2050 �C.

Mo–B–Tm Plotted at 1000 �C: TmMoB3, TmMo3B7,
Tm2MoB6, (Tm,Mo)B2 (solid solution based on
TmB2 up to compos. (Tm0.95Mo0.05)B2,
\2250 �C), TmB66 (\2100 �C), TmB12

(\2180 �C), TmB4 (\2550 �C), MoB4–x,
Mo2B5–x, MoB2–x, a-MoB1±x, b-MoB1±x,
Mo3B2, Mo2±xB, b-B, Tm, Mo

[20, 213, 216]

No solid solutions based on binary and ternary
compounds apart from a low solubility of Mo in
TmB2.

Mo–B–U Plotted at 1000 �C: UMoB4, U2MoB6, UMo2B6,
UMo4B4, U5Mo10B24 (?), UB12 (\2145 �C), UB4

(\2495 �C), UB2 (\2385 �C), MoB4–x, Mo2B5–x,
MoB2–x, a-MoB1±x, b-MoB1±x, Mo3B2, Mo2±xB,
MoU2±x, b-B, a-U, b-U, c-U, Mo

[262, 270, 303–304]

No solid solutions based on binary and ternary
compounds.
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Table 7.5 (continued)

System Type of phase diagram (temperature and
composition sections, constituent phases or phase
fields) and/or character of interphase interaction
and materials compatibility

References

Mo–B–V Plotted at 1400 �C: no ternary compounds,
(V,Mo)3B2 (extended solid solution based on
V3B2—up to *(V0.25Mo0.75)3B2 compos.,
\*1900–1915 �C), (V,Mo)B (extended solid
solution based on VB—up to *(V0.25Mo0.75)B
compos., \*2550–2570 �C), (V,Mo)3B4

(extended solid solution based on V3B4—up
to *(V0.45Mo0.55)3B4 compos.,
\*2600–2615 �C), (V,Mo)B2±x (extended solid
solution based on VB2±x—up to
*(V0.45Mo0.55)B2±x compos., \2700–2750 �C),
a-(Mo,V)B1±x (extended solid solution based on
a-MoB1±x—up to * (Mo0.85V0.15)B1±x

compos.), (Mo,V)2±xB (solid solution based on
Mo2±xB—up to * (Mo0.9V0.1)2±xB compos.),
V5B6 (\*1725–2560 �C), V2B3

(\*2610–2665 �C), MoB4–x, Mo2B5–x, MoB2–x,
b-MoB1±x, Mo3B2, b-B, (V,Mo)

[262, 305]

The solubilities of Mo in V borides are higher
noticeably than those of V in Mo borides.

Mo–B–W See W–B–Mo in Table 3.6.
Mo–B–Y Plotted at 1000 �C: YMoB4, YMo3B7 (?),

Y3MoB7 (?), (Y,Mo)B2 (solid solution based on
YB2, \2100 �C), YB66 (\2100 �C), YB12

(\2200 �C), YB6±x (\2600 �C), YB4

(\2800 �C), MoB4–x, Mo2B5–x, MoB2–x,
a-MoB1±x, b-MoB1±x, Mo3B2, Mo2±xB, b-B,
a-Y, b-Y, Mo

[20, 216, 227–228, 262]

No solid solutions based on binary and ternary
compounds apart from a low solubility of Mo in
YB2; it dissolves up to 5 at.% Mo.

Mo–B–Yb No diagram plot
Yb2MoB6

[213]
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Table 7.5 (continued)

System Type of phase diagram (temperature and
composition sections, constituent phases or phase
fields) and/or character of interphase interaction
and materials compatibility

References

Mo–B–Zr Plotted at 1200–1950 �C: Mo4Zr9B, MoZr2B4

(?), Mo2ZrB2 (?), *Mo7ZrB16 (?), ZrB2±x

(solubility of Mo is *3 at.% (?) at 1400 �C,
\3220–3265 �C), ZrB12–x (*1695–2290 �C),
MoB4–x, Mo2B5–x, MoB2–x, a-MoB1±x,
b-MoB1±x, Mo3B2, Mo2±xB, ZrMo2±x, b-B,
a-Zr, b-Zr, Mo

[5, 11, 21, 35, 51, 188,
208, 226, 262, 306–308]

ZrB2±x–Mo is plotted: MoZr2B4 (\3000 �C,
congruent melt. point, invariable compos.),
Mo2ZrB2 (\2850 �C, congruent melt. point,
invariable compos.); ZrB2±x–MoZr2B4 eutectic
—2650 �C, Mo2ZrB2–MoZr2B4 eutectic—
*2450 �C, Mo2ZrB2–Mo eutectic—1850 �C,
(or ZrB2±x–Mo eutectic—*2050–2060 �C,
*73 mol.% Mo, ?); the solubility of ZrB2±x in
Mo is \5 mol.% and that of Mo in ZrB2±x is
inconsiderable.
No solid solutions based on binary and ternary
compounds.
Phase diagram data available in literature are
controversial.
In vacuum the interaction between ZrB2±x and
Mo initiates from 1200 �C (5 h exposure) and
leads to the formation of boride solid solution in
the contact zone.

Mo–Be–O No diagram plot
In vacuum the interaction between Mo and BeO
initiates from 1700–1900 �C and leads to the
formation of Mo beryllides; at higher temp. it is
characterized by the vaporization of the volatile
products of reaction.

[5, 11, 31]

Mo–Be–Nb No diagram plot [312]
a/b-(Mo,Nb)Be2 (MoBe2–NbBe2 continuous
solid solution, ?)

Mo–Bi–Pb No diagram plot [5]
Mo is resistant to corrosion in molten Bi–Pb
alloys at temp. B800–1000 �C. At 1095 �C in the
dynamic conditions, the Bi–Pb eutectic alloy (55
at.% Bi) penetrates into sintered Mo intensively.

Mo–Bi–Cd–Pb–Sn No diagram plot [5]
Mo is highly resistant to Wood’s metal
(Bi-26.7Pb-13.3Sn-10Cd) at temp. B600 �C.

Mo–C–Ce See C–Ce–Mo in Table 2.14.
Mo–C–Co See C–Co–Mo in Table 2.14.
Mo–C–Cr See C–Cr–Mo in Table 2.14.
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Table 7.5 (continued)

System Type of phase diagram (temperature and
composition sections, constituent phases or phase
fields) and/or character of interphase interaction
and materials compatibility

References

Mo–C–Cr–Fe See C–Cr–Fe–Mo in Table 2.14.
Mo–C–Cr–Re–Ti See C–Cr–Mo–Re–Ti in Table 2.14.
Mo–C–Cr–Ti See C–Cr–Mo–Ti in Table 2.14.
Mo–C–Fe See C–Fe–Mo in Table 2.14.
Mo–C–Ga See C–Ga–Mo in Table 2.14.
Mo–C–Hf See C–Hf–Mo in Table 2.14.
Mo–C–Hf–Ni See C–Hf–Mo–Ni in Table 2.14.
Mo–C–Hf–Si See C–Hf–Mo–Si in Table 2.14.
Mo–C–Hf–Ti See C–Hf–Mo–Ti in Table 2.14.
Mo–C–Hf–V See C–Hf–Mo–V in Table 2.14.
Mo–C–Ir See C–Ir–Mo in Table 2.14.
Mo–C–Mg–O See C–Mg–Mo–O in Table 2.14.
Mo–C–Mn See C–Mn–Mo in Table 2.14.
Mo–C–N See C–Mo–N in Table 2.14.
Mo–C–N–Ti See C–Mo–N–Ti in Table 2.14.
Mo–C–Nb See C–Mo–Nb in Table 2.14.
Mo–C–Nb–Ta See C–Mo–Nb–Ta in Table 2.14.
Mo–C–Nb–U See C–Mo–Nb–U in Table 2.14.
Mo–C–Nb–Zr See C–Mo–Nb–Zr in Table 2.14.
Mo–C–Ni See C–Mo–Ni in Table 2.14.
Mo–C–O See C–Mo–O in Table 2.14.
Mo–C–O–Zr See C–Mo–O–Zr in Table 2.14.
Mo–C–Os See C–Mo–Os in Table 2.14.
Mo–C–Pt See C–Mo–Pt in Table 2.14.
Mo–C–Pu See C–Mo–Pu in Table 2.14.
Mo–C–Pu–U See C–Mo–Pu–U in Table 2.14.
Mo–C–Re See C–Mo–Re in Table 2.14.
Mo–C–Rh See C–Mo–Rh in Table 2.14.
Mo–C–Ru See C–Mo–Ru in Table 2.14.
Mo–C–Sc See C–Mo–Sc in Table 2.14.
Mo–C–Si See C–Mo–Si in Table 2.14.
Mo–C–Si–Ta See C–Mo–Si–Ta in Table 2.14.
Mo–C–Si–Zr See C–Mo–Si–Zr in Table 2.14.
Mo–C–Ta See C–Mo–Ta in Table 2.14.
Mo–C–Ta–V See C–Mo–Ta–V in Table 2.14.
Mo–C–Tc See C–Mo–Tc in Table 2.14.
Mo–C–Th See C–Mo–Th in Table 2.14.
Mo–C–Ti See C–Mo–Ti in Table 2.14.
Mo–C–U See C–Mo–U in Table 2.14.
Mo–C–U–Zr See C–Mo–U–Zr in Table 2.14.
Mo–C–V See C–Mo–V in Table 2.14.
Mo–C–W See C–Mo–W in Table 2.14.
Mo–C–W–Zr See C–Mo–W–Zr in Table 2.14.
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Table 7.5 (continued)

System Type of phase diagram (temperature and
composition sections, constituent phases or phase
fields) and/or character of interphase interaction
and materials compatibility

References

Mo–C–Zr See C–Mo–Zr in Table 2.14.
Mo–Ca–O Plotted at temp. up to 1100 �C: CaMo6O9,

Ca5Mo18O29, Ca8Mo7O20, *Ca5Mo4O12 (or
Ca1.24Mo1.01O3), *Ca4Mo13O21 (or
CaMo3.2O5.3), CaMoO3 (or CaO�MoO2),
Ca5Mo3O12 (or 5CaO�2MoO2�MoO3), CaMoO4

(or CaO�MoO3), CaO (\2585–2645 �C),
b-MoO2±x, MoO3, O, Ca, Mo

[236, 240–243]

MoO3–CaO is plotted: MoO3, CaMoO4

(\1440–1450 �C), Ca3MoO6 (or 3CaO�MoO3,
1270–1370 �C), CaO; MoO3–CaMoO4

eutectic—*725–730 �C, *81–88 mol.%
MoO3; Ca3MoO6–CaMoO4 eutectic—
1320–1330 �C, 40 mol.% MoO3

Mo–Ce–O No general diagram plot
b-2CeO2�3MoO3 (or b-Ce2Mo3O13),
�Ce2O3��CeO2�3MoO3 (or Ce2Mo3O12.25)

[244]

MoO3–Ce2O3 is partially plotted: MoO3,
a-Ce2O3�4MoO3 (or a-Ce2Mo4O15, \673 �C),
b-Ce2O3�4MoO3 (or b-Ce2Mo4O15, 673–802 �C),
Ce2O3�3MoO3 (or Ce2(MoO4)3, \1035 �C);
MoO3–b-Ce2Mo4O15 eutectic—682 �C,
86 mol.% MoO3

Mo–Co–N No diagram plot [28, 309]
Mo3Co7N4, Mo3Co2N, Mo8Co2N9 (or
Mo0.8Co0.2N0.9), Mo3Co3N, ?

Mo–Co–Nb Plotted at 900 �C: k3-Co3(Nb,Mo)
(*1000–1240 �C, extended solid solution based
on k3-Co3Nb), k2(a)-Co2(Nb,Mo)1±x

(\*1200 �C, extended solid solution based on
k2(a)-Co2Nb1±x), k2(b)-Co2Nb1±x (from 1200
to *1480–1520 �C), v-Co7Nb2±x (\1050 �C),
k1-Co5Nb3–x (*1200–1420 �C), l-CoNb1±x

(\1480 �C), j-Co3(Mo,Nb)1±x (extended solid
solution based on j-Co3Mo1±x), l-Co7(Mo,Nb)6±x

(extended solid solution based on l-Co7Mo6±x),
h-Co9Mo2+x, r-Co2Mo3+x, e-Co, a-Co, (Mo,Nb)

[15, 18, 37]

Mo–Co–Ta See Ta–Co–Mo in Table 6.4.
Mo–Co–W See W–Co–Mo in Table 3.6.
Mo–Cr–N Plotted at 1000 �C (pressure N2 B 30 MPa):

(Mo,Cr)N1–x (c-Mo2±xN–CrN1–x continuous
solid solution, \*1050–2010 �C), (Cr,Mo)2+xN
(extended solid solution based on Cr2+xN—up to
compos. *(Cr0.3Mo0.7)2+xN, \1740–1800 �C),
CrN2 (\*700 �C), N, (Mo,Cr)

[28]

(continued)

504 7 Molybdenum

http://dx.doi.org/10.1007/978-94-007-7587-9_2
http://dx.doi.org/10.1007/978-94-007-7587-9_6
http://dx.doi.org/10.1007/978-94-007-7587-9_3


Table 7.5 (continued)

System Type of phase diagram (temperature and
composition sections, constituent phases or phase
fields) and/or character of interphase interaction
and materials compatibility

References

Mo–Cr–Nb Plotted at 1350 and 1500 �C: Mo–Nb–Cr
continuous solid solution based on Mo–Nb and
Mo–Cr continuous solid solutions (miscibility
gap is adjoined to Nb–Cr side and located around
the intermetallic phase field), k2-(Nb,Mo)Cr2±x

(extended solid solution based on NbCr2±x with
compos.—up to 15 at.% Mo, \1585–1625 �C),
k1-(Nb,Mo)Cr2±x (from 1585–1625 �C to
*1670–1820 �C), (Mo,Nb,Cr)

[45, 199]

Mo–Cr–Si–Ta See Ta–Cr–Mo–Si in Table 6.4.
Mo–Cr–Si–W See W–Cr–Mo–Si in Table 3.6.
Mo–Cr–Ta See Ta–Cr–Mo in Table 6.4.
Mo–Cr–W See W–Cr–Mo in Table 3.6.
Mo–Cu–Nb Plotted at 1900 and 2100 �C: no ternary

compounds, miscibility gap in the liquid state,
Cu, (Nb,Mo)

[313]

Mo–Fe–N Plotted partially at 125–450 �C: Mo3Fe7N4,
g-Mo3Fe3N, Mo7Fe6N2, Mo13Fe7N4 (or
Mo3.25Fe1.75N), n-Fe2±xN (\500 �C), e-(Fe,N),
c0-Fe4+xN (\680 �C), Fe8N, d-MoN, Mo3N2,
c-Mo2±xN, b-Mo2±xN, k-Fe2Mo, q-Fe3Mo2–x,
l-Fe7Mo6–x, r-FeMo1±x, N, a-Fe, c-Fe, Mo

[28, 310]

Mo–Fe–Nb Plotted at 900 �C: Fe2(Mo,Nb) (k-Fe2Mo–
e-Fe2±xNb Laves phase continuous solid
solution, \*900–1665 �C), l-Fe7(Nb,Mo)6+x

(extended solid solution based on l-Fe7Nb6+x,
\*1620–1690 �C), l-Fe7(Mo,Nb)6–x (extended
solid solution based on l-Fe7Mo6–x), q-Fe3Mo2–x,
r-FeMo1±x, a-Fe, c-Fe, (Mo,Nb)

[15, 18, 37, 60]

Mo–Fe–Ta See Ta–Fe–Mo in Table 6.4.
Mo–Fe–W See W–Fe–Mo in Table 3.6.
Mo–H–Ta See Ta–H–Mo in Table 6.4.
Mo–Hf–N Plotted at 900–1900 �C: (Hf,Mo)yNz (pressure

N2 – 3 MPa, ?), (Hf,Mo)N1±x (solid solution based
on HfN1±x, homog. range: *(Hf0.95Mo0.05)N0.95

*(Hf0.95Mo0.05)N0.65–*HfN0.7– *HfN1.0,
\*3200 �C), a-HfMo2±x, b-HfMo2±x, N,
a-Hf, b-Hf, Mo

[21, 28, 36, 225]

HfN1±x–Mo is plotted: eutectic—
*2360–2470 �C, *82–97 mol.% Mo; at the
eutectic temp. the solid solubility of Mo in
HfN1±x is *3–15 mol.% (?) and that of HfN1±x

in Mo is 0.4 mol.%
Some data on the system available in literature
are controversial.
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Table 7.5 (continued)

System Type of phase diagram (temperature and
composition sections, constituent phases or phase
fields) and/or character of interphase interaction
and materials compatibility

References

Mo–Hf–Nb Plotted at 1500 and 1800 �C: no ternary
compounds, a-HfMo2±x, b-HfMo2±x,
(a-Hf,Nb,Mo) (extended solid solution based on
a-Hf), (b-Hf,Nb,Mo) (extended solid solution
based on Mo–Nb and b-Hf–Nb continuous solid
solutions with extended miscibility gap adjoined
to Hf–Mo side)

[314]

Mo–Hf–O–Re See Re–Hf–Mo–O in Table 4.6.
Mo–K–Na No diagram plot

Mo is highly resistant to corrosion in Na–K
alloys at temp. B1000 �C.

[5]

Mo–Mg–O Mo–MoO3–MgO is schematically plotted at
830–1130 �C: MgO�MoO3 (or MgMoO4),
2MgO�3MoO3 (or Mg2Mo3O8), b-MoO2±x, MgO
(\2805–2860 �C), MoO3, Mo

[5, 11, 31, 238–239]

MoO3–MgO is partially plotted: MoO3,
b-MgO�2MoO3 (or b-MgMo2O7, \840 �C),
a-MgO�2MoO3 (or a-MgMo2O7, 840–860 �C),
MgO�MoO3 (or MgMoO4, \*1300 �C), MgO;
MoO3–b-MgMo2O7 eutectic—750 �C, 85 mol.%
MoO3

In vacuum the interaction between Mo and MgO
initiates from 1600–2000 �C; these components
are compatible with each other at temp. B2100 �C.

Mo–Mg–Pu No diagram plot [5]
At 1150 �C Mo is resistant to corrosion in molten
Mg–Pu alloys.

Mo–Mg–U No diagram plot [5]
At 1150 �C Mo is resistant to corrosion in molten
Mg–U alloys.

Mo–N–Nb Plotted at 1100 �C (pressure N2 B 30 MPa):
NbMoN1–x (Z-phase), c-(Mo,Nb)2±xN (extended
solid solution based on c-Mo2±xN—up to
compos. *(Mo0.7Nb0.3)2±xN), b-Nb2±xN
(\*2350–2430 �C), Nb4N3+x (\2200 �C),
e-NbN1±x (\*1310–1360 �C), d-NbN1±x

(*1310–2200 �C), N, (Mo,Nb)

[28]

The solubility of Mo in Nb nitrides is low. At
2000 �C (pressure N2 – 0.1 MPa) c-Mo2±xN
dissolves inconsiderable amount of Nb.

Mo–N–Ni No diagram plot
Mo3Ni7N4, Mo3Ni2N, ?

[28]

Mo–N–Re See Re–Mo–N in Table 3.6.
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Table 7.5 (continued)

System Type of phase diagram (temperature and
composition sections, constituent phases or phase
fields) and/or character of interphase interaction
and materials compatibility

References

Mo–N–Si Plotted at 1000 and 1400 �C (under Ar pressure):
a-MoSi2, Mo5Si3±x, Mo3Si, Si3N4 (\*1900 �C),
N, Si, Mo

[29, 59]

Mo5Si3±x and a-MoSi2 are in equilibrium with
Si3N4

Mo–N–Ta See Ta–Mo–N in Table 6.4.
Mo–N–Ti Plotted at 900–1900 �C: d-(Ti,Mo)N1±x (extended

solid solution based on d-TiN1±x, homog. range:
*(Ti0.8Mo0.2)N0.8–*(Ti0.9Mo0.1)N0.6 –
*TiN0.65 –*TiN1.0, \3290 �C), e-Ti2±xN
(\1100 �C), d0-TiN1–x (\800 �C), N, a-Ti,
(Mo,b-Ti)

[5, 11, 21, 32, 224]

TiN1±x–Mo is plotted: eutectic—*2350 �C,
*94–95 mol.% Mo; at the eutectic temp. the
solid solubility of Mo in TiN1±x is *3 mol.%
and that of TiN1±x in Mo is *1.5 mol.%
In vacuum the interaction between TiN1±x and
bulk metal Mo initiates from 2000 �C (2–5 h
exposure); at 2100 �C (5 h exposure) the contact
reaction is noticeable, the products of the contact
reaction are Mo–N solid solutions.

Mo–N–U Plotted at 1200 �C: a-U2N3+x (\1132 �C),
b-U2N3–x (from 940–1100 to 1352 �C), UN1–x

(\2810–2885 �C), N, a-U, b-U, c-U, Mo

[5, 21, 28, 32, 261]

UN1–x–Mo is plotted: eutectic—*2400 �C,
*75 mol.% Mo; the mutual solid solubilities of
the components are low
Mo is in equilibrium with U nitrides (UN1–x,
b-U2N3–x) in the wide range of temp. In vacuum,
at 1000 �C the interaction between UN1–x and Mo
is weak and the dimension of interaction contact
zone amounts to 4 lm (500 h exposure); at
2000 �C— no interaction in N2 atmosphere, but in
vacuum the product of interaction—metal U.

Mo–N–V Plotted at 1100 �C (pressure N2 B30 MPa):
(Mo,V)N1–x (c-Mo2±xN–d-VN1–x continuous
solid solution, \*2010–2340 �C), (V,Mo)2+xN
(solid solution based on b-V2+xN, \2000 �C),
d0-VN1–x (or d0-V32N26, \520 �C), N, (Mo,V)

[28]

Mo–N–W See W–Mo–N in Table 3.6.
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Table 7.5 (continued)

System Type of phase diagram (temperature and
composition sections, constituent phases or phase
fields) and/or character of interphase interaction
and materials compatibility

References

Mo–N–Zr Plotted at 900–1900 �C: (Zr,Mo)N1±x (solid
solution based on ZrN1±x, homog. range:
*(Zr0.95Mo0.05)N0.95–*(Zr0.95Mo0.05)N0.65–
*ZrN0.65–*ZrN1.0, \2930–3030 �C), ZrMo2±x,
N, a-Zr, b-Zr, Mo
ZrN1±x– Mo is plotted schematically:
eutectic—*2400 �C, *96–97 mol.% Mo;
at the eutectic temp. the solid solubility of Mo
in ZrN1±x is *3 mol.% and that of ZrN1±x

in Mo is *0.7 mol.%

[5, 11, 21, 32, 223–224]

In vacuum, the interaction between ZrN1±x and
compact metal Mo initiates from 2000–2100 �C
(5 h exposure) and leads to the formation of N
solid solution in Mo.

Mo–Nb–Ni Plotted at 900 �C: Ni3±x(Nb,Mo) (c-Ni3+xMo–
j-Ni3±xNb continuous solid solution,
\*905–1400 �C), l-Ni6(Nb,Mo)7–x (extended
solid solution based on l-Ni6Nb7–x, \1290 �C),
f-Ni8±xNb (\535 �C), b-Ni4+xMo, d-NiMo1–x,
Ni, (Nb,Mo)

[16, 18, 37]

Mo–Nb–O Plotted partially at 1000–1500 �C: NbO
(\1945 �C), NbO2 (\1915 �C), Nb2O5

(\1510 �C), MoO3, n-Mo9O26, b-Mo9O26,
Mo8O23, g-Mo4O11, c-Mo4O11, b-MoO2±x,
(Nb,Mo)

[16, 18, 41]

Mo–Nb–P Plotted partially at 800 �C: no ternary
compounds, (Mo,Nb)3P (extended solid solution
based on Mo3P—up to *(Mo0.6Nb0.4)3P
compos.), (Nb,Mo)3P (extended solid solution
based on Nb3P—up to *(Nb0.55Mo0.45)3P
compos.), NbP2 (\*1730 �C), Nb8P5, Nb5P3,
Nb7P4, Nb2P, MoP2, MoP, Mo4P3, Mo8P5,
Mo2–xP, P, (Nb,Mo)
No solid solutions based on binary compounds
apart from Mo3P and Nb3P.

[315]

Mo–Nb–Re See Re–Mo–Nb in Table 4.6.
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Table 7.5 (continued)

System Type of phase diagram (temperature and
composition sections, constituent phases or phase
fields) and/or character of interphase interaction
and materials compatibility

References

Mo–Nb–Si Plotted at 800–1800 �C: a-(Mo,Nb)Si2 (extended
solid solution based on a-MoSi2—up to
(Mo0.8570.95Nb0.0570.15)Si2), (Nb,Mo)Si2
(extended solid solution based on NbSi2—up to
(Nb0.1070.34Mo0.6670.90)Si2), a-(Nb,Mo)5Si3±x

(Mo5Si3±x—a-Nb5Si3+x continuous solid solution
or extended solid solution based on a-Nb5Si3±x),
b-(Mo,Nb)5Si3±x (Mo5Si3±x–b-Nb5Si3±x

continuous solid solution), (Mo,Nb)3Si (extended
solid solution based on Mo3Si—up to
(Mo0.6970.73Nb0.2770.31)3Si), Nb3Si (from
1755–1785 to 1910–2000 �C), Si, (Nb,Mo).

[16, 18, 21, 39–40, 42,
200–205]

Eutectic a-(Mo,Nb)Si2–(Nb,Mo)Si2–Si
(*1400–1405 �C, 98.1 at.% Si, 1.7 at.% Mo)
MoSi2–NbSi2 is plotted: peritectic NbSi2
(*1960–1970 �C, *85–87 mol.% MoSi2);
compos. *(Mo0.4070.65Nb0.3570.60)Si2 corresp.
to congruent melt. point at *1930–1940 �C
At 1500 �C the interaction between MoSi2 and
Nb leads to the formation of solid solutions:
MoSi2 dissolves *5 at.% Nb.

Mo–Nb–Si–W See W–Mo–Nb–Si in Table 3.6.
Mo–Nb–Ta See Ta–Mo–Nb in Table 6.4.
Mo–Nb–Ti Plotted at 600 and 1100 �C: (Mo,Nb,b-Ti)

(extended solid solution based on Mo–Nb
continuous solid solution at lower temp., or
Mo–Nb–b-Ti continuous solid solution at higher
temp.), b-Ti, a-Ti, (Mo,Nb)

[16, 18, 232]

Mo–Nb–U Plotted at 500–1300 �C: no ternary compounds,
MoU2±x, (c-U,Nb,Mo) (extended solid solution
based on Mo–Nb and c-U–Nb continuous solid
solutions with extended miscibility gap adjoined
to U–Mo side at higher temp., or extended solid
solution based on Mo–Nb continuous solid
solution at lower temp.), (b-U,Nb,Mo) (solid
solution based on Mo–Nb continuous solid
solution), a-U

[316–319, 325]

Mo–Nb–V Plotted at 1800–2450 �C: Mo–Nb–V continuous
solid solution (Mo,Nb,V)

[45]

Mo–Nb–W See W–Mo–Nb in Table 3.6.
Mo–Nb–W–Zr See W–Mo–Nb–Zr in Table 3.6.
Mo–Nb–Zr Plotted in the wide range of temp.: no ternary

compunds, ZrMo2±x, (b-Zr,Mo,Nb) (extended
solid solution based on Mo–Nb and b-Zr–Nb
continuous solid solutions), (a-Zr,Mo,Nb)
(extended solid solution based on a-Zr)

[45, 320]
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Table 7.5 (continued)

System Type of phase diagram (temperature and
composition sections, constituent phases or phase
fields) and/or character of interphase interaction
and materials compatibility

References

Mo–Ni–Re See Re–Mo–Ni in Table 4.6.
Mo–Ni–Ta See Ta–Mo–Ni in Table 6.4.
Mo–Ni–W See W–Mo–Ni in Table 3.6.
Mo–O–Re See Re–Mo–O in Table 4.6.
Mo–O–Si–Zr No diagram plot

At 1700 �C no interaction between a-MoSi2 and
ZrO2.

[32]

Mo–O–Ta See Ta–Mo–O in Table 6.4.
Mo–O–Th No diagram plot

a-Th(MoO4)2, b-Th(MoO4)2

[5, 11, 31]

In vacuum the interaction between Mo and ThO2

initiates from 1900–2200 �C; these components
are compatible with each other at temp. B2300 �C.

Mo–O–U Plotted at 700–750 �C: UMoO5 (\*1085 �C),
UMoO6 (\980 �C), a-UMo2O8 (1000–1040 �C),
b-UMo2O8 (\1000 �C), c-UMo2O8 (?),
UMo7O22, a-U3Mo20O64, b-U3Mo20O64,
c-U3Mo20O64 (or c-U1.5Mo10O32), a-UMo5O16,
b-UMo5O16, U2MoO8, UMo8O26 (or U0.5Mo4O13),
UMo10O32 (or U0.5Mo5O16, \830 �C), U3Mo20O64

(or U0.75Mo5O16), U3Mo26O84 (or U1.5Mo13O42),
U2O7, a-UO3, b-UO3, a-U3O8, b-U3O8, c-U3O8,
U4O9 (\1135 �C), UO2+x (\2780–2840 �C),
MoO3, n-Mo9O26, b-Mo9O26, Mo8O23, g-Mo4O11,
c-Mo4O11, b-MoO2±x, MoU2±x, O, a-U, b-U, c-U,
Mo
MoO3–UO2+x is partially plotted: MoO3,
UMo10O32, a-UMo2O8, b-UMo2O8, UMoO5,
UO2+x; UMo10O32–MoO3 eutectic—780 �C,
*25 at.% Mo
MoO3–UO3 is partially plotted: MoO3, UMoO6,
UO3; UMoO6–MoO3 eutectic—740 �C,
*88 mol.% MoO3

[5, 31, 234, 253–260]

In vacuum, no interaction between Mo and
UO2+x in solid state (10 min exposure).

Mo–O–W See W–Mo–O in Table 3.6.
Mo–O–Y MoO3–Y2O3–x is plotted: MoO3, Y2O3�4MoO3

(or Y2Mo4O15, \830 �C), Y2O3�3MoO3 (or
Y2Mo3O12, \1310–1325 �C), Y2O3�MoO3 (or
Y2MoO6), 2Y2O3�MoO3 (or Y4MoO9),
a-3Y2O3�MoO3 (or a-Y6MoO12), b-3Y2O3�MoO3

(or b-Y6MoO12), a-Y2O3–x (\2325–2350 �C),
b-Y2O3–x (from *2310–2325 �C to *2410–
2460 �C); MoO3–Y2Mo4O15 eutectic—
720–740 �C, *90–93 mol.% MoO3

[5, 31, 235, 237]

Mo and a-Y2O3–x are compatible with each other
at high temp.
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Table 7.5 (continued)

System Type of phase diagram (temperature and
composition sections, constituent phases or phase
fields) and/or character of interphase interaction
and materials compatibility

References

Mo–O–Zr No diagram plot
a0-Zr(MoO4)2, a-Zr(MoO4)2, b-Zr(MoO4)2,?

[5, 11, 31, 311]

In vacuum the interaction between Mo and ZrO2

initiates from 1900–2200 �C and leads to the
formation of volatile Mo oxides and increase of
porosity in the metal-oxide contact zone; these
components are compatible with each other at
temp. B2200 �C. At temp. C2300 �C the
decomposition of c-ZrO2–x is observed.

Mo–Os–Ta See Os–Mo–Ta in Table 5.4.
Mo–Os–W See W–Mo–Os in Table 3.6.
Mo–Re–Si See Re–Mo–Si in Table 4.6.
Mo–Re–Si–W See W–Mo–Re–Si in Table 3.6.
Mo–Re–Ta See Re–Mo–Ta in Table 4.6.
Mo–Re–V See Re–Mo–V in Table 4.6.
Mo–Re–W See W–Mo–Re in Table 3.6.
Mo–Ru–Ta See Ta–Mo–Ru in Table 6.4.
Mo–S–W See W–Mo–S in Table 3.6.
Mo–Si–Ta See Ta–Mo–Si in Table 6.4.
Mo–Si–Ta–Ti See Ta–Mo–Si–Ti in Table 6.4.
Mo–Si–Ta–W See W–Mo–Si–Ta in Table 3.6.
Mo–Si–Ti MoSi2–TiSi2 is plotted: b-(MoyTi1–y)Si2

(0.0770.45 B y B 0.670.85 at 1300 �C,
extended solid solution based on b-MoSi2, ?),
(Ti,Mo)Si2 (solid solution based on TiSi2—up to
compos. (Ti0.970.95Mo0.0570.1)Si2), a-MoSi2 (the
solubility of TiSi2 is inconsiderable); peritectic
b-(MoyTi1–y)Si2 (*1800–1850 �C, *85 mol.%
MoSi2, ?), peritectic (Ti,Mo)Si2
(*1500–1525 �C, *5–10 mol.% MoSi2)

[21, 39–40]

At 900–1300 �C the interaction kinetics between
MoSi2 and compact metal Ti is slow.
Data on the system available in literature are
controversial.

Mo–Si–Ti–W See W–Mo–Si–Ti in Table 3.6.
Mo–Si–V–W See W–Mo–Si–V in Table 3.6.
Mo–Si–W See W–Mo–Si in Table 3.6.
Mo–Ta–Ti See Ta–Mo–Ti in Table 6.4.
Mo–Ta–W See W–Mo–Ta in 3.6.
Mo–Ti–W See W–Mo–Ti in Table 3.6.
Mo–V–W See W–Mo–V in Table 3.6.
Mo–W–Zr See W–Mo–Zr in Table 3.6.

a See notes to Table 7.4
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The character of chemical interaction and general reactions of molybdenum
with common chemicals (solids, liquids, aqueous solutions) and complex gases are
summarized in Table 7.6.

Table 7.6 The interaction of molybdenum with some chemicals and complex gases [5, 11, 14,
23–24, 45, 53]a

Reagent, formula Character of chemical interaction, examples of general reactions

Air,
N2 ? O2

Mo is stable at room temp. in air, the oxidation initiates from 350–500 �C
and leads to the formation of Mo4O11, Mo8O23 and Mo9O26:
8Mo ? 11O2 ? 2Mo4O11;
16Mo ? 23O2 ? 2Mo8O23;
18Mo ? 26O2 ? 2Mo9O26;
at higher temp. MoO3 is formed:
2Mo ? 3O2 ? 2MoO3.
The intensive oxidation of Mo at air begins from 800–850 �C and
leads to a marked loss of material by the vaporization of oxides.

Water,
H2O

At the ambient temp. the interaction is weak, at temp. [400–500 �C
MoO3 is formed:
Mo ? 3H2O ? MoO3 ? 3H2.
Mo is resistant to corrosion in water vapour at temp. \700 �C. At
1100–1700 �C the oxidation of Mo in the presence of water vapour is
severe and accompanied with the more intensive vaporization of
(MoO3)n, which also interacts with the formation of the volatile
products:
MoO3 ? H2O $ MoO2(OH)2,
while the metal is covered by MoO2 scale.

Nitrogen oxides,
NO, NO2

At 400–500 �C the interaction results in the oxidation of Mo:
2Mo ? 6NO ? 2MoO3 ? 3N2,
4Mo ? 6NO2 ? 4MoO3 ? 3N2.

Sulphur dioxide,
SO2

At 700–800 �C the interaction between Mo and SO2 leads to the
formation of Mo oxides and S released:
2Mo ? 3SO2 ? 2MoO3 ? 3S.

Carbon monoxide,
CO

At 200 �C and CO pressures in the range of 20–25 MPa carbonyl
Mo(CO)6 is formed. At lower CO pressures the interaction initiates at
800–1400 �C and leads to the formation of Mo carbides and oxides
(some data available in literature are controversial).

Carbon dioxide,
CO2

The interaction initiates at temp. [1100–1200 �C and leads to the
formation of Mo oxides.

Hydrogen sulfide,
H2S

At temp. 700–1200 �C the interaction between Mo and H2S leads to
the formation of Mo sulfides:
2Mo ? (3 – x)H2S ? Mo2S3–x ? (3 – x)H2.

Hydrocarbons,
CHn

The interaction between Mo and hydrocarbons initiates from
1100–1200 �C and leads to the formation of Mo carbides, at
1400–1600 �C the interaction is very intensive.
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Table 7.6 (continued)

Reagent, formula Character of chemical interaction, examples of general reactions

Ammonia (gas),
NH3

The interaction between Mo and NH3 leads to the formation of
c-Mo2±xN (at 400–1100 �C):
4Mo ? 2NH3 ? 2Mo2N ? 3H2,
and/or d-MoN (at 400–700 �C):
2Mo ? 2NH3 ? 2MoN ? 3H2,
the latter decomposes at temp. [730–750 �C.

Ammonia (aqueous
solution),
NH4OH

No interaction (it initiates only in the presence of H2O2).

Sodium hydroxide,
NaOH

Weak interaction with NaOH in aqueous solution in the presence of
O2 and intensive interaction in the presence of oxidizers; the slow
interaction, which leads to the formation of molybdates, is observed
between molten NaOH and Mo in the presence of O2; the presence of
oxidizers (KNO2, KNO3, KClO3, PbO2 and others) intensifies the
reactions considerably. For reactions, see the next section on
potassium hydroxide, KOH.

Potassium
hydroxide,
KOH

No interaction with KOH in aqueous solution; the slow interaction,
which leads to the formation of molybdates, is observed between
molten KOH and Mo in the presence of O2:
2Mo ? 4(n ? 1)KOH ? 3O2 ? 2K2(n+1)MoOn+4 ? 2(n ? 1)H2O;
and the intensive interaction occurs in the presence of oxidizers
(KNO2, KNO3, KClO3, PbO2 and others):
Mo ? 2nKOH ? 2KNO2 ? K2(n+1)MoOn+4 ? N2 ? nH2O;
Mo ? 2(n ? 1)KOH ? 3KNO3 ? K2(n+1)MoOn+4 ? 3KNO2

? (n ? 1)H2O;
Mo ? 2(n ? 1)KOH ? KClO3 ? K2(n+1)MoOn+4 ? KCl
? (n ? 1)H2O.

Sodium peroxide,
Na2O2

The interaction with molten Na2O2 is intensive:
Mo ? 3Na2O2 ? Na6MoO6.

Potassium nitrate,
KNO3

The interaction with molten KNO3 is intensive.

Nitric acid,
HNO3

At room temp. the interaction is slow, by heating the dissolution of
Mo intensifies considerably.

Sulphuric acid,
H2SO4

No interaction at room temp., slow dissolution while heating.

Hydrochloric acid,
HCl

No interaction at room temp., slow dissolution while heating.

Hydrochloric acid
with nitric acid
(aqua regia),
HCl ? HNO3

The interaction is slow at room temp. and intensifies on heating. For
reactions, see the next section on nitric acid with hydrofluoric acid
HNO3 ? HF.

Nitric acid with
hydrofluoric acid,
HNO3 ? HF

The interaction is intensive:
Mo ? 6HNO3 ? 2HF ? MoO2F2 ? 6NO2 ? 4H2O,
5Mo ? 6HNO3 ? 10HF ? 5MoO2F2 ? 3N2 ? 8H2O,
5Mo ? (16–n)HNO3 ? nHF ? (5–n/2)MoO2(NO3)2 ? n/2MoO2F2

? 3N2 ? 8H2O.
a Etching agents for molybdenum: boiling 1.5 % H2O2 aqueous solution (for grain boundaries
and subboundaries), 10 % NaOH ? 30 % K3[Fe(CN)6] aqueous solution (chemical etching for
dislocation structure), 10 % NaOH aqueous solution (electrochemical etching, 0.75 V), 0.5 %
aqueous solution of oxalic acid (electrochemical etching, 3 V), Murakami’s reagent
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The self-diffusion characteristics of molybdenum atoms, diffusion characteris-
tics in molybdenum—element and molybdenum—chemical compound systems in
the wide range of temperatures, and summarized data on the physico-chemical
interaction of molybdenum with elements of the periodic table are given in
Addendum.
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Chapter 8
Niobium

8.1 Structures

Niobium (or columbium) is the element No. 41 of the periodic table (period—5,
similar to tantalum group—5 (or VB), relates to transition metals) with the ground
state level 6D� and electron configuration 1s22s22p63s23p63d104s24p64d45s1. The
general oxidation states (numbers) of niobium in various chemical compounds are
(–1), (+1), (+2), (+3), (+4) and (+5); the oxidation state (+3) and (+5) are the most
common; the radii of niobium are:

atomic (metallic, CN = 8)—0.143 nm,
atomic (metallic, CN = 12)—0.147 nm,
atomic (covalent)—0.134 nm,
ionic (+3)—0.072 nm (CN = 6),
ionic (+3)—0.079 nm (CN = 8),
ionic (+4)—0.068 nm (CN = 6),
ionic (+5)—0.048 nm (CN = 4),
ionic (+5)—0.064 nm (CN = 6),
ionic (+5)—0.074 nm (CN = 8);

its electronegativity is 1.6 in Pauling scale, or 1.47 in Allred–Rochow scale [1–3,
6–8, 11]. Elemental niobium has body-centred cubic (bcc) metal crystal structure
(space group—Im(-3)m, W type) with lattice parameter a = 0.33007 nm (Z = 2)
at room temperature (minimum interatomic distance—0.28585 nm, CN = 8),
slip plane (110) and slip direction \111[ [64–66].

At room temperature, the XRD density of niobium is 8.578 g cm-3 and rec-
ommended value for the bulk density of common metal parts—8.55–8.60 g cm-3

[4, 6, 11].

I. L. Shabalin, Ultra-High Temperature Materials I,
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8.2 Thermal Properties

The melting point of niobium is one of the highest among the elements of the
periodic table; it is exceeded only by tungsten, rhenium, osmium, tantalum and
molybdenum for metals, and carbon. The general thermodynamic properties of
niobium are summarized in Table 8.1. For the molar heat capacity cp = f(T, K),
J mol-1 K-1, the following relationship is recommended in the range of tem-
peratures from 298 to 2500 K [5]:

Table 8.1 General thermodynamic properties of niobium

Characteristics Symbol Unit Value References

Standard molar entropy
(at 298.15 K and 100 kPa)

S�298 J mol-1 K-1 37.7 ± 0.4 [4]

36.4 [6–7]
36.27 [8–11]

Enthalpy difference H298 – H0 kJ mol-1 5.220 [8]
Standard molar heat capacity
(at 298.15 K and 100 kPa)

c�p,298 J mol-1 K-1 24.60 [4, 7]

24.69 [8]
24.67 [6]

Specific heat capacity (at 298.15 K) c J kg-1 K-1 265 [4, 6–7]
265.75 [11]
260 [35]

Molar enthalpy (heat) of melting
(at the melting point)

DHm kJ mol-1 30.0 [6–8]

29.3 [11]
27.53 [9]
26.8 [4]

Specific enthalpy (heat) of melting
(at the melting point)

kJ kg-1 315 [11]

290 [35–36]
288 [4]

Molar enthalpy (heat) of vaporization
(at the boiling point)

DHv kJ mol-1 690 [6, 11]

683 [8]
680 [4]

Specific enthalpy (heat) of vaporization
(at the boiling point)

kJ kg-1 7320 [4]

7490 [35]
7456 [36]
7426 [11]

Melting point Tm K (�C) 2740 (2470) [4, 6]
2750 (2477) [7–8]
2742 (2469) [9]
2741 (2468) [11, 35–36]

(continued)
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cp ¼ 23:70þ 4:019� 10�3
� �

T ; ð8:1Þ

For the specific heat capacity cp = f(T, K), J kg-1 K-1, the variation with tem-
perature in the range from 0 to 2500 �C is shown in Fig. 8.1 [10, 66]. The equilibrium
vapour pressure of niobium P, Pa, at temperatures 298-2500 K obeys the rule [7]:

lgP ¼ �37818=T � 0:2575lgT þ 13:888; ð8:2Þ

where T is temperature, K. In high vacuum, the rate of niobium vaporization at the
temperatures of 1750, 1960 and 2230 �C approximately amounts to 10-10, 10-8

and 10-6 kg m-2 s-1, respectively [4]. The values of standard molar entropy S�298,
molar cp and specific c heat capacities, enthalpies (heats) of melting and vapori-
zation, molar and specific mass enthalpy differences HT – H298, vapour pressures

Table 8.1 (continued)

Characteristics Symbol Unit Value References

Boiling point Tb K (�C) 5020 (4745) [7–8]
5200 (4925) [35–36]
5115 (4840) [9]
5015 (4740) [11]
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Fig. 8.1 The generalized variation of the specific heat capacity of pure niobium with
temperature (curve—recommended values, arrows—data spread available in the literature)
[10, 66]
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and mass/linear vaporization rates for niobium are given in Addendum in com-
parison with carbon (graphite) and other ultra-high temperature materials
(refractory metals) in the wide ranges of temperatures. At ambient temperatures,
the thermal conductivity of unalloyed niobium k = 45-59 W m-1 K-1 [4, 8–11,
35, 66]; the general character of its variation with temperature [4, 10, 42, 66] is
shown in Fig. 8.2.

At room temperature, the coefficient of linear thermal expansion of pure nio-
bium a = (7.177.4) 9 10-6 K-1 [8–11, 42, 66], while for the interval from 20 to
1700 �C the recommended value is 8.9 9 10-6 K-1 [4]. In the range of temper-
atures from 300 to 1000 �C, the variation of the relative thermal expansion Dl/l0
with temperature is expressed by the equation as follows [66]:

Dl=l0 ¼ 6:892 � 10�6T þ 8:17� 10�10T2 ð8:3Þ

where T denotes the value of temperature, K; for the wider range of temperatures
the variation of the coefficient of linear thermal expansion is presented in Fig. 8.3
[4, 10, 42]. The surface tension of liquid niobium (density 7.83 g cm-3) is
2.0 N m-1 (its temperature coefficient is -0.24 9 10-3 N m-1 K-1) [8].
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Fig. 8.2 Variation of the thermal conductivity of unalloyed niobium with temperature (curve—
recommended values), taking into account data spread (arrows) available in the literature [4, 10,
42, 66]
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In comparison with other ultra-high temperature materials (graphite and refractory
metals), the values of thermal conductivity and thermal expansion of niobium in
the wide range of temperatures are summarized in Addendum.

8.3 Electro-Magnetic and Optical Properties

At room temperature, the specific electrical resistance (resistivity) of pure niobium
q = 146-170 nX m; in the range of temperatures from 13 to 300 K, it varies
approximately from 5 to 150 nX m, and at elevated and ultra-high temperatures,
the resistivity almost obeys the classic metal model (with small deviation from
linearity) and slightly exceeds 0.75 lX m at 2000 �C (Fig. 8.4). In the range of
temperatures from 1500 to 2500 K, the resistivity q, lX m, is described by the
following equation:

lgq ¼ 0:7354lgT � 2:586 ð8:4Þ

where T denotes the value of temperature, K [4]. In the interval 0–100 �C, the
thermal coefficient of resistivity equals 2.63 9 10-3 K-1, and in the interval
20–1730 �C it is 1.94 9 10-3 K-1 (the pressure coefficient is –1.37 9 10-5 MPa-1)
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Fig. 8.3 Variation of the linear thermal expansion of pure niobium with temperature (curve—
recommended values, arrows—data spread available in the literature) [4, 10, 42]
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[4, 8–11, 66]. Together with the temperature growth, relatively minute amounts of
oxygen also increase the resistivity of niobium from 162.5 to 306 nX m with oxygen
content increasing from 0.03 to 0.565 mas.% [10]. At 0 �C, the Hall coefficient of
niobium equals R = 0.88 9 10-10 m3 A-1 s-1 (B = 0.5–2.9 T). Niobium is a
paramagnetic metal with molar magnetic susceptibility vm (SI) = 2.614 9 10-3

cm3 mol-1 at 22 �C [8].
The magnitudes of main optical properties of niobium and their variations with

wavelength k are following [9, 11]:

index of refraction (polycrystalline materials)—2.27 (electrolytic polishing,
k = 0.60 lm) and varies from 1.39 (k = 1.5 lm) to 22.4 (k = 10.0 lm);
index of absorptance (polycrystalline materials)—3.25 (k = 0.60 lm), varies
from 2.99 (k = 0.4 lm) to 44.3 (k = 10.0 lm);
reflective index under normal incidence (polycrystalline materials)—0.505
(k = 0.65 lm) and varies from 0.75 (k = 1.0 lm) to 0.97 (k = 15.0 lm).

In the range of temperatures from 700 to 2300 �C the monochromatic emittance
(spectral emissivity) ek (k = 0.65 lm) of non-oxidized niobium varies from
0.38–0.44 to 0.32–0.36 decreasing with temperature growth, while the integral
emittance eT increases linearly with temperature growth from 0.05 at 100 �C to
0.23–0.28 at 2200–2300 �C [4, 9–10]. The influence of surface smoothness on the
integral emittance eT is shown in Table 8.2 [4]. For the surface of oxidized
niobium, ek varies from 0.79 at 100 �C to 0.52–0.54 at 700–900 �C [10].
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Fig. 8.4 Variation of specific electrical resistance of unalloyed niobium with temperature
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The averaged magnitude of electron work function of pure niobium is *4.0 eV
[4, 9]; for the faces of single crystal with various (hkl)-indices the magnitudes are:
(100)—4.00 eV, (110)—4.80 eV, (111)—3.88 eV, (112)—4.47 eV, (116)—
3.94 eV and (335)—4.52 eV [9]. The approximate Richardson constant (thermo-
electronic emission constant) of niobium is 57 A m-2 K-2 [4]. The recommended
values of electrical resistivity, magnetic susceptibility, integral and spectral
emittances and thermoionic emission characteristics (electron work function and
Richardson constant) for niobium are given in comparison with other ultra-high
temperature elements (carbon and refractory metals) in Addendum.

8.4 Physico-Mechanical Properties

The physico-mechanical characteristics of niobium are extremely sensitive to the
microstructure features, which are highly dependent on metal working (treatment)
as well as metal purity, particularly the content of interstitial elements, such as
oxygen, nitrogen, carbon and hydrogen. Wrought niobium is twice higher in
hardness than the annealed metal [66]. The oxygen content increases the hardness
of niobium from 0.85 GPa (HV) for pure niobium to 1.94 GPa (HV) for niobium
containing about 0.9 at.% oxygen, or 3.90 GPa (HV) for niobium with 3.3 at.%
oxygen [4, 10]. The temperature behaviour of hardness for niobium is very
complicated because of the presence of minimum and maximum points on the
hardness-temperature curve, which are connected with changing the principal
mechanisms of deformation affected by the microstructure modifications [4].

Similar to tantalum, highly purified niobium is deformed easily and charac-
terized by a high ductility at room temperature. The ultimate tensile strength of
unalloyed niobium at room temperature in the main microstructure states comes to
the following values [4, 10–11, 42, 44, 66]:

as-cast metal—0.54–0.59 GPa (yield strength—0.49 GPa, elongation—
10–13 %, reduction in area—20–30 %);
wrought (hardened) metal—0.585 GPa (elongation—5 %);

Table 8.2 The integral emittance of niobium with various surface conditions [34]

Temperature, �C Integral emittance for the surfaces with various smoothness
(height of roughnesses, lm)

0.1–0.125 2–2.5 2.5–3.2 4–5 5–6.3

930 0.140 0.150 0.154 0.160 0.163
1230 0.171 0.180 0.185 0.193 0.196
1530 0.196 0.206 0.210 0.218 0.221
1730 0.209 0.220 0.224 0.232 0.236
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hot-worked metal—0.59–0.69 GPa (yield strength—0.59 GPa, elongation—
20–25 %, reduction in area—25–35 %);
hot-worked and annealed (at 1300 �C in vacuum 0.013 Pa) metal—
0.54–0.59 MPa (elongation—25–30 %);
hot-worked and annealed (at 1600 �C in vacuum 0.013 Pa) metal—
0.49–0.54 MPa (yield strength—0.44–0.49 GPa, elongation—25–30 %,
reduction in area—35–40 %);
annealed (recrystallized) metal—0.195–0.275 GPa (yield strength—0.21 GPa,
elongation—20–50 %, reduction in area—80 %).

The variations of ultimate tensile strength, proportional limit and fracture elon-
gation of pure niobium with temperature are presented in Fig. 8.5 [44].

In the wide range of temperatures from cryogenics to ambient conditions, the
fracture toughness of recrystallized niobium varies slightly and amounts to
37–40 MPa m1/2 [42, 59]. At room temperature, the apparent work of fracture
(impact testing) of hot-worked niobium is about 3.63 MJ m-2, but this character-
istic decreases considerably at cryogenic temperatures—up to 0.98–1.27 MJ m-2 at
-70 �C and 0.20–0.30 MJ m-2 at -196 �C [44]. For highly purified niobium, the
ductile-to-brittle transition temperature is lower than -126 �C, but it increases
sharply with lower purity [66].

The examples of the creep behaviour of wrought niobium are given in Table 8.3
[66]. The fatigue-related properties of niobium are considered in [42].

At room temperature, the main elastic properties of pure polycrystalline nio-
bium have the following numerical values [8, 10–11, 66]:
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Fig. 8.5 Variations of the ultimate tensile strength (rt), proportional limit (rpl) and fracture
elongation (d) for specimen length—31.8 mm of pure annealed niobium with temperature [44]
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Young’s modulus E, GPa 104–110
Coulomb’s (shear) modulus G, GPa 37.5–59.5
Poisson’s ratio m 0.35–0.40
Bulk (compression) modulus K, GPa 170–180
Volume compressibility j, MPa-1 0.56 9 10-5

Longitudinal velocity of sound VS, m s-1 3480–4900
Transversal velocity of sound VT, m s-1 2090–2100
Elastic compliance s11, TPa-1 6.56

s44, TPa-1 35.2
s12, TPa-1 –2.29

Elastic stiffness c11, GPa 245
c44, GPa 28.4
c12, GPa 132

The influence of metal working (treatment) on the Young’s modulus of highly
purified niobium is negligible, but the presence of interstitial impurities affects the
values of elastic characteristics considerably [4].

The magnitudes of physico-mechanical (strength, elasticity) properties of
unalloyed niobium in the wide range of temperatures are summarized in Adden-
dum in comparison with other ultra-high temperature materials (graphite and
refractory metals).

8.5 Nuclear Physical Properties

The isotopes of niobium (standard atomic mass—92.90638 u) from 81Nb to 113Nb,
including metastable states (84m-89mNb, 90m1-5Nb, 91m1-2Nb, 92m1-3Nb,
93m-95mNb, 97m-100mNb, 102mNb and 104mNb), and their general characteristics are
summarized in Table 8.4; the naturally occurring isotopes are listed in order of
decreasing abundance, and unstable artificial (radioactive) isotopes—in order of
decreasing half-life period of decay.

Table 8.3 Creep and creep-rupture behavioura of wrought niobium at various temperatures [66]

Temperature, �C 1 h stress, MPa 10 h stress, MPa 100 h stress, MPa 1000 h stress, MPa

400 – / – / – / – 160 / 276 / 360 / – 83 / 140 / 200 / – 45 / 66 / 107 / –
500 – / – / – / – 186 / 214 / 230 / – 121 / 140 / 160 / – 80 / 93 / 110 / –
700 – / – / – / – – / – / – / – – / 20 / 25 / – – / 17 / 12 / –
870 – / – / – / 62 – / – / – / 55 – / – / – / 48 – / – / – / –
980 – / – / – / 48 – / – / – / 45 – / – / – / 42 – / – / – / –
1200 – / – / – / 35.8 – / – / – / 32 – / – / – / 28 – / – / – / –

a The data are given in the following form: for 0.05 % creep / for 0.1 % creep / for 0.2 % creep /
rupture
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Table 8.4 General characteristics of the isotopes of niobium [7, 9, 37–39]

Isotope Mass, u Abundance,
%

Half-life
period

Decay mode,
excitation (radiation) energy, MeV

93Nba 92.906378 100.00 – –
92Nbb 91.907194 – 3.47 9 107 y b+ (99.95 %), b- (0.05 %)
94Nb 93.907284 – 2.03 9 104 y b-, 0.6; c, 0.726, 0.903, 1.65
91Nb 90.906996 – 680 y K-capture (99.98 %), b+ (0.013 %);

c, 1.22, 0.105
93mNb – – 16.13 y Isomer, c, 0.031
91m1Nb – – 60,86 d Isomer, c, 0.105 (93 %), K-capture

(7 %), b+ (0.0028 %)
95Nb 94.906836 – 34,99 d b-, 0.160; c, 0.745
92m1Nb – – 10,15 d Isomer, b+, 0.135
95mNb – – 3.61 d Isomer, c (94.4 %), 0.235; b- (5.6 %)
96Nb 95.908101 – 23,35 h b-, 0.750 (92 %), 0.37 (8 %); c from

0.22 to 1.19
90Nb 89.911265 – 14,60 h b+, 0.55, 0.87, 1.50; c, 1.75
89Nb 88.913418 – 2,03 h b+; c, 2.9
89mNb – – 1.10 h Isomer, b+

97Nb 96.908099 – 72,1 min b-, 1.267; c, 0.665
98mNb – – 51.3 min Isomer, c, 0.084 (0.1 %); b- (99.9 %)
88Nb 87.91833 – 14,55 min b+

88mNb – – 7.8 min Isomer, b-

87Nb 86.92036 – 3,75 min b+

94mNb – – 6.26 min Isomer, c, 0.041 (99.5 %); b- (0.5 %)
99mNb – – 2.6 min Isomer, c, 0.365 (3.8 %); b- (96.2 %)
87mNb – – 2.6 min Isomer, c, 0.0038; b+

86Nb 85.92504 – 88 s b+

86mNb – – 56 s Isomer, c, 0.250; b+

97mNb – – 52.7 s Isomer, c, 0.743
85Nb 84.92791 – 20.9 s b+

90m2Nb – – 18,8 s Isomer, c, 0.125
99Nb 98.911618 – 15.0 s b-, 3.2
85mNb – – 12 s Isomer, c, 0.759
84Nb 83.93357 (?) – 9.8 s b+ ([99.9 %); b+, p (\0.1 %)
101Nb 100.915252 – 7.1 s b-

104Nb 103.92246 – 4.9 s b- (99.94 %); b-, n (0.06 %)
102mNb – – 4.3 s Isomer, c, 0.130; b-

83Nb 82.93671 – 4.1 s b+

100mNb – – 2.99 s Isomer, c, 0.470; b-

105Nb 104.92394 – 2.95 s b- (98.3 %); b-, n (1.7 %)
98Nb 97.910328 – 2.86 s b-

100Nb 99.914182 – 1.5 s b-

103Nb 102.91914 – 1.5 s b-

102Nb 101.91804 – 1.3 s b-

104mNb – – 0.94 s Isomer, c, 0.220; b- (99.95 %); b-,
n (0.05 %)
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Nuclear physical properties of niobium (isotopic mass range, total number of
isotopes, thermal neutron macroscopic cross sections, moderating ability and
capture resonance integral), compared with other ultra-high temperature elements
(carbon and refractory metals), are given in Addendum.

8.6 Chemical Properties

The comprehensive information on the chemical properties and interaction of
niobium with all the elements of the periodic table is given in Table 8.5. The
niobium containing systems and corresponding binary compounds are described
and considered there in accordance to the groups of elements from 1 to 17.

Table 8.4 (continued)

Isotope Mass, u Abundance,
%

Half-life
period

Decay mode,excitation (radiation)
energy, MeV

106Nb 105.92797 (?) – 0.92 s b- (95.5 %); b-, n (4.5 %)
107Nb 106.93031 (?) – 0.30 s b- (94 %); b-, n (6 %)
108Nb 107.93484 (?) – 0.19 s b- (93.8 %); b-, n (6.2 %)
109Nb 108.93763 (?) – 0.19 s b- (69 %); b-, n (31 %)
110Nb 109.94244 (?) – 0.17 s b- (60 %); b-, n (40 %)
111Nb 110.94565 (?) – 80 ms (?) –
112Nb 111.95083 (?) – 60 ms (?) –
82Nb 81.94313 (?) – 51 ms b+

113Nb 112.95470 (?) – 30 ms (?) –
90m4Nb – – 6,2 ms Isomer, c, 0.382
90m1Nb – – 63 ls Isomer, c, 0.122
92m2Nb – – 5.9 ls Isomer, c, 0.226
91m2Nb – – 3.76 ls Isomer, c, 2.034
90m3Nb – – \1 ls Isomer, c, 0.171
90m5Nb – – 0.47 ls Isomer, c, 1.880
92m3Nb – – 0.17 ls Isomer, c, 2.203
84mNb – – 0.103 ls Isomer, c, 0.338
81Nb 8094903 (?) – \44 ns b+, p; p; b+

a Theoretically capable of spontaneous fission, lightest nuclide so capable
b Longest half-life of all non-primordial radionuclides
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Table 8.5 Chemical interaction of niobium with elements of the periodic table (binary systems
in accordance to the groups of elements)a

System Type of phase diagram
(constituent phases,
temperatures and
compositions of
transformations)

Character of
interaction

References

Group 1
Nb–H H, d-NbH2–x (\at least

250 �C, *48–49 at.% Nb,
?), b-NbH1–x (\*150 �C,
homog. range—*50–60
at.% Nb), c-NbH1–x

(\*-150 �C, homog.
range—*54–55 at.% Nb),
n-NbH1–x (\*–110 �C,
homog. range—
*55.4–56.0 at.% Nb),
m-NbH1–x (\*–70 �C,
homog. range—
*56.2–56.3 at.% Nb),
l-NbH1-x (\ –56 �C,
homog. range—
*56.5–56.6 at.% Nb),
d-NbH1–x (or O-phase,
\*–120 �C, homog.
range—*56.8–56.9 at.%
Nb), k-NbH1–x(orL-NbH1–x,
\*–50 �C, invariable
compos., *58 at.% Nb),
e-NbH1–x (\ –48 �C,
invariable compos., *59
at.% Nb), h-NbH1–x

(\*–(80790) �C, homog.
range—*62–80 at.% Nb),
g-NbH1–x (\ –65 �C,
homog. range—*63–88
at.% Nb), Nb
Extended solid solution
based on Nb (up to *45–46
at.% H at 140–250 �C) with
miscibility gap (critical
point—*170 �C, *77–80
at.% Nb; from *66–68 to
*89–90 at.% Nb at
*80–85 �C)
Data on the system
available in literature are
controversial.

The interaction between Nb
and H is exothermic and
initiates at *250–400 �C.
The solubility of H in Nb
(pressure 0.1 MPa) is 28,
7.4 and 3.2 at.% at 500, 700
and 900 �C, respectively.
The intensive absorption of
H by Nb is observed at
330 �C and 630–830 �C
(two maximum points).
Nb is considerably
affected by brittleness in
H2 atmosphere. For
diffusion rate in the system
at various temp. see
Addendum.

[4, 10, 12–13, 16,
46, 62, 67–72,
304–305, 360–
361]
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Table 8.5 (continued)

System Type of phase diagram
(constituent phases,
temperatures and
compositions of
transformations)

Character of
interaction

References

Nb–D (2H) Plotted partially
Extended solid solution
based on Nb with
miscibility gap (critical
point—177 �C, *75 at.%
Nb; *67–88 at.% Nb at
135 �C)

– [13, 73–74, 378]

Nb–T (3H) Plotted partially
Extended solid solution
based on Nb with
miscibility gap (critical
point—*170 �C, *77
at.% Nb; *66–90 at.% Nb
at *100 �C)

– [67]

Nb–Li a-Li, b-Li, c-Li, no binary
compounds, Nb

No chemical interaction,
practically no miscibility in
the solid and liquid states.
At 500–1000 �C the
solubility of Nb in liquid Li
is *10-3–10-5 at.%. Nb is
resistant to corrosion in
liquid Li and compatible for
long-term applications at
1000 �C.

[4, 14, 75–76]

Nb–Na a-Na, b-Na, no binary
compounds, Nb

No chemical interaction,
practically no miscibility in
the solid and liquid states.
No wettability of Nb by Na
at temp. B150 �C. At
800–1400 �C the solubility
of Nb in liquid Na is
*(172) 9 10-3 at.%; the
solubility is considerably
dependent on the O
contamination of liquid Na,
contaminated Na dissolves
more Nb than highly
purified melt. Nb is
resistant to corrosion in
liquid Na at 600–1000 �C;
at 600 �C the corrosion rate
is B0.025 mm per year.

[4, 14, 16, 77–78]

(continued)
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Table 8.5 (continued)

System Type of phase diagram
(constituent phases,
temperatures and
compositions of
transformations)

Character of
interaction

References

Nb–K K, no binary compounds,
Nb

No chemical interaction,
practically no miscibility in
the solid and liquid states.
At temp. \1200 �C the
solubility of Nb in liquid K
\0.001 at.%; the solubility
increases noticeably in the
case of O contamination.
An increase in O contents
in K from 10-4 to 1.9 at.%
corresponds to increase in
Nb solubility in K from
0.005 to 1.3 at.%. Nb is
resistant to corrosion in
liquid K at 600–1000 �C; at
600 �C the corrosion rate is
\0.025 mm per year.

[4, 14, 16, 43, 79,
306]

Nb–Rb Rb, no binary compounds,
Nb

No chemical interaction,
practically no miscibility in
the solid and liquid states.

[14, 16, 76, 80]

Nb–Cs Cs, no binary compounds,
Nb

No chemical interaction,
practically no miscibility in
the solid and liquid states.
Nb is highly resistant to Cs
melt and vapour (with low
O contamination), good
performance during
6000–8000 h at
1150–1265 �C; the presence
of O ([0.3 at.%) leads
to intercrystalline
(intergranular) corrosion
with depth—up to 0.1 mm.

[4, 16, 76]

Nb–Fr No data – –
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Table 8.5 (continued)

System Type of phase diagram
(constituent phases,
temperatures and
compositions of
transformations)

Character of
interaction

References

Group 2
Nb–Be a-Be, b-Be, NbBe12

(\1665–1675 �C,
incongruent melt. point,
invariable compos.),
Nb2Be17 (from 1415 �C (?)
to 1750–1850 �C,
congruent melt. point,
invariable compos.), NbBe5

(\1485 �C, invariable
compos., ?), NbBe3

(\*1600–1920 �C,
congruent melt. point,
invariable compos.), NbBe2

(\1520–1660 �C,
incongruent melt. point,
invariable compos.),
Nb3Be2 (\*1590–1700 �C,
melt. point (?), invariable
compos.), Nb
Eutectic (degenerated)
NbBe12–b- or a-Be
(*1210–1289 �C, *0.25
at.% Nb, ?)
Eutectic Nb2Be17–NbBe3

(*1590–1650 �C, *15
at.% Nb)
Eutectic Nb3Be2–NbBe2

(*1440–1600 �C, *43–50
at.% Nb)
Eutectic Nb3Be2–Nb
(*1570–1630 �C, *65–70
at.% Nb, ?)
Data on the system available
in the literature are
controversial

At 850–1150 �C, the
solubility of Nb in Be is
*0.015–0.100 at.%. The
max. solid solubility of Be
in Nb is *16 at.% at 1590
�C; it declines with
temperature decreasing—up
to 9 at.% at 700 �C. The
direct interaction between
Nb and Be leads to the
formation of NbBe2 and
NbBe12. For diffusion rate
in the system at various
temp. see Addendum.

[4, 12, 15–16, 81–
85, 396]

Nb–Mg Mg, no binary compounds,
Nb
Data on the system
available in the literature
are controversial

The presence of Mg
decreases Nb melt. point—
up to 2380 �C (?). The
solubility of Mg in Nb is
0.20 at.% at 2380 �C and
0.16 at.% at room temp.,
and that of Nb in Mg is
negligible.

[4, 14, 16]

(continued)
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Table 8.5 (continued)

System Type of phase diagram
(constituent phases,
temperatures and
compositions of
transformations)

Character of
interaction

References

Nb–Ca a-Ca, b-Ca, no binary
compounds, Nb
No diagram plot

No interaction at least at
temp. B870 �C.

[15]

Nb–Sr No data – –
Nb–Ba No data – –
Nb–Ra No data – –
Group 3
Nb–Sc a-Sc, b-Sc, no binary

compounds, Nb
Eutectic b-Sc–Nb
(*1500 �C, 3 at.% Nb)
Some data on the system
available in the literature
are controversial

The max. solid solubility of
Nb in Sc is B0.4 at.% and
that of Sc in Nb is B0.1
at.%; data on mutual
solubilities in the system
available in literature are
controversial. For diffusion
rate in the system at various
temp. see Addendum.

[14, 16, 307–308]

Nb–Y a-Y, b-Y, no binary
compounds, Nb
Eutectic a-Y–Nb (1470 �C,
*5.8–6.0 at.% Nb)
Miscibility gap in the liquid
state (from 46.0–46.1 to
99.5 at.% Nb at *2400 �C)

At 1470 �C, the solid
solubility of Nb in a-Y is
\0.1 at.%. For diffusion
rate in the system at various
temp. see Addendum.

[14, 16 , 32, 86,
309]

Lanthanides
Nb–La a-La, b-La, c-La, no binary

compounds, Nb
Peritectic c-La (*925 �C,
*1 at.% Nb, ?)
Miscibility gap in the liquid
state (from *10–15 to
*97.0–99.8 at.% Nb at
2400 �C)

The presence of Nb
increases La melt. point,
but it does not have an
influence upon the temp. of
b-La–c-La transformation.
At room temp. the solid
solubility of La in Nb is 0.3
at.%.

[14, 16, 55, 87,
310]

Nb–Ce a-Ce, b-Ce, c-Ce, d-Ce, no
binary compounds, Nb
Peritectic d-Ce
(*805–820 �C,
*2 at.% Nb, ?)
Miscibility gap in the liquid
state (from *25–26 to
*98–99 at.% Nb at
*2350–2420 �C)

The presence of Nb
increases Ce melt. point
—up to *805–820 �C and
decreases the temp. of
c-Ce–d-Ce transformation
—up to 700–705 �C. The
solubility of Ce in Nb is
*1 at.% at 2350–2390 �C
and \0.05 at.% at room
temp.

[15–16, 87, 307,
311]
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Table 8.5 (continued)

System Type of phase diagram
(constituent phases,
temperatures and
compositions of
transformations)

Character of
interaction

References

Nb–Pr a-Pr, b-Pr, no binary
compounds, Nb
No diagram plot

The components are mainly
immiscible in the liquid
state.

[14]

Nb–Nd a-Nd, b-Nd, no binary
compounds, Nb
No diagram plot

At the melt. point of Nd, the
solubility of Nb in it is
negligible.

[14, 55]

Nb–Pm No data – –
Nb–Sm a-Sm, b-Sm, c-Sm, no

binary compounds, Nb
Peritectic c-Sm
(*1135–1145 �C, *2
at.% Nb, ?)

The presence of Nb increases
Sm melt. point—up to
*1135–1145 �C and the
temp. of b-Sm–c-Sm
transformation—up to
*925–927 �C. The
solubility of Sm in Nb is
\0.09 at.% at*2460 �C and
\0.05 at.% at *500–750
�C. The solubility of Nb in
a-Sm is\0.01 at.%. In
general, data on mutual
solubilities in the system
available in literature are
controversial.

[14, 312]

Nb–Eu Eu, no binary compounds,
Nb

The components are mainly
immiscible in the liquid and
solid states.

[13, 16]

Nb–Gd a-Gd, b-Gd, no binary
compounds, Nb
Miscibility gap in the liquid
state (?)
No diagram plot

The components are mainly
immiscible in the liquid
state.

[13]

Nb–Tb a0-Tb, a-Tb, b-Tb, no
binary compounds, Nb
No diagram plot

The components are mainly
immiscible in the liquid
state.

[14]

Nb–Dy a0-Dy, a-Dy, b-Dy, no
binary compounds, Nb
No diagram plot

The components are mainly
immiscible in the liquid
state.

[13]

Nb–Ho a-Ho, b-Ho, no binary
compounds, Nb
No diagram plot

The components are mainly
immiscible in the liquid
state.

[13]
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Table 8.5 (continued)

System Type of phase diagram
(constituent phases,
temperatures and
compositions of
transformations)

Character of
interaction

References

Nb–Er a-Er, b-Er, no binary
compounds, Nb
Eutectic b-Er–Nb
(*1425–1525 �C,
*9 at.% Nb, ?)
Miscibility gap in the liquid
state (from *21–22 to
*98–99 at.% Nb at
2460–2470 �C, ?)

The components are mainly
immiscible in the liquid
state.

[13, 307]

Nb–Tm a-Tm, b-Tm, no binary
compounds, Nb
No diagram plot

The components are mainly
immiscible in the liquid
state.

[14]

Nb–Yb a-Yb, b-Yb, c-Yb, no
binary compounds, Nb
Miscibility gap in the liquid
state (from *1–2 to
*98–99 at.% Nb
at *2450 �C)

The mutual solid
solubilities of the
components are negligible.
In the liquid state, the
components are mainly
immiscible.

[14, 16]

Nb–Lu a-Lu, b-Lu, no binary
compounds, Nb
Eutectic b-Lu–Nb
(1620 �C, *2.0–7.5
at.% Nb, ?)

The max. solid solubility of
Nb in b-Lu is *0.3–4.0
at.%. In general, data on
mutual solubilities in the
system available in the
literature are controversial.

[307, 313]

Actinides
Nb–Ac No data – –
Nb–Th a-Th, b-Th, no binary

compounds, Nb
Eutectic b-Th–Nb (1435 �C,
*16–18 at.% Nb)

The presence of Nb
decreases the temp. of
a-Th–b-Th transformation
—up to 1355 �C. The solid
solubility of Nb in a-Th is
\0.25 at.% and in
b-Th—\2 at.%. The
solubility of Th in Nb is
negligible. In general, some
data on mutual solubilities
in the system available in
the literature are
controversial. For diffusion
rate in the system at various
temp. see Addendum.

[4, 14, 16, 314]

Nb–Pa No data – –
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Table 8.5 (continued)

System Type of phase diagram
(constituent phases,
temperatures and
compositions of
transformations)

Character of
interaction

References

Nb–U a-U, b-U, c-U, no binary
compounds, Nb
Continuous solid solution
c-U–Nb (up to melt. points;
miscibility gap: critical
point—*955–990 �C,
*50–52 at.% Nb; from
*14.5–30.0 to *72–86
at.% Nb at *645–650 �C)

The max. solid solubility of
Nb in a-U is 0.08 at.% at
550 �C, 0.16 at.% at
600 �C, 0.24 at.% at
630 �C, *0.5–1.9 at.% at
640–665 �C. The max. solid
solubility of Nb in b-U is
3.8 at.% at 650 �C, [1.27
at.% at 660–665 �C and 1.9
at.% at 720 �C. In general,
solid U is compatible with
Nb. Molten U impregnates
Nb porous preforms
perfectly. For diffusion rate
in the system at various
temp. see Addendum.

[4, 14, 16, 88–92,
362, 388]

Nb–Np No data – –
Nb–Pu a-Pu, b-Pu, c-Pu, d-Pu,

d0-Pu, e-Pu, no binary
compounds, Nb
Eutectic (degenerated)
e-Pu–Nb (*625–630 �C,
*0.5–1.0 at.% Nb, ?)

The solid solubility of Pu in
Nb is \0.4 at.%.

[14, 16, 315–316]

Nb–Am No data – –
Group 4
Nb–Ti a-Ti, b-Ti, metastable a0-,

a0 0- and x-phases, no binary
compounds, Nb
Continuous solid solution
b-Ti–Nb (up to melt.
points)

Nb stabilizes b-Ti phase; in
the presence of Nb the melt.
point of Ti increases, and
temp. of a-Ti–b-Ti
polymorphic transformation
decreases considerably. The
max. solubility of Nb in
a-Ti is *2.5 at.% at 600
�C. At lower temp., the
solubility declines
noticeably—up to 1 at.% at
400 �C, 0.25 at.% at 200 �C
and \0.01 at.% at room
temp. For diffusion rate in
the system at various temp.
see Addendum.

[4, 14, 16, 93–
100]
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Table 8.5 (continued)

System Type of phase diagram
(constituent phases,
temperatures and
compositions of
transformations)

Character of
interaction

References

Nb–Zr a-Zr, b-Zr, no binary
compounds, Nb
Continuous solid solution
b-Zr–Nb (up to melt.
points, min. melt. point
1740 �C corresp. to 21.7
at.% Nb; miscibility gap:
critical point—988 �C,
60.6–61.0 at.% Nb; from
17.5–18.8 to 91.0–92.1
at.% Nb at 610–630 �C)

Nb stabilizes b-Zr phase; in
the presence of Nb the
temp. of a-Zr–b-Zr
polymorphic transformation
decreases. The solid
solubility of Nb in a-Zr is
0.6–6.5 at.% at 560–690 �C,
and that of Zr in Nb in the
same temp. range is
*7.9–9.0 at.%; at lower
temp. the mutual solid
solubilities decrease
considerably. For diffusion
rate in the system at various
temp. see Addendum.

[4, 14, 16, 56, 89,
101–104, 397]

Nb–Hf a-Hf, b-Hf, metastable
x-phase, no binary
compounds, Nb
Continuous solid solution
b-Hf–Nb (up to melt.
points, min. melt. point
*2065–2140 �C corresp. to
* 25–55 at.% Nb, ?)
Data on the system
available in the literature
are controversial.

Nb stabilizes b-Hf phase; in
the presence of Nb the
temp. of a-Hf–b-Hf
polymorphic transformation
decreases. The max.
solubility of Nb in a-Hf is
*2–4 at.% at 1000 �C; at
lower temp. the mutual
solid solubilities decline
considerably. Two phase
area in the system is very
sensitive to the
contamination by
interstitial atoms.

[13, 16, 96, 105–
108]

Group 5
Nb–V V, no binary compounds,

Nb
Continuous solid solution
V–Nb (min. melt. point
*1720–1870 �C corresp. to
*22–27 at.% Nb)

For diffusion rate in the
system at various temp. see
Addendum.

[4, 14, 16, 57,
109–111]

Nb–Ta See Ta–Nb in Table 6.3.
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Table 8.5 (continued)

System Type of phase diagram
(constituent phases,
temperatures and
compositions of
transformations)

Character of
interaction

References

Group 6
Nb–Cr Cr, k2-NbCr2±x (or

k2-Nb2Cr3+x, \1585–1625
�C, homog. range—
*31–38 at.% Nb, Laves
phase), k1–NbCr2±x (or
k1–Nb2Cr3+x, from
1585–1625 �C to
*1675–1820 �C, congruent
melt. point, homog. range
—*30–39 at.% Nb, Laves
phase), Nb
Eutectic k1-NbCr2±x–Cr
(*1600–1660 �C, *12–22
at.% Nb)
Eutectic k1-NbCr2±x–Nb
(*1600–1715 �C, *39–53
at.% Nb)

The max. solid solubility of
Nb in Cr is *6 at.% at
*1600–1660 �C, and that
of Cr in Nb is *15 at.% at
1600–1715 �C. At lower
temp., the solubility of Nb
decreases up to *1 at.% at
1000 �C, and that of Cr at
the same temp. decreases
up to *2–3 at.%. The direct
interaction between Nb and
Cr leads usually to the
formation of k2-NbCr2±x.
For diffusion rate in the
system at various temp. see
Addendum.

[4, 13, 16, 58, 61,
112–114, 395]

Nb–Mo See Mo–Nb in Table 7.4.
Nb–W See W–Nb in Table 3.5.
Group 7
Nb–Mn a-Mn, b-Mn, c-Mn, d-Mn,

Mn2±xNb (\1500 �C,
congruent melt. point,
homog. range—*28–40
at.% Nb, Laves phase), Nb
Eutectic Mn2±xNb–d-Mn
(*1200–1225 �C,
*3.5–3.6 at.% Nb)
Eutectic Mn2±xNb–Nb
(1400 �C, ?)

In the presence of Nb, the
temp. of a-Mn–b-Mn
polymorphic transformation
increases—up to 800 �C.
The max. solid solubility of
Nb in b- and d-Mn is
*2.1–2.4 at.% at
1150–1200 �C.

[4, 14, 16, 32,
115–116, 317]

Nb–Tc Tc, Tc3±xNb (wide homog.
range, ?), Nb
No diagram plot

– [14, 40]

Nb–Re See Re–Nb in Table 4.5.
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Table 8.5 (continued)

System Type of phase diagram
(constituent phases,
temperatures and
compositions of
transformations)

Character of
interaction

References

Group 8
Nb–Fe a-Fe, c-Fe, d-Fe, e-Fe2±xNb

(\*1625–1665 �C,
congruent melt. point,
homog. range—*26–38
at.% Nb at 600–1200 �C,
Laves phase), l-Fe7Nb6+x

(or l-FeNb1±x, or
Fe21Nb19±x,\*1600–1700
�C, congruent melt. point,
homog. range—*47–52
at.% Nb (?) at 600–1200
�C), Nb
Eutectic e-Fe2±xNb–
l-Fe7Nb6+x (1535 �C,
*42–43 at.% Nb)
Eutectic e-Fe2±xNb–d-Fe
(*1370–1375 �C, 12 at.%
Nb)
Eutectic l-Fe7Nb6+x–Nb
(*1400�C,*64at.%Nb,?)

The max. solubilities of Nb
in Fe modifications are: in
d-Fe–3.2 at.% at
1370–1375 �C, in c-Fe—
0.9–1.0 at.% at 1210 �C and
in a-Fe—0.7 at % at 960 �C;
at lower temp. the solubility
of Nb decreases up to 0.33
at.% at 900 �C, 0.185 at.%
at 800 �C, 0.115 at.% at
700 �C and 0.095 at.% at
600 �C. The max. solubility
of Fe in Nb is *7.5 at.% at
1400 �C; at lower temp. the
solubility of Fe decreases up
to *4–7 at.% at 1300 �C.
For diffusion rate in the
system at various temp. see
Addendum.

[4, 13, 16, 117–
118, 391–392]

Nb–Ru Ru, Ru3±xNb (\1540 �C,
homog. range—*24–27
at.% Nb at 1000–1400 �C),
Nb
Extended solid solution
based on Ru (up to 29 at.%
Nb at 1775 �C)
Extended solid solution
based on Nb (up to *58–60
at.% Ru at 1540–1775 �C;
liquidus-solidus extreme
points: min. melt. point
1870 �C corresp. to 61 at.%
Nb and max. melt. point
*1940 �C corresp. to 50
at.% Nb)
Eutectic Nb–Ru (*1775 �C,
65 at.% Nb)

The solid solubility of Nb in
Ru is 29 at.% at *1775 �C
and 15 at.% at 1540 �C; at
lower temp. the solubility of
Nb declines considerably.
For diffusion rate in the
system at various temp. see
Addendum.

[4, 14, 119–120]

Nb–Os See Os–Nb in Table 5.3.

(continued)

552 8 Niobium

http://dx.doi.org/10.1007/978-94-007-7587-9_5


Table 8.5 (continued)

System Type of phase diagram
(constituent phases,
temperatures and
compositions of
transformations)

Character of
interaction

References

Group 9
Nb–Co e-Co, a-Co, v-Co7Nb2±x

(\1050 �C, homog. range—
21–23 at.% Nb), k3-Co3Nb
(*1000–1245 �C,
incongruent melt. point,
homog. range width \1
at.%), k2(a)-Co2±xNb
(?), k2-Co2±xNb (or
k2(b)-Co2±xNb, \1480–
1520 �C, congruent melt.
point, homog. range—
27–34 at.% Nb at 400–1000
�C), k1-Co5Nb3–x (1200–
1420 �C, incongruent melt.
point, homog. range—
*34.0–37.5 at.% Nb),
l-Co7Nb6±x (or l-CoNb1±x,
\*1400–1480 �C,
congruent melt. point,
homog. range—from
*49–56 at.% Nb at
400–1200 �C), Nb
Eutectic k1-Co5Nb3–x (or
k2-Co2±xNb, ?)–l-Co7Nb6±x

(*1370–1380 �C, *43–47
at.% Nb)
Eutectic k3-Co3Nb–a-Co
(*1210–1245 �C,*14 at.%
Nb)
Eutectic l-Co7Nb6±x–Nb
(*1370–1375 �C, *61–62
at.% Nb)

The max. solid solubility of
Nb in a-Co—5.5 at.% at
1210–1245 �C; at lower
temp. it declines
noticeably—up to 4 at.%
at 1000 �C and 1 at.% at
800 �C. The max. solubility
of Co in Nb is *4–5 at.%
at 1370–1375 �C; at lower
temp. the solubility of Co
declines slightly. For
diffusion rate in the system
at various temp. see
Addendum.

[4, 13, 16, 121–
122, 376, 385]
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Table 8.5 (continued)

System Type of phase diagram
(constituent phases,
temperatures and
compositions of
transformations)

Character of
interaction

References

Nb–Rh Rh, Rh3±xNb (\1950 �C,
congruent melt. point corresp.
to *Rh2.6Nb, homog. range
—*21–27 at.% Nb at
*1300–1800 �C),
g-Rh2±xNb (\*1900 �C,
incongruent melt. point,
homog. range—*30–34
at.% Nb), f-Rh3±xNb2

(\*1625 �C, incongruent
melt. point, homog. range—
*36–41 at.% Nb), e-RhNb1–x

(from *1335–1420 �C to
*1580–1600 �C, incongruent
melt. point, homog. range—
*38–45 at.% Nb),d-RhNb1–x

(\*1420 �C, homog. range
—*44–46 at.% Nb),
c-RhNb1–x (\* 1350 �C,
homog. range—*47–49
at.% Nb), b-RhNb1±x

(from *1335–1420 to
*1550–1580 �C, incongruent
melt. point, homog. range
—*43–54 at.% Nb),
r-RhNb2±x (\1660 �C,
incongruent melt. point,
homog. range—*60–72 at.%
Nb), RhNb3±x (\1220 �C,
homog. range width\1 at.%),
Nb
Extended solid solution based
on Rh (up to 16.5 at.% Nb at
*1990 �C)
Extended solid solution based
on Nb (up to 20.5 at.% Rh at
1660 �C)
Eutectic b-RhNb1±x–
r-RhNb2±x (1550 �C, 55
at.% Nb)
Eutectic Rh3±xNb–Rh
(*1900 �C, *17 at.% Nb)

The presence of Nb results
in decrease in the melt.
temp. of Rh. At lower temp.
the solid solubility of Rh in
Nb declines—up to 14 at.%
at *1200 �C. The
solubility of Nb in Rh is
affected by temp. slightly.
The direct interaction
between Nb and Rh leads
usually to the formation of
RhNb3±x.

[4, 14, 123]
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Table 8.5 (continued)

System Type of phase diagram
(constituent phases,
temperatures and
compositions of
transformations)

Character of
interaction

References

Nb–Ir Ir, Ir3±xNb (\2435–2440 �C,
congruent melt. point
corresp. to *Ir3.1Nb,
homog. range—*16–28
at.% Nb at 2400 �C,
*23–36.5 at.% Nb at
1985 �C and *24–32 at.%
Nb at 1400 �C), a2-IrNb1–x

(\*1985 �C, incongruent
melt. point, homog. range
—*39.5–45.5 at.% Nb at
1900 �C and 40.5–45.5 at.%
Nb at 1400 �C), a1-IrNb1–x

(\*1900 �C, incongruent
melt. point, homog.
range—*47–48 at.% Nb at
1400–1840 �C),
r-IrNb2–x (\*2060 �C,
incongruent melt. point,
homog. range—58.5–67.0
at.% Nb at 1840 �C and
*59.5–67.0 at.% Nb at
1400 �C), IrNb3±x

(\2125–2130 �C, congruent
melt. point corresp. to
*IrNb3, homog. range—
*71–78 at.% Nb at
2060–2110 �C and *72–79
at.% Nb at 1400 �C), Nb
Extended solid solution
based on Ir (up to 16 at.%
Nb at 2400 �C)
Extended solid solution
based on Nb (up to 12 at.%
Ir at 2110 �C)
Eutectic a1-IrNb1–x–
r-IrNb2–x (1840 �C, 55
at.% Nb)
Eutectic Ir3±xNb–Ir
(2400 �C, *16.5 at.% Nb)
Eutectic IrNb3±x–Nb
(2110 �C, 80 at.% Nb)

The presence of Nb results
in decrease in the melt.
temp. of Ir. The solubility
of Nb in Ir declines with
temp. decreasing—up to
*11 at.% at 1400 �C. At
lower temp., the solubility
of Ir also declines
noticeably—up to *7 at.%
at 1400 �C. The direct
interaction between Nb and
Ir leads usually to the
formation of IrNb3±x.

[4, 14, 16, 124,
364]
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Table 8.5 (continued)

System Type of phase diagram
(constituent phases,
temperatures and
compositions of
transformations)

Character of
interaction

References

Group 10
Nb–Ni Ni, Ni8Nb (\535 �C,

invariable compos.),
Ni3±xNb (\*1400 �C,
congruent melt. point
corresp. to *Ni3Nb,
homog. range—
*23.5–26.5 at.% Nb),
l-Ni6Nb7–x (or l-NiNb1+x,
\1290 �C, incongruent
melt. point, homog.
range—*50–54 at.% Nb at
400–1175 �C), Nb
Extended solid solution
based on Ni (up to *12.5
at.% Nb at 1280 �C)
Eutectic l-Ni6Nb7–x–
Ni3±xNb (1175–1180 �C,
40.5 at.% Nb)
Eutectic Ni3±xNb–Ni
(1282 �C, *16 at.% Nb)

The solid solubilities of
the components decline
with temp. decrease
considerably: the solubility
of Nb in Ni—from *12.5
at.% at 1280 �C to *3.5
at.% at 400–600 �C, and
that of Ni in Nb—from
*4.5–8.0 at.% (?) at
1400–1570 �C to *1–2
at.% at 400–800 �C. Data
on the mutual solubilities
available in the literature
are controversial. The direct
interaction between Nb and
Ni results in the formation
of Ni3±xNb and
l-Ni6Nb7–x. For diffusion
rate in the system at various
temp. see Addendum.

[4, 14, 16, 124–
128, 389, 393,
398]

Nb–Pd Pd, b-Pd3±xNb (\*1610 �C,
homog. range—*23–27
at.% Nb at 700–1300 �C),
a-Pd3±xNb (?), Pd2±xNb
(\*1610 �C, incongruent
melt. point, homog. range
—*32.5–34.0 at.% Nb at
700–1560 �C), a-Pd1±xNb
(1255–1565 �C, homog.
range—*40–51 at.% Nb),
d-Pd2Nb3 (metastable, ?), Nb
Extended solid solution
based on Pd (up to *31 at.%
Nb at *1610 �C with max.
melt. point *1625–1665 �C
corresp. to *25–26 at.% Nb)
Extended solid solution
based on Nb (up to *35–36
at.% Pd at 1255–1520 �C)
Eutectic a-Pd1±xNb–Nb
(1510–1530 �C, *53 at.%
Nb)

At 700–1300 �C the
solubility of Nb in Pd is
*18.5 at.%. The solubility
of Pd in Nb declines with
temp. decrease at temp.
\1255 �C—from *35
at.% to *20 at.% at
700 �C. For diffusion rate in
the system at various temp.
see Addendum.

[4, 14, 16, 129–
130]
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Table 8.5 (continued)

System Type of phase diagram
(constituent phases,
temperatures and
compositions of
transformations)

Character of
interaction

References

Nb–Pt Pt, a-Pt3±xNb (\2040 �C,
congruent melt. point
corresp. to *Pt3.2Nb,
homog. range—*24–26
at.% Nb), b-Pt3±xNb (?),
Pt2±xNb (\1990 �C,
incongruent melt. point,
homog. range—*32–34.5
at.% Nb), a0-PtNb1–x (or
a0-Pt, 1670–1780 �C,
incongruent melt. point,
homog. range—*43–44
at.% Nb), Pt1+xNb1–x

(\1750 �C, incongruent
melt. point, homog. range
—*47–49 at.% Nb),
r-PtNb2±x (\1800 �C,
incongruent melt. point,
homog. range—62–69 at.%
Nb at 1700 �C and *64–67
at.% Nb at 1000 �C),
PtNb3±x (\2040 �C,
incongruent melt. point,
homog. range—*72–81
at.% Nb), Nb
Extended solid solution
based on Pt (up to *20
at.% Nb at *2000 �C)
Extended solid solution
based on Nb (up to *12
at.% Pt at 2040 �C)
Peritectic Pt (*2000 �C,
*20 at.% Nb)
Eutectic r-PtNb2±x–
Pt1+xNb1–x (1690–1710 �C,
*57 at.% Nb)

The presence of Nb results
in increase in the melt.
temp. of Pt. The max. melt.
point (*2000 �C) and max.
solid solubility of Nb in Pt
(*20 at.%) are correspond.
to the peritectic alloy. The
solubility of Nb in Pt is
slightly affected by temp.;
the solubility of Pt in Nb
declines with temp.
decrease considerably—up
to *5 at.% at 1150 �C.

[4, 14, 131, 390]
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System Type of phase diagram
(constituent phases,
temperatures and
compositions of
transformations)

Character of
interaction

References

Group 11
Nb–Cu Cu, no binary compounds,

Nb
Peritectic Cu (*1090–1095
�C, *0.3–1.7 at.% Nb, ?)
Eutectic (degenerated)
Cu–Nb (*1080 �C, *0.3
at.% Nb, ?)
Miscibility gap in the liquid
state (critical point—
*1620–1780 �C, *20–25
at.% Nb; from *3–19 to
*33–44 at.% Nb at
*1550–1680 �C, ?)
Data on the system
available in the literature
are controversial.

The solubility of Nb in Cu
is *0.3–1.7 at.% (?) at
*1100 �C, *0.20–0.45
at.% at 1000 �C and
0.14–0.15 at.% at
20–800 �C. At 1200 �C, the
solubility of Cu in Nb is
*0.9 at.% at 1670–1680 �C
and *0.6–0.7 at.% at
800–1000 �C. Data on
mutual solubilities in the
system available in
literature are controversial.
For diffusion rate in the
system at various temp. see
Addendum.

[4, 13, 16, 52,
132–135, 318–
320, 371, 386]

Nb–Ag Ag, no binary compounds,
Nb
No diagram plot

Practically, no mutual
solubility between Nb and
Ag in the liquid and solid
states. At 1400–1700 �C the
solubility of Nb in liquid
Ag is negligible and that of
Ag in solid Nb is extremely
low.

[15, 321]

Nb–Au Au, Au2Nb (\1035 �C,
invariable compos.),
Au2Nb3 (\*1220 �C,
invariable compos.),
AuNb3±x (\1560 �C,
homog. range—*73–83
at.% Nb), Nb
Extended solid solution
based on Au (up to *57
at.% Nb at 1570 �C)
Extended solid solution
based on Nb (up to *36
at.% Au at 1570 �C)
Peritectic Au (*1570 �C,
*57 at.% Nb)

At temp. \1035 �C the
solubility of Nb in Au
declines considerably with
temp. decrease; it falls to
*9 at.% at 500 �C. The
solubility of Au in Nb is
also strongly affected by
temp. decrease (at temp.
\1560 �C); it declines
considerably up to *10
at.% at 500 �C.

[15–16, 136–138]
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System Type of phase diagram
(constituent phases,
temperatures and
compositions of
transformations)

Character of
interaction

References

Group 12
Nb–Zn Zn, NbZn15 (\429 �C,

incongruent melt. point,
invariable compos.), NbZn7

(\478 �C, incongruent
melt. point, invariable
compos.), NbZn3±x

(\*1035 �C, incongruent
melt. point, homog. range
width B1 at.%), NbZn2

(\*1055 �C, incongruent
melt. point, Laves phase),
Nb2Zn3-x (\*1115 �C,
incongruent melt. point),
NbZn1+x (or Nb6Zn7,
\1120 �C, incongruent
melt. point, homog. range
width B1 at.%), Nb
Eutectic (degenerated)
NbZn15–Zn (*418 �C,
*0.01 at.% Nb, ?)

No data on mutual
solubilities are available in
literature. At 500 �C, Nb is
resistant to corrosion in
molten Zn.

[4, 14, 16, 139,
152]

Nb–Cd Cd, NbCd3 (?), Nb
No diagram plot

– [322]

Nb–Hg Hg, no binary compounds,
Nb

No interaction. The
solubility of Nb in liquid
Hg is *10-9 at.% Nb at
room temp. and *6910-6

at.% Nb at 500–750 �C. At
300–600 �C Nb is highly
resistant to corrosion and
erosion in Hg.

[4, 16, 323]
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System Type of phase diagram
(constituent phases,
temperatures and
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transformations)

Character of
interaction

References

Group 13
Nb–B b-B, NbB2±x (\3000 �C,

congruent melt. point
corresp. to *NbB2.1,
homog. range—*28–36
at.% Nb at 2700 �C,
*25–36 at.% Nb at
2000 �C and *24–36 at.%
Nb at 1400 �C), Nb2B3 (?),
Nb3B4 (\2700 �C,
incongruent melt. point,
invariable com-pos.),
Nb5B6 (\at least 2200 �C,
invariable compos., ?),
NbB1±x (\*2270–2325 �C,
congruent melt. point
corresp. to *NbB1.0,
homog. range—49–51
at.% Nb), Nb3B2

(\*1800–2230 �C,
incongruent melt. point,
invariable compos.), Nb
Eutectic Nb3B4–NbB1±x

(*2250–2295 �C, *47–48
at.% Nb)
Eutectic Nb3B2–Nb
(*1600–2170 �C (?),
*85–88 at.% Nb)
Eutectic NbB2±x–b-B
(*1850–2000 �C,
*1.5–8.5 at.% Nb, ?)

The max. solid solubility of
B in Nb is 2.9 at.% at
*2170 �C; it declines with
temp. decrease—up to 2.2
at.% at 1950 �C, 1.3 at.% at
1600 �C and 0.4 at.% at
1200 �C. Nb borides are
formed by the direct
interaction between the
elements at 1500–1600 �C
in vacuum. The contact
interaction between
compact metal Nb and
NbB2±x initiates from
1600–1800 �C and leads to
the formation of NbB2±x.
For diffusion rate in the
system at various temp., see
Addendum.

[4, 12, 15, 16, 18–
19, 30, 45, 53,
140, 232, 237,
288, 374–375,
383]
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Table 8.5 (continued)

System Type of phase diagram
(constituent phases,
temperatures and
compositions of
transformations)

Character of
interaction

References

Nb–Al Al, NbAl3–x (\1605–1680 �C
(?), congruent melt. point
corresp. to NbAl3.0, homog.
range—*25–26.5 at.% Nb
at 1000–1590 �C and
*25.5–26.5 at.% Nb
at 600 �C, ?), Nb5Al3 (?),
r-Nb2±xAl (\*1860–
1940 �C, incongruent melt.
point, homog. range—
*58–70 at.% Nb at 1590 �C,
*65–71 at.% Nb at 1000 �C
and *66.5–70 at.% Nb at
600 �C), Nb3+xAl
(\*1950–2060 �C,
incongruent melt. point,
homog. range—*75–79
at.% Nb at 1860–1940 �C,
*79–83 at.% Nb at 1000 �C
and *79.5–83.5 at.% Nb at
600 �C), Nb5Al (?), Nb
Extended solid solution
based on Nb (up to
*21.5–23.0 at.% Al at
1950–2060 �C)
Peritectic Al (661.4 �C,
\0.1–0.3 at.% Nb, ?)
Eutectic r-Nb2±xAl–NbAl3–x

(*1500–1550 �C,
*42–45 at.% Nb)
Eutectic (degenerated)
NbAl3–x–Al (?)
Data on the system available
in the literature are
controversial.

The max. solid solubility of
Nb in Al is \0.1–0.3 at.%;
it declines with temp.
decrease—up to *0.05
at.% at 500 �C and *0.03
at.% at 20–300 �C. The
max. solubility of Al in Nb
is *21.5–23.0 at.% at
*1950–2060 �C. At higher
and lower temp., the solid
solubility of Al in Nb
declines considerably. The
reaction between Nb and Al
with the formation of
aluminides initiates from
850 �C. For diffusion rate in
the system at various temp.
see Addendum.

[4, 12, 15–16, 52,
141–144]
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Table 8.5 (continued)

System Type of phase diagram
(constituent phases,
temperatures and
compositions of
transformations)

Character of
interaction

References

Nb–Ga Ga, NbGa3 (\1235 �C,
incongruent melt. point,
homog. range width B1
at.%), Nb5Ga13 (?), Nb4Ga5

(\1300 �C, incongruent
melt. point, invariable
compos.), Nb5Ga4

(\1540 �C, incongruent
melt. point, invariable
compos.), Nb5Ga3

(\1950 �C, congruent melt.
point, homog. range width
B1 at.%), Nb3+xGa
(\1860 �C, incongruent
melt. point, homog.
range—*75–80 at.% Nb at
1740 �C, *77–80 at.% Nb
at 1000 �C and *77.5–80
at.% Nb at 20 �C), Nb
Extended solid solution
based on Nb (up to 19.0
at.% Ga at 1850–1860 �C)
Eutectic Nb3+xGa–Nb5Ga3

(1740 �C, *31.5 at.% Nb)
Eutectic (degenerated)
NbGa3–Ga (*28 �C, ?)

The solubility of Nb in Ga
is negligible and that of Ga
in Nb has max. value of
19.0 at.% at 1850–1860 �C;
it declines at lower temp. to
15.8 at.% at 1800 �C, 12.0
at.% at 1700 �C, 11.3 at.%
at 1600 �C, 7.7 at.% at
1500 �C, 2.5 at.% at
1200 �C and 1.3 at.% at
700 �C. At 300–450 �C Nb
is resistant to corrosion in
liquid Ga; at temp. C600 �C
the resistance is poor.

[4, 13, 145–148]

Nb–In In, InNb3+x (\475 �C,
incongruent melt. point,
homog. range—*76–88
at.% Nb at 390 �C and
*75–87 at.% Nb at
140 �C), e-InNb9±x (or
e-InNby, y & 5.5724.0,
280–1005 �C, incongruent
melt. point, homog. range—
*83–96 at.% Nb), Nb
Eutectic (degenerated)
InNb3+x–In (*140 �C,
*0.5 at.% Nb, ?)

The mutual solid
solubilities Nb and In are
negligible.

[14, 16, 47]

Nb–Tl a-Tl, b-Tl, TlNb3

(metastable, Frank-Kasper
phase, ?), Nb
Data on the system
available in the literature
are controversial.

No interaction (?), no
mutual solubilities in the
solid and liquid states.

[14, 16, 47, 324]
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Table 8.5 (continued)a

System Type of phase diagram
(constituent phases,
temperatures and
compositions of
transformations)

Character of
interaction

References

Group 14
Nb–C See C–Nb in Table 2.13.
Nb–Si Si, NbSi2 (\*1920–1960 �C,

congruent melt. point,
invariable compos.),
a-Nb5Si3+x (\*1635–1960 �C,
homog. range width B1 at.%),
b-Nb5Si3+x (from
*1635–1960 �C to
*2490–2545 �C, congruent
melt. point corresp. to NbSi0.6,
homog. range—*59.5–62.5
at.% Nb), Nb3Si (*1655–
2000 �C, incongruent melt.
point, invariable compos.), Nb
Eutectic b-Nb5Si3+x–NbSi2
(*1880–1920 �C, *39–43
at.% Nb)
Eutectic NbSi2–Si
(1390–1410 �C, *2–4 at.%
Nb)
Eutectic Nb3Si–Nb
(*1870–1940 �C, *81–85
at.% Nb)
Data on the system available in
the literature are controversial.

The max. solid solubility
of Si in Nb amounts to
*1.2–3.5 at.% at
1870–1940 �C; at higher or
lower temp. the solubility
of Si declines considerably.
Practically, there is no
solubility of Nb in Si. Nb
silicides are synthesized
directly from the elements
at 1000–1500 �C. In
vacuum, at 1150–1370 �C
the contact interaction
between bulk Nb and NbSi2
results in the formation of
a-Nb5Si3+x. For diffusion
rate in the system at various
temp. see Addendum.

[4, 12, 14, 16,
19, 149–151,
209, 303, 380–
381, 394]

Nb–Ge Ge, NbGe2±x (\1680–1715 �C,
congruent melt. point, homog.
range—*32.5–34.5 at.% Nb),
a-Nb10Ge7 (?), b-Nb10Ge7 (?),
Nb3Ge2 (metastable, ?),
a-Nb5Ge3±x (?), b-Nb5Ge3±x

(or Nb3Ge2±x,\*2060–2190
�C, congruent melt. point,
homog. range—*57.5–63
at.% Nb at 1865 �C, *56–63
at.% Nb at 1580 �C and
*60–62 at.% Nb at 600 �C),
Nb2Ge (?), a-Nb3Ge (?),
b-Nb3+xGe (\1900–1960 �C,
incongruent melt. point,
Frank-Kasper phase,

The max. solid solubility of
Ge in Nb is *10.5–12.5
at.% at 1900 �C; it declines
with temp. decrease
noticeably—up to *3–5
at.% at 1000 �C. The direct
interaction between Nb and
Ge leads to the formation of
Nb germanides.

[4, 12–13, 16,
153–155, 325–
326, 334, 372]
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Table 8.5 (continued)

System Type of phase diagram
(constituent phases,
temperatures and
compositions of
transformations)

Character of
interaction

References

homog. range—from 76–78
to 81.5–82.5 at.% Nb at
1865 �C, 79–84 at.% Nb at
1650 �C, from 78–80 to
82–85 at.% Nb at 1600 �C,
at temp. B1000 �C homog.
range width B1 at.%), Nb
Extended solid solution
based on Nb (up to *10.5–
12.5 at.% Ge at 1900 �C)
Peritectic Ge (*950 �C, ?)
Eutectic b-Nb3+xGe–
b-Nb5Ge3±x (*1865–1920
�C, 73 at.% Nb)
Eutectic NbGe2±x–
b-Nb5Ge3±x (*1580–1590
�C, 41–42 at.% Nb)
Eutectic (degenerated)
NbGe2±x–Ge (*930–938
�C, ?)
Data on the system available
in the literature are
controversial.

Nb–Sn a-Sn, b-Sn, NbSn2–x

(\*815–870 �C, incongruent
melt. point, homog. range—
33.3–40.0 at.% Nb at 20–500
�C, ?), Nb6Sn5–x (or Nb3Sn2+x,
\*895–940 �C or from
*750–820 �C to *895–940
�C (?), incongruent melt.
point, homog. range—
54.5–56.5 at.% Nb, ?),
Nb3±xSn (\*2115–2145 �C
or from *750–775 �C to
*2115–2145 �C (?),
incongruent melt. point,
homog. range—*74–84 at.%
Nb at 1800 �C, *74–77 at.%
Nb at 1500 �C, *70–85 at.%
Nb at 1400 �C, *69–86 at.%
Nb at 1000 �C and *73–87
at.% Nb at 700 �C, ?), Nb
Miscibility gap in the liquid
state (critical point–?, near 3
at.% Nb at 960 �C,
metastable, ?)

The max. solid solubility of
Sn in Nb is *9–10 at.% at
2115–2145 �C; it declines
with temp. decrease
noticeably—up to 3 at.% at
1800 �C and *1–2 at.%
at 500–1500 �C. The
solubility of Nb in liquid Sn
is low and amounts to
*0.15 at.% at 1000 �C and
*0.025 at.% at 580 �C.
The direct interaction
between Nb and Sn leads to
the formation of Nb3±xSn.
For diffusion rate in the
system at various temp. see
Addendum.

[4, 14, 16, 156–
159, 384, 387]
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Table 8.5 (continued)

System Type of phase diagram
(constituent phases,
temperatures and
compositions of
transformations)

Character of
interaction

References

Peritectic b-Sn (*232 �C, ?)
Eutectic (degenerated)
NbSn2–x–b-Sn (*219–
231 �C, 0.04 at.% Nb, ?)
Data on the system available
in the literature are
controversial.

Nb–Pb Pb, no binary compounds at
normal pressures (?), Nb
No diagram plot

No interaction (?); no
miscibility in each other.
Metastable Nb3Pb (Frank–
Kasper phase) is
synthesized at higher
pressures (20 MPa) and
elevated temp.
(1100–1500 �C). At
850–1000 �C Nb parts are
fit for long-term
applications in liquid Pb.

[4, 14, 324]

Group 15
Nb–N N, Nb4N5 (?), Nb5N6 (?),

e-NbN1±x (\*1310–1360
�C, homog. range—from
*49.4 to *50.5–52.0 at.%
Nb, ?), d-NbN1–x (from
*1250–1360 �C to
*2050–2300 �C (?), homog.
range—*50.5–54 at.% Nb),
d0-NbN1–x (homog. range—
*50.5–51.2 at.% Nb,
metastable, ?), c-Nb4N3+x

(ordered phase (?),
\1500–2200 �C (?), homog.
range—*55.5–57.5 at.%
Nb, ?), b-Nb2±xN
(\*2300–2430 �C, melt.
point, homog. range—from
*65.6–66.7 at.% Nb to
*71.4–71.5 at.% Nb, ?),
Nb32N3 (?), Nb
Extended solid solution based
on Nb (up to *12–17 at.% N
at 2350 �C)
Eutectic b-Nb2±xN–Nb
(*2350�C,*86.5at.%Nb,?)
Data on the system available
in the literature are
controversial.

The solubility of N in solid
Nb (x, at.%) is obeyed the
rules:
lgx = 0.06 – 875/T (for
450–800 �C),
lgx = 0.5lgp – 3.1 ? 9300/T
(for 1500–2220 �C),
where p is pressure N2,
MPa, and T is temp., K. The
interaction between Nb and
N2 initiates from *300 �C.
For 2 h exposure the mass
gains of Nb samples at 400
and 800 �C in N2

atmosphere are 31 and
740 mg m-2, respectively.
The main products of the
interaction between Nb and
N2 are b-Nb2±xN,
c-Nb4N3+x and e-NbN1±x.
For diffusion rate in the
system at various temp. see
Addendum.

[4, 12, 14, 16,
19–20, 27, 30,
41, 48, 160–165]
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Table 8.5 (continued)

System Type of phase diagram
(constituent phases,
temperatures and
compositions of
transformations)

Character of
interaction

References

Nb–P P, Nb2P5 (metastable, ?),
NbP2 (\*1730 �C,
incongruent melt. point, ?),
Nb4P7 (metastable, ?), NbP
(?, congruent melt. point),
Nb8P5 (?), Nb5P3 (?), Nb7P4

(?), Nb2P (?), Nb3P (?), Nb
Eutectic NbP–Nb (?, *84
at.% Nb, ?)
No diagram plot

Nb phosphides are
synthesized directly from
the elements in vacuum at
higher temp. For diffusion
rate in the system at various
temp. see Addendum.

[4, 12, 14, 327]

Nb–As As, NbAs2, NbAs (narrow
homog. range), Nb4As3,
Nb5As3, Nb7As4, Nb3As,
Nb
No diagram plot

NbAs2 and NbAs are
synthesized directly from
the elements.

[12, 15, 49, 166–
168]

Nb–Sb Sb, NbSb2 (\1080 �C,
incongruent melt. point,
invariable compos., ?),
Nb5Sb4 (or NbSb, Nb4Sb5,
\750–1320 �C, incongruent
melt. point, homog.
range width B1 at.%, ?),
Nb3Sb2 (\ 1120–1160 �C,
incongruent melt. point,
invariable compos., ?),
Nb3±xSb (\ 1730–1770 �C,
incongruent melt. point,
homog. range width B2–3
at.%), Nb
Extended solid solution
based on Nb (up to *20
at.% Sb (?) at 1730–1770 �C)
Eutectic NbSb2–Sb
(*600–620 �C, *1 at.%
Nb, ?)
Data on the system available
in the literature are
controversial.

At 800 �C the solubility of
Sb in Nb is *4 at.%; it
increases at higher temp.—
up to max. value at
1730–1770 �C. The
solubility of Nb in Sb is
negligible.

[14, 166, 169–
170, 328, 377]
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Table 8.5 (continued)

System Type of phase diagram
(constituent phases,
temperatures and
compositions of
transformations)

Character of
interaction

References

Nb–Bi Bi, no binary compounds
at normal conditions, Nb
Eutectic (degenerated)
Bi–Nb (*271 �C, \0.001
at.% Nb, ?)

The solubility of Nb in
molten Bi is 0.16 at.% at
1200 �C, *0.10 at.% at
1100 �C, *0.08 at.% at
1000 �C, *0.04 at.% at
750 �C, 0.006–0.015 at.% at
500–525 �C and *0.003
at.% at 440 �C. Metastable
Nb3Bi is synthesized at
ultra-high pressures
(3.2–4.0 GPa) and elevated
temp. (1000–1500 �C). At
600–900 �C Nb is resistant
to corrosion in Bi; at 750 �C
Nb parts are fit for long-
term applications in liquid
Bi.

[4, 15–16, 32]

Group 16
Nb–O O, b-Nb2O5–x (\1495–

1510 �C, incongruent melt.
point), a0-Nb2O5–x (?),
a-Nb2O5 (\*800–850 �C,
metastable (?), invariable
compos.), c-Nb2O5

(*1285–1510 �C, metastable
(?), invariable compos.),
Nb53O132 (or NbO2.49, at least
at *1240–1400 �C, ?),
Nb25O62 (or NbO2.4772.48, at
least from *970–1245 �C
to 1400 �C, ?), Nb47O116 (or
NbO2.4672.47, at least from
*1020–1035 �C to 1400 �C,
?), Nb22O54 (or NbO2.45, at
least from *1120–1245 �C
to 1400 �C, ?), Nb12O29

(or NbO2.41772.42, at least
from *950 to 1100–1400 �C,
?), a-NbO2±x (\*820 �C,
invariable compos. at temp.
\700 �C, ?), b-NbO2±x

(from *820 �C to *900 �C,
?), c-NbO2±x (from *900 �C
to *1910–1920 �C,
congruent melt. point,

The max. solid solubility of
O in Nb is *8–9 at.% at
1915 �C; at higher and
lower temp. it declines
considerably and amounts
to *3.5 at.% at 1200 �C
and *1.5 at.% at 850 �C; at
800–1500 �C the solubility
of O (x, at.%) is obeyed the
rule:
lgx = –0.33 – 1680/T,
where T is temp., K. In
terms of rate equations the
oxidation of Nb varies
considerably with temp.
growth: logarithmic at
*300–400 �C (with NbO
and NbO2±x as products),
linear at *400–650 �C
(with NbO2±x and Nb2O5

modifications as products),
parabolic at *650–800 �C
(with NbO2±x and Nb2O5

modifications as products)
and accelerated (up to
oxidation failure) at the
temp. [800 �C. The

[4, 10, 12, 14,
16, 21–22, 26,
41, 171–184,
266]
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System Type of phase diagram
(constituent phases,
temperatures and
compositions of
transformations)

Character of
interaction

References

homog. range—*32.8–33.5
at.% Nb), Nb2O3 (?), Nb4O5

(?), NbO (\1945 �C,
congruent melt. point,
invariable compos.), NbOx (or
Nb576O suboxides, ?), Nb
Eutectic NbO–NbO2

(*1810–1820 �C,
39.3 at.% Nb)
Eutectic NbO–Nb (1915 �C,
59.5 at.% Nb)

mechanism of Nb oxidation
is very complicated. In air
at atmospheric pressure the
intensive oxidation of Nb
and formation of noticeable
oxide scales begins from
250–500 �C. For diffusion
rate in the system at various
temp. see Addendum.

Nb–S a–S, b-S, NbS3 (\630 �C,
incongruent melt. point,
invariable compos.),
a-NbS2±x (\*800–850 �C,
?), b-NbS2±x (*850–1050
�C, ?), a-NbS2–x (or
a-Nb1+yS2, 0.12 B y B

0.2570.5, at least at
*800–1100 �C, ?), b-NbS2–x

(or b-Nb1+yS2, 0.30 B y B

0.43, at least at temp.
C*1000�C, ?), Nb3S4 (?),
a-NbS1+x, (or a-Nb2–yS2, 0 B

y B 0.3, \ 780–850 �C, ?),
b-NbS1+x, (or b-Nb2–yS2,
0 B y B 0.3,[780–850 �C, ?),
a-NbS (at least at temp.
*770–850 �C, ?), b-NbS
(\*770–1000 �C, ?), NbS1–x

(or Nb10S9, ?), Nb
Eutectic (degenerated)
NbS3–S (*110–115 �C, ?)
Data on the system available
in the literature are
controversial.

Nb sulphides are
synthesized by the direct
interaction between the
elements in sealed vacuum
ampules. For diffusion rate
in the system at various
temp. see Addendum.

[4, 12, 14, 16,
185]
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Table 8.5 (continued)

System Type of phase diagram
(constituent phases,
temperatures and
compositions of
transformations)

Character of
interaction

References

Nb–Se Se, a-Nb2Se9 (\690 �C,
incongruent melt. point,
invariable compos., ?),
b-Nb2Se9 (?), c-Nb2Se9 (?),
a-NbSe4 (?), b-NbSe4 (?),
NbSe3 (\780 �C, incongruent
melt. point, invariable
compos.), NbSe2 (Bat least
800 �C, invariable compos.,
some polytypes, ?), Nb2Se3

(or NbSe1.5, some polytypes,
?), Nb3Se4 (or NbSe1.33),
Nb5Se4 (or NbSe0.8), Nb2Se
(or NbSe0.5), Nb
Eutectic (degenerated)
a-Nb2Se9–Se (*220 �C, ?)

Nb selenides are
synthesized by the direct
interaction between the
elements.

[12, 14, 16, 50,
185–189]

Nb–Te Te, a-NbTe4 (?), b-NbTe4±x

(\*465–470 �C, homog.
range—*19–24 at.% Nb),
a-NbTe3 (invariable compos.,
?), b-NbTe3–x (at least from
*430 �C to *550 �C, homog.
range—*26–28 at.% Nb),
a-Nb3Te8 (\425 �C,
invariable compos., ?),
b-Nb3Te8+x (invariable
compos., ?), a-Nb3Te7

(\450 �C, invariable compos.,
?), b-Nb3Te7+x (invariable
compos.), a-NbTe2 (?),
b-NbTe2 (?), c-NbTe2+x (at
least from *450 �C to *650
�C, homog. range—*29–30
at.% Nb), Nb3Te4, a-NbTe (?),
b-NbTe (?), NbTe1–x (or
NbTe0.82, x & 0.18, ?),
Nb5Te4, Nb

Nb tellurides are
synthesized by the direct
interaction between the
elements.

[12, 14, 16, 32,
50, 185–186, 190]

Nb–Po No data – –
Group 17
Nb–F F, NbF5 (\79–80 �C, melt.

point, invariable compos.),
NbF4 (invariable compos.),
NbF3 (invariable compos.),
Nb6F15 (or Nb2F5, NbF2.5),
Nb
No diagram plot

The direct interaction
between Nb and F2 initiates
at room temp. At temp.
C250 �C, the intensive
interaction results in the
formation of NbF5.

[2–3, 12, 51, 191]
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The data on the selected ternary, quaternary, quasi-binary and quasi-ternary
niobium containing systems, which are the most important for the design, manu-
facture and application of ultra-high temperature materials, are summarized in
Table 8.6. The composition and temperature stability regions for the main binary
and ternary niobium containing high-temperature phases are given in Tables 8.5–8.6
taking into account the spread of numerical magnitudes available in the literature
currently.

Table 8.5 (continued)

System Type of phase diagram
(constituent phases,
temperatures and
compositions of
transformations)

Character of
interaction

References

Nb–Cl Cl, NbCl5 (\205–210 �C,
melt. point, invariable
compos.), NbCl4 (invariable
compos.), NbCl3±x (or
NbCl2.6773.13, variable
compos.), Nb3Cl8 (?),
Nb6Cl14 (or Nb3Cl7, NbCl2.33,
invariable compos.), Nb
No diagram plot

The interaction between Nb
and Cl2 at 350 �C results in
the formation of NbCl5;
NbCl3 is formed from the
elements at 450 �C. NbCl4
and Nb2Cl14 are
synthesized by special
chemical reaction
pathways.

[2–3, 12, 51]

Nb–Br Br, NbBr5 (\267–268 �C,
melt. point, invariable
compos.), NbBr4 (invariable
compos.), NbBr3–x (or
NbBr2.6773.0, variable
compos.), Nb3Br8 (?),
NbBr2, Nb
No diagram plot

At 250–300 �C, the
interaction between the
elements is noticeable; it is
intensive at temp. [500 �C
and results in the formation
of NbBr5. Other Nb
bromides are synthesized
by special chemical
reaction pathways.

[2–3, 12, 51]

Nb–I I, a-NbI5 (?), b-NbI5

(\*320–400 �C, melt. point,
invariable compos.), a-NbI4

(\*350 �C, invariable
compos.), b-NbI4 (*350–415
�C, invariable compos.),
c-NbI4 (*415–505 �C,
incongruent melt. point,
invariable compos.), NbI3–x

(or NbI2.6773.0, variable
compos.), Nb3I8 (?), NbI2 (?),
Nb6I11, Nb

At 290–300 �C, the
interaction between the
elements results in the
formation of NbI5. Nb
iodides with lower
valencies are synthesized
by special chemical
reaction pathways.

[2–3, 12, 51, 329]

Nb–At No data – –
a The intervals of temperatures and compositions for the melting and invariant equilibria points,
homogeneity ranges and thermal stability regions of constituent phases are given taking into
account the minimal and maximal values (data spread) available in literature
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Table 8.6 Chemical interaction of niobium with elements and compounds at high temperatures
(selected ternary, quaternary, quasi-binary and quasi-ternary systems in alphabetical order)a

System Type of phase diagram (temperature and composition
sections, constituent phases or phase fields) and/or
character of interphase interaction and materials
compatibility

References

Nb–Al–B Plotted at 900 and 1200 �C: Nb10Al9B, Nb6Al3B, NbB2±x(Al)
(extended solid solution based on NbB2±x—up to *12 at.%
Al), Al2B3 (B*955 �C, ?), AlB2 (B*955–980 �C), AlB10

(1660–1850 �C), a-AlB12 (B*1450–1550 �C), b-AlB12

(*1450–2150 �C, ?), c-AlB12 (*1550–2150 �C, ?),
NbAl3–x, r-Nb2±xAl, Nb3+xAl, NbB2±x, Nb3B4, Nb5B6,
NbB1±x, Nb3B2, b-B, Al, Nb
No solid solutions based on binary and ternary compounds
apart from NbB2±x.

In vacuum (*10-2 Pa), the interaction between NbB2±x and
Al initiates from 1250 �C; at temp.\1600 �C it results in the
formation of solid solutions.

[19, 330–331]

Nb–Al–B–N No diagram plot
In vacuum (*10-1–10-3 Pa), the interaction between Nb
and near equimolar composition of AlN–BN initiates from
1300 �C for mixture of powders and from 1400 �C for
dense specimens, and results in the formation of Nb3B4 and
NbB2±x.

[25]

Nb–Al–C See C–Al–Nb in Table 2.14.
Nb–Al–C–Ti See C–Al–Nb–Ti in Table 2.14.
Nb–Al–C–V See C–Al–Nb–V in Table 2.14.
Nb–Al–C–Zr See C–Al–Nb–Zr in Table 2.14.
Nb–Al–Ir Plotted at 1100 �C: *Ir2+xNb5Al8–x (or

Nb0.33Al0.54–0.05yIr0.13+0.05y, 0 B y B 1, or Nb(Al1–zIrz)2,
0.190 B z B 0.265, Laves phase), *Ir4+xNb7+zAl11–x–z (or
Nb0.33+0.045xAl0.49–0.11xIr0.18+0.065x, 0 B x B 1),*Ir4Nb15Al12

(or Nb0.48Al0.39Ir0.13, metastable, ?), *Ir5Nb8Al4 (or
Nb0.48Al0.225Ir0.295), *Ir8Nb7Al6 (or Nb0.33Al0.28Ir0.38),
*Ir11+xNb7+zAl5–x–z (or Nb0.310+0.030xAl0.225–0.075x

Ir0.465+0.045x, 0 B x B 1, or (Nb0.4Ir0.6)0.775+0.075x

Al0.225–0.075x), r-Nb2±x(Al,Ir) (r-Nb2±xAl–r-IrNb2±x

continuous solid solution, \*1860–2060 �C),a1-(Ir,Al)Nb1–x

(solid solution based on a1-IrNb1–x—up to *6 at.% Al),
a2-(Ir,Al)Nb1–x (extended solid solution based on a2-IrNb1–x—
up to *8 at.% Al), Nb3+x(Al,Ir) (solid solution based on
Nb3+xAl—up to *2.5 at.% Ir), (Ir,Al)Nb3±x (solid solution
based on IrNb3+x—up to *2.2 at.% Al), IrAl1±x (\2120 �C),
Ir2Al5+x (\*1615 �C), IrAl3 (\1450 �C), Ir4Al13 (\1015 �C),
Ir2Al9 (\900 �C), Ir3±xNb, NbAl3–x, Al, Ir, Nb

[14, 16, 54,
193, 201–203,
363]

Nb–Al–Ir–Ni Plotted partially: phase relations are considered [222, 382]
Nb–Al–Ir–Pt Plotted partially at 1500 �C: Ir3±xNb–Pt3±xAl continuous

solid solution, (Ir,Pt), Al, Nb
[223]

Nb–Al–Mo See Mo–Al–Nb in Table 7.5.
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Table 8.6 (continued)

System Type of phase diagram (temperature and composition
sections, constituent phases or phase fields) and/or
character of interphase interaction and materials
compatibility

References

Nb–Al–N Plotted at 1000 and 1500 �C: Nb3Al2N (or
Nb0.5Al0.33N0.17), AlN (\2400–2450 �C), NbAl3–x,
r-Nb2±xAl, Nb3+xAl, e-NbN1±x, d-NbN1–x, c-Nb4N3+x,
b-Nb2±xN, N, Al, Nb
No solid solutions based on binary and ternary compounds.
In vacuum, at 900 �C d-NbN1–x is resistant to Al melts. The
interaction between bulk metal Nb and AlN initiates at
1300 �C and results in the formation of d-NbN1–x,
b-Nb2±xN and NbAl3–x; at temp. [1500 �C d-NbN1–x is not
formed.

[19, 332–333]

Nb–Al–Si Plotted at 500–1840 �C: Nb5(Si1–xAlx)3 (0.45 B x B 0.60,
or Nb10Si3Al3), Nb(Si1–xAlx)2 (0.3 B x B 0.375, or
Nb3Si5Al2), a-Nb5(Si,Al)3+x (extended solid solution based
on a-Nb5Si3+x—up to *15 at.% Al, ?), b-Nb5(Si,Al)3+x

(solid solution based on b-Nb5Si3+x—up to *20 at.% Al,
?), Nb(Si,Al)2 (extended solid solution based on NbSi2—up
to *10 at.% Al), Nb3+x(Al,Si) (extended solid solution
based on Nb3+xAl—up to compos. Nb3+xAl0.3Si0.7),
r-Nb2±x(Al,Si) (solid solution based on r-Nb2±xAl),
Nb(Al,Si)3–x (solid solution based on NbAl3–x), Nb3Si, Al,
Si, Nb

[212–213,
215, 216, 280–
283]

Nb–Al–Si–Ti Plotted partially: phase relations are considered [229]
Nb–Al–Ta See Ta–Al–Nb in Table 6.4.
Nb–As–C See C–As–Nb in Table 2.14.
Nb–B–Bi No diagram plot

In Ar atmosphere, no interaction between NbB2±x and Bi at
temp. \320 �C.

[19]

Nb–B–C See C–B–Nb in Table 2.14.
Nb–B–C–N See C–B–N–Nb in Table 2.14.
Nb–B–C–Si See C–B–Nb–Si in Table 2.14.
Nb–B–Fe Plotted at 600–1800 �C: NbFeB (Bat least 1200 �C),

Nb3Fe3B4 (Bat least 600 �C), (Nb1–xFex)3B2 (extended
solid solution based on Nb3B2, 0 \ x \ 0.33), (Nb,Fe)B2±x

(extended solid solution based on NbB2±x—up to 20 at.%
Fe at 800 �C, ?), Fe2B (\1407 �C), FeB (\1588 �C),
e-Fe2±xNb, l-FeNb1±x, NbB1±x, Nb5B6, Nb3B4, Nb2B3,
b-B, a-Fe, c-Fe, d-Fe, Nb

[19, 235–236,
284]

Nb–B–Ga No diagram plot
In vacuum (*10-2 Pa), no interaction between NbB2±x

and Ga at temp. \800 �C.

[19]

Nb–B–Gd Plotted at 1000 �C: *Gd2NbB6 (or Gd0.7Nb0.3B2, solid
solution based on GdB2, ?), GdB66 (\2150 �C), GdB6±x

(\2510 �C), GdB4 (\*2650 �C), Gd2B5 (\2100 �C),
GdB2 (\*2050 �C), Nb3B2, NbB1±x, Nb5B6, Nb3B4,
NbB2±x, b-B, a-Gd, b-Gd, Nb

[196]
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Table 8.6 (continued)

System Type of phase diagram (temperature and composition
sections, constituent phases or phase fields) and/or
character of interphase interaction and materials
compatibility

References

Nb–B–Ge Plotted at 900 �C: Nb5Ge3B1–x, Nb5Ge2B, NbGe2±x,
a-Nb10Ge7 (?), b-Nb10Ge7 (?), a-Nb5Ge3±x (?),
b-Nb5Ge3±x, a-Nb3Ge (?), b-Nb3+xGe, NbB2±x, Nb3B4,
Nb5B6, NbB1±x, Nb3B2, b-B, Ge, Nb
No solid solutions based on binary and ternary compounds.

[16, 63, 334]

Nb–B–Hf Plotted at 1200–1950 �C: (Nb,Hf)B2±x (NbB2±x–HfB2±x

continuous solid solution at least at 1400 �C), (Nb,Hf)B1±x

(extended solid solution based on NbB1±x—up to
*(Nb0.6Hf0.4)B1±x compos. at 1400 �C), (Nb,Hf)3B4

(extended solid solution based on Nb3B4—up to
*(Nb0.85Hf0.15)3B4 compos. at 1400 �C), HfB1±x

(\2100 �C), Nb5B6, Nb3B2, b-B, a-Hf, (b-Hf,Nb)

[19, 285, 335–
336]

Nb–B–In No diagram plot
In Ar atmosphere, no interaction between NbB2±x and
In at temp. \500 �C.

[19]

Nb–B–Mo See Mo–B–Nb in Table 7.5.
Nb–B–Mo–Si See Mo–B–Nb–Si in Table 7.5.
Nb–B–N Plotted at 1200 and 1400 �C: Nb2BN1–x (at least at

1200 �C), NbxByNz (x & 577, y & 5.577.5,
z & 375.5, at least at 1200 �C, ?), a-BN (or h-BN,
graphene/graphite like, \2400 �C), e-NbN1±x, d-NbN1–x

c-Nb4N3+x, b-Nb2±xN, Nb3B2, NbB1±x, Nb5B6, Nb3B4,
Nb2B3, NbB2±x, b-B, N, Nb
Mutual solid solubilities in the system are rather small, i.e.
practically no B dissolves in the Nb nitrides and no N—in
the Nb borides.
In vacuum (*10-1–10-3 Pa), the interaction between Nb
and BN initiates from 1400 �C for equimolar mixture of
powders and from 1700 �C for dense specimens, and results
in the formation of NbB1±x, NbB2±x, Nb3B4, b-Nb2±xN and
d-NbN1–x; at temp. C1900 �C NbB1±x, NbB2±x, Nb3B4 and
b-Nb2±xN are formed and at temp. C2000 �C—only
NbB1±x and NbB2±x. At all temp., the reactions take place
also through vapour phase.

[19, 25, 245]

Nb–B–N–O No diagram plot
In inert atmosphere, at 1750 �C the interaction between Nb
oxides and a-BN results in the formation of Nb3B4.

[26]

Nb–B–Ni Plotted at 800 and 950 �C: NbNiB2, NbNiB (or Nb5Ni11B4,
?), Nb3Ni20B6 (or Nb2Ni21B6, Nb2.5Ni20.5B6), Nb12Ni6B (or
Nb2NiB0.16), Ni3B (\*1155 �C), Ni2B (\1125 �C),
Ni4B3–x (or o-Ni4B3, x & 0.2, \1025 �C), Ni4B3+x (or
m-Ni4B3, x & 0.1, \*1030 �C), NiB (\1035 �C),
NbB2±x, Nb3B4, Nb5B6, NbB1±x, Nb3B2, Ni8Nb, Ni3±xNb,
l-Ni6Nb7–x (or l-NiNb1+x), b-B, Ni, Nb
Eutectic Nb3Ni20B6–Ni (*1085 �C, *78 at.% Ni, *6.5
at.% Nb).
No solid solutions based on binary and ternary compounds.
In vacuum (*10-2 Pa), the interaction between NbB2±x

and Ni at 1450 �C results in the formation of NbNiB2.

[19, 63, 337–
339]
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Table 8.6 (continued)

System Type of phase diagram (temperature and composition
sections, constituent phases or phase fields) and/or
character of interphase interaction and materials
compatibility

References

Nb–B–Ni–Ta See Ta–B–Nb–Ni in Table 6.4.
Nb–B–O No diagram plot

NbBO4

In Ar atmosphere, the interaction between NbB2±x and
Nb2O5 results in the formation of NbO2—at 1000–1100 �C;
NbO2 and NbB1±x—at 1200–1700 �C; Nb, Nb3B2 and
NbB1±x—at 1800–1900 �C.

[19, 340]

Nb–B–Pb No diagram plot
In Ar atmosphere, no interaction between NbB2±x and Pb at
temp. \350 �C.

[19]

Nb–B–Re See Re–B–Nb in Table 4.6.
Nb–B–Ru–Ta See Ta–B–Nb–Ru in Table 6.4.
Nb–B–Sc No diagram plot

(Nb,Sc)B2±x (solid solution based on NbB2±x, at least—up
to *(Nb0.9Sc0.1)B2±x compos.)

[63]

Nb–B–Si Plotted at 1600, 1700 and 1800 �C: Nb5Si3–xBx (0 B x B 2,
a-Nb5Si3+x–Nb5SiB2 extended solid solution (?),
\*2245 �C, incongruent melt. point), Nb5Si3+xBy,
NbSi2, Nb3Si, NbB2±x, Nb3B4, Nb5B6, NbB1±x, Nb3B2,
SiBn (n & 23, \2040 �C), SiB6 (\1850 �C), SiB3±x

(\1270 �C), b-B, Si, Nb
Eutectic Nb5Si3+xBy–NbSi2–NbB2±x (*1795 �C)
Eutectic Nb5Si3+xBy–a-Nb5Si3+x–NbSi2 (*1865 �C)
Eutectic NbSi2–SiB6–Si (1375 �C)
Eutectic Nb5Si3–xBx (x & 1)–Nb (*1880 �C)
NbB2±x–NbSi2 is plotted: eutectic—1860–1900 �C,
*12.5 mol.% NbB2±x; the max. solid solubility of NbB2±x

in NbSi2 is *6–9 mol.% (at eutectic temp.) and that of
NbSi2 in NbB2±x is negligible.

[32, 195, 226,
243–244, 286–
289, 373]

Nb–B–Si–W See W–B–Nb–Si in Table 3.6.
Nb–B–Sn No diagram plot

In Ar atmosphere, no interaction between NbB2±x and Sn at
temp. \600 �C.

[19]

Nb–B–Ta See Ta–B–Nb in Table 6.4.
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Table 8.6 (continued)

System Type of phase diagram (temperature and composition
sections, constituent phases or phase fields) and/or
character of interphase interaction and materials
compatibility

References

Nb–B–Ti Plotted at 1200, 1400 and 1950 �C: (Nb,Ti)B2±x (NbB2±x–
TiB2±x continuous solid solution, \*3000–3250 �C),
(Nb,Ti)B1±x (extended solid solution based on NbB1±x—up
to *15–30 at.% Ti), (Ti,Nb)B1–x (extended solid solution
based on TiB1–x—up to *20–30 at.% Nb, \*2180–
2200 �C), (Nb,Ti)3B2 (extended solid solution based on
Nb3B2—up to *5–10 at.% Ti), (Nb,Ti)3B4 (extended solid
solution based on Nb3B4—up to *5–10 at.% Ti),
(Nb,Ti)5B6 (extended solid solution based on Nb5B6—up
to *5–10 at.% Ti), (Ti,Nb)3B4 (solid solution based on
Ti3B4—up to 2 at.% Nb, \*2200 �C), Nb2B3, b-B, a-Ti,
(b-Ti,Nb)
TiB2±x–Nb is plotted: TiNbB2 (\*2840 �C, congruent
melt. point, invariable compos., ?); TiB2±x–TiNbB2

eutectic—*2690 �C, *5 mol.% Nb; TiNbB2–Nb
eutectic—*2130 �C, *90 mol.% Nb; the solubility of
TiB2±x in Nb and that of Nb in TiB2±x are B*1 mol.%.
Data on the system available in the literature are
controversial.
The interaction between compact metal Nb and TiB2±x

initiates from 1200 �C and results in the formation of
Nb3B2 and NbB1±x at 1300–1400 �C, and Nb3B2, NbB1±x

and TiB1–x at 1500–1700 �C.

[4, 10, 19, 28,
60, 232–234,
237–238, 290]

Nb–B–U No diagram plot
Metal Nb is compatible with UB4 in powdered blend at
temp. B1000 �C.

[4]

Nb–B–W See W–B–Nb in Table 3.6.
Nb–B–Zr Plotted at 1500 �C: (Nb,Zr)B1±x (extended solid solution

based on NbB1±x—up to compos. *(Nb0.4Zr0.6)B1±x),
(Nb,Zr)3B2 (extended solid solution based on Nb3B2—up to
compos. *(Nb0.9Zr0.1)3B2), ZrB2±x (\3225–3265 �C),
ZrB12 (*1695–2290 �C), Nb3B4, Nb5B6, Nb2B3, NbB2±x,
b-B, (b-Zr,Nb)
The binary compounds in the system, with the exception of
NbB1±x and Nb3B2, dissolve only slight amounts of the
third component. At ultra-high temp. it is very probable that
NbB2±x–ZrB2±x continuous solid solution exists. Zr-
enriched b-Zr–Nb continuous solid solution is in
equilibrium with (Nb,Zr)B, (Nb,Zr)3B2 and ZrB2±x.

In vacuum, the interaction between compact metal Nb and
ZrB2±x initiates from 1100–1200 �C and results in the
formation of Nb borides.

[10, 14–17, 19,
27, 29, 192,
291–294]

Nb–Be–Mo See Mo–Be–Nb in Table 7.5.
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Table 8.6 (continued)

System Type of phase diagram (temperature and composition
sections, constituent phases or phase fields) and/or
character of interphase interaction and materials
compatibility

References

Nb–Be–O No diagram plot
In vacuum, the interaction between metal Nb and a-BeO
initiates at temp. [1600–1700 �C (0.5–1 h exposure); at
1800–1900 �C the contact interaction leads to the formation
of new phases, Nb beryllides mainly, and materials
corrosion and damage. In inert atmosphere, at 1800 �C the
interaction is observed along the grain boundaries, and Nb
oxides are formed.

[4, 10, 26]

Nb–C–Co See C–Co–Nb in Table 2.14.
Nb–C–Co–Hf See C–Co–Hf–Nb in Table 2.14.
Nb–C–Co–Ta See C–Co–Nb–Ta in Table 2.14.
Nb–C–Co–Ti See C–Co–Nb–Ti in Table 2.14.
Nb–C–Co–V See C–Co–Nb–V in Table 2.14.
Nb–C–Co–Zr See C–Co–Nb–Zr in Table 2.14.
Nb–C–Cr See C–Cr–Nb in Table 2.14.
Nb–C–Fe See C–Fe–Nb in Table 2.14.
Nb–C–Fe–N See C–Fe–N–Nb in Table 2.14.
Nb–C–Fe–N–Ti See C–Fe–N–Nb–Ti in Table 2.14.
Nb–C–Fe–N–Ti–V See C–Fe–N–Nb–Ti–V in Table 2.14.
Nb–C–Fe–V See C–Fe–Nb–V in Table 2.14.
Nb–C–Ga See C–Ga–Nb in Table 2.14.
Nb–C–H See C–H–Nb in Table 2.14.
Nb–C–Hf See C–Hf–Nb in Table 2.14.
Nb–C–Hf–U See C–Hf–Nb–U in Table 2.14.
Nb–C–Hf–V See C–Hf–Nb–V in Table 2.14.
Nb–C–In See C–In–Nb in Table 2.14.
Nb–C–Ir See C–Ir–Nb in Table 2.14.
Nb–C–Mg–O See C–Mg–Nb–O in Table 2.14.
Nb–C–Mn See C–Mn–Nb in Table 2.14.
Nb–C–Mo See C–Mo–Nb in Table 2.14.
Nb–C–Mo–Ta See C–Mo–Nb–Ta in Table 2.14.
Nb–C–Mo–U See C–Mo–Nb–U in Table 2.14.
Nb–C–Mo–Zr See C–Mo–Nb–Zr in Table 2.14.
Nb–C–N See C–N–Nb in Table 2.14.
Nb–C–N–W See C–N–Nb–W in Table 2.14.
Nb–C–Ni See C–Nb–Ni in Table 2.14.
Nb–C–Ni–Ta See C–Nb–Ni–Ta in Table 2.14.
Nb–C–Ni–V See C–Nb–Ni–V in Table 2.14.
Nb–C–Ni–Zr See C–Nb–Ni–Zr in Table 2.14.
Nb–C–O See C–Nb–O in Table 2.14.
Nb–C–O–Si See C–Nb–O–Si in Table 2.14.
Nb–C–O–W See C–Nb–O–W in Table 2.14.
Nb–C–O–Zr See C–Nb–O–Zr in Table 2.14.
Nb–C–Os See C–Nb–Os in Table 2.14.
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Table 8.6 (continued)

System Type of phase diagram (temperature and composition
sections, constituent phases or phase fields) and/or
character of interphase interaction and materials
compatibility

References

Nb–C–P See C–Nb–P in Table 2.14.
Nb–C–Pd See C–Nb–Pd in Table 2.14.
Nb–C–Pt See C–Nb–Pt in Table 2.14.
Nb–C–Pu See C–Nb–Pu in Table 2.14.
Nb–C–Re See C–Nb–Re in Table 2.14.
Nb–C–Rh See C–Nb–Rh in Table 2.14.
Nb–C–Ru See C–Nb–Ru in Table 2.14.
Nb–C–S See C–Nb–S in Table 2.14.
Nb–C–Si See C–Nb–Si in Table 2.14.
Nb–C–Sn See C–Nb–Sn in Table 2.14.
Nb–C–Ta See C–Nb–Ta in Table 2.14.
Nb–C–Ta–Ti See C–Nb–Ta–Ti in Table 2.14.
Nb–C–Ta–W See C–Nb–Ta–W in Table 2.14.
Nb–C–Tc See C–Nb–Tc in Table 2.14.
Nb–C–Th See C–Nb–Th in Table 2.14.
Nb–C–Ti See C–Nb–Ti in Table 2.14.
Nb–C–Ti–U See C–Nb–Ti–U in Table 2.14.
Nb–C–Ti–V See C–Nb–Ti–V in Table 2.14.
Nb–C–Ti–W See C–Nb–Ti–W in Table 2.14.
Nb–C–U See C–Nb–U in Table 2.14.
Nb–C–U–V See C–Nb–U–V in Table 2.14.
Nb–C–U–Zr See C–Nb–U–Zr in Table 2.14.
Nb–C–V See C–Nb–V in Table 2.14.
Nb–C–W See C–Nb–W in Table 2.14.
Nb–C–Zr See C–Nb–Zr in Table 2.14.
Nb–Ca–O Nb2O5–CaO is plotted: CaO (\2565–2585 �C),

11CaO�2Nb2O5 (or Ca11Nb4O21, \2105 �C), 5CaO�Nb2O5

(or Ca5Nb2O10, \2065 �C), solid solution based on
a-4CaO�Nb2O5 (or a-Ca4Nb2O9, *18–22.5 mol.%
Nb2O5, \*1375–1425 �C), solid solution based on
b–4CaO�Nb2O5 (or b-Ca4Nb2O9, *18–22.5 mol.%
Nb2O5, from *1375–1425 to 1560 �C, ?), solid solution
based on c-4CaO�Nb2O5 (or c-Ca4Nb2O9, *18–21.5
mol.% Nb2O5, *1560–1990 �C, ?), 3CaO�Nb2O5 (or
Ca3Nb2O8, \*1475–1560 �C, ?), 2CaO�Nb2O5

(Ca2Nb2O7, \*1570 �C), CaO�Nb2O5 (CaNb2O6,
\1550 �C), b-Nb2O5, a-Nb2O5; CaO–Ca11Nb4O21

eutectic—2035 �C, 13.7 mol.% Nb2O5; solid solution
based on b-Ca4Nb2O9 (or Ca3Nb2O8, ?)–Ca2Nb2O7 (or
CaNb2O6, ?) eutectic—*1535–1540 �C, *29–29.5
mol.% Nb2O5; CaNb2O6–Ca2Nb2O7 eutectic—*1490 �C,
*41–42 mol.% Nb2O5; CaNb2O6–b-Nb2O5 eutectic—
*1360–1370 �C, *77–78 mol.% Nb2O5

Data on the system available in the literature are
controversial.

[267–275]
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Table 8.6 (continued)

System Type of phase diagram (temperature and composition
sections, constituent phases or phase fields) and/or
character of interphase interaction and materials
compatibility

References

Nb–Ce–O a-Ce2O3�Nb2O5 (or a-CeNbO4), b-Ce2O3�Nb2O5 (or
b-CeNbO4), Ce2O3�3Nb2O5 (or CeNb3O9, Ce0.67Nb2O6, ?),
Ce2O3�5Nb2O5 (or CeNb5O14), Ce2O3�7Nb2O5 (or
CeNb7O19), Ce2O3�2CeO2�2Nb2O5 (or CeNbO4.25,
Ce4Nb4O17), Ce2O3�4CeO2�3Nb2O5 (or CeNbO4.33,
Ce3Nb3O13)

[276–277,
342]

Nb–Co–Mo See Mo–Co–Nb in Table 7.5.
Nb–Co–N Plotted at 1200 �C: g-Nb4Co2N1–x (homog. range—

*44–57 at.% Nb, *30–42 at.% Co, *14 at.% N),
Co3±xN (or Co2+xN, \*1595 �C), Co4N (\*1065 �C),
v-Co7Nb2±x, k3-Co3Nb, k2(a)-Co2±xNb (?), k2-Co2±xNb
(or k2(b)-Co2±xNb), k1-Co5Nb3–x, l-CoNb1±x, e-NbN1±x,
d-NbN1–x, c-Nb4N3+x, b-Nb2±xN, N, a-Co, e-Co, Nb
No solid solutions based on binary and ternary compounds.
At 1600 �C, d-NbN1–x interacts with Co melts intensively

[19, 23, 341]

Nb–Co–Ta See Ta–Co–Nb in Table 6.4.
Nb–Co–W See W–Co–Nb in Table 3.6.
Nb–Cr–Fe–Si Plotted at 1200 and 1300 �C: Nb7–xFe1+xCr4Si8

(0 B x B 0.4), Nb3Fe3CrSi6, (Nb0.5Fe0.5–xCrx)2Si
(0 B x B 0.09), (Nb0.5FexCr0.5–x)2Si (0 B x B 0.36),
(Fe1–x–yCryNbx)5Si3±x (homog. range limits:
(Fe0.85Cr0.15)5Si3±x, (Fe0.45Cr0.55)5Si3±x and
(Nb0.15Fe0.2Cr0.65)5Si3±x), Nb2+xCr4–xSi5, (Nb,Cr,Fe)11Si8
(extended solid solution based on (Nb,Cr)11Si8 (or
Nb3+xCr8–xSi8)—up to compos. (Nb1.3Cr2.2Fe7.5)Si8),
(Nb,Cr,Fe)6Si5 (extended solid solution based on
(Nb,Cr)6Si5—up to compos. (Nb2Cr2Fe2)Si5), Nb2Cr3Si3,
Nb4CrSi3 (narrow homog. range), Nb(Fe1–xSix)2, NbFeSi,
Nb4Fe3Si5, Nb4Fe4Si7, Nb4Fe3Si5, Nb2FeSi2, CrSi2
(\*1470–1590 �C), CrSi (\*1410–1485 �C),
b-Cr5Si3±x (from *1505–1510 to *1635–1730 �C),
a-(Cr,Nb,Fe)5Si3±x (extended solid solution based on
a-Cr5Si3±x \1505–1510 �C, triangular homog. range, at
1200 �C the solubility of Nb and Fe is limited to 4 and 28
at.%, respectively), Cr3±xSi (\*1725–1780 �C), a1-Fe3Si
(\1155 �C), a2-Fe3Si (\*1300 �C), Fe5Si2
(965–1250 �C), b-Fe2Si (1040–1210 �C), g-Fe5Si3
(*825–1100 �C), e-FeSi (\1410 �C), f1-FeSi2
(*935–1220 �C), f2-FeSi2 (\980 �C), FeSi2+x (x & 0.3,
935–1220 �C), r-FeCr1–x (from 440–520 �C to
815–830 �C), NbSi2, b-Nb5Si3+x, a-Nb5Si3+x (the solubility
of Cr and Fe is low), Nb3Si, k2-NbCr2±x, k1-NbCr2±x,
e-Fe2±xNb, l-FeNb1±x Si, a-Fe, c-Fe, d-Fe, Cr, Nb

[13–14, 16,
200]

Nb–Cr–Mo See Mo–Cr–Nb in Table 7.5.
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Table 8.6 (continued)

System Type of phase diagram (temperature and composition
sections, constituent phases or phase fields) and/or
character of interphase interaction and materials
compatibility

References

Nb–Cr–N–Ni No diagram plot
At 1600 �C, d-NbN1–x interacts with 80 %Ni–20 %Cr
melts intensively.

[19]

Nb–Cr–Re See Re–Cr–Nb in Table 4.6.
Nb–Cr–Si Plotted at 1000–1500 �C: Nb4CrSi3, NbCrSi (or Nb5Cr7Si7,

or Nb2Cr3Si3, ?), (Nb,Cr)11Si8 (or Nb4Cr7Si8, ?),
(Nb,Cr)6Si5 (or Nb2Cr4Si5, or Nb2Cr3Si6, ?), NbCr4Si,
a-(Nb,Cr)5Si3+x (extended solid solution based on
a-Nb5Si3+x—up to *10 at.% Cr), b-(Nb,Cr)5Si3+x (solid
solution based on b-Nb5Si3+x, ?), a-(Cr,Nb)5Si3±x (solid
solution based on a-Cr5Si3±x—up to *5–10 at.%
Nb, \1505–1510 �C), b-(Cr,Nb)5Si3±x (solid solution
based on b-Cr5Si3±x, ?), (Cr,Nb)3±xSi (solid solution based
on Cr3±xSi, \*1725–1780 �C), CrSi2 (solubility of Nb is
negligible, \*1470–1590 �C), CrSi (\*1410–1485 �C),
b-Cr5Si3±x (from *1505–1510 to *1635–1730 �C),
NbSi2 (solubility of Cr is negligible), Nb3Si, k2-NbCr2±x,
k1-NbCr2±x, Si, Cr, Nb
At 1000 �C, the mutual solubilities of NbSi2 and CrSi2 are
negligible. The formation of Nb5Si3+x phases in the ternary
system is suppressed.

[13–14, 16, 19,
31, 33, 198,
200, 212–213,
215, 228, 230,
240, 295]

Nb–Cr–Ta See Ta–Cr–Nb in Table 6.4.
Nb–Cr–Ta–Ti See Ta–Cr–Nb–Ti in Table 6.4.
Nb–Cr–W See W–Cr–Nb in Table 3.6.
Nb–Cu–Mo See Mo–Cu–Nb in Table 7.5.
Nb–Cu–N No diagram plot

In vacuum, at 1200 �C Nb nitrides are resistant to Cu melts.
[19]

Nb–Cu–Ta See Ta–Cu–Nb in Table 6.4.
Nb–Fe–Mo See Mo–Fe–Nb in Table 7.5.
Nb–Fe–N Plotted at 1200 �C (pressure N2–1 kPa): g-Nb4–xFe2+xN

(homog. range—*42–58 at.% Nb, *27–43 at.%
Fe, *14–15 at.% N), n-Fe2±xN (\500 �C), e-(Fe,N),
c0-Fe4+xN (\680 �C), e-Fe2±xNb, l-FeNb1±x (or
l-Fe7Nb6+x), e-NbN1±x, d-NbN1–x, c-Nb4N3+x, b-Nb2±xN,
N, a-Fe, c-Fe, d-Fe, Nb
No solid solutions based on binary and ternary compounds.
At 1600 �C, d-NbN1–x interacts with Fe melts intensively.

[19, 23, 341,
343]
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Table 8.6 (continued)

System Type of phase diagram (temperature and composition
sections, constituent phases or phase fields) and/or
character of interphase interaction and materials
compatibility

References

Nb–Fe–Si Plotted at 1000–1300 �C: NbFeSi (at least at *1150 �C),
NbFeSi2 (at least at *1150 �C), Nb2FeSi2 (at least
at *1150 �C), Nb4Fe4Si7 (at least at *1150 �C),
a-Nb4Fe3Si5 (\*1120–1140 �C), b-Nb4Fe3Si5 (from
1120–1140 �C to ?), Nb4FeSi (at least at 1100 �C),
Nb6Fe16Si7 (metastable, ?), e-(Fe,Si)2±xNb (or k-Nbz

(Fe1–ySiy)2, 0 B y B 0.375, *0.79 B z B *1.06,
extended solid solution based on e-Fe2±xNb),
l-(Fe,Si)Nb1±x (extended solid solution based on
l-FeNb1±x—up to *10–15 at.% Si), a1-Fe3Si
(\*1155–1235 �C), a2-Fe3Si (\*1300 �C), Fe5Si2
(965–1250 �C), b-Fe2Si (1040–1210 �C), g-Fe5Si3
(*825–1100 �C), e-FeSi (\1410 �C), f1-FeSi2
(*935–1220 �C), f2-FeSi2 (\980 �C), FeSi2+x (x & 0.3,
935–1220 �C), NbSi2, a-Nb5Si3+x, b-Nb5Si3+x, Nb3Si, Si,
a-Fe, c-Fe, d-Fe, Nb

[32, 296–298]

Nb–Fe–Ta See Ta–Fe–Nb in Table 6.4.
Nb–Fe–W See W–Fe–Nb in Table 3.6.
Nb–Ga–Ir Plotted partially at 1000 �C: *Ga4IrNb3 (or Nb37Ga50Ir13),

*Ga2IrNb2 (or Nb43Ga40Ir17), *Ga2+xIr3–xNb5

(0 B x B 0.5, or Nb48Ga22727Ir25730), *Ga7Ir7Nb6 (or
Nb30Ga35Ir35), *Ga2IrNb (or Nb25Ga52Ir23), *Ga3Ir12Nb5

(or Nb25Ga15Ir60), (Ir,Ga)Nb3±x (IrNb3±x–GaNb3+x

continuous solid solution, \1860–2130 �C),
r-(Ir,Ga)Nb2±x (extended solid solution based on
r-IrNb2±x—up to *15–18 at.% Ga), a2-Ir(Nb,Ga)1–x

(extended solid solution based on a2-IrNb1–x—up to *15
at.% Ga), a1-Ir(Nb,Ga)1–x (extended solid solution based on
a1-IrNb1–x—up to *10 at.% Ga), (Ir,Ga)3±x(Nb,Ga)
(extended solid solution based on Ir3±xNb—up to *12
at.% Ga), (Ga,Ir)3Nb5 (solid solution based on Ga3Nb5—up
to *3 at.% Ir), (Ga,Ir)5Nb4 (solid solution based on
Ga5Nb4—up to *2 at.% Ir), (Ga,Ir)3Nb (solid solution
based on Ga3Nb—up to *1 at.% Ir), Ga4Nb5, Ga13Nb5 (?),
Ga9Ir2, Ga3Ir, Ga5Ir3, GaIr, Ga, Ir, Nb

[13–14, 16,
194, 204]

Nb–H–Ir No diagram plot
Nb3IrHx (x = 4.3, Frank-Kasper phase)

[353]

Nb–H–N–Ti No diagram plot
(Nb0.2Ti0.8)(N0.3H1.3), (Nb0.4Ti0.6)(N0.4H1.1) and
(Nb0.6Ti0.4)(N0.45H0.67) single-phase complex hydronitrides
were synthesized by two-stage SHS from Nb and Ti
powders at gas pressures N2 [ 7 MPa and H2 = 1 MPa

[211]
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Table 8.6 (continued)

System Type of phase diagram (temperature and composition
sections, constituent phases or phase fields) and/or
character of interphase interaction and materials
compatibility

References

Nb–H–N–Zr No diagram plot
(Nb0.1Zr0.9)(N0.3H1.3), (Nb0.3Zr0.7)(N0.33H1.15),
(Nb0.4Zr0.6)(N0.35H1.1) and (Nb0.5Zr0.5)(N0.35H1.05) single-
phase complex hydronitrides were synthesized by two-
stage SHS from Nb and Zr powders at gas pressures
N2 [ 7 MPa and H2 = 1 MPa

[211]

Nb–H–Ta See Ta–H–Nb in Table 6.4.
Nb–Hf–Ir Plotted partially at 2000 �C: (Nb,Hf)Ir3±x (HfIr3+x–NbIr3±x

continuous solid solution)
[366–369]

Nb–Hf–Mo See Mo–Hf–Nb in Table 7.5.
Nb–Hf–N Plotted at 1200, 1500 and 2200 �C: (Nb,Hf)N1±x

(d-NbN1–x–HfN1±x continuous solid solution at least at
1200 �C, or extended solid solutions based on d-NbN1–x

and HfN1±x, \*2050–3390 �C), Hf4N3

(*1200–2300 �C), Hf3N2 (\1970 �C), e-NbN1±x,
c-Nb4N3+x, b-Nb2±xN, N, (a-Hf,Nb), (b-Hf,Nb)
HfN1±x (x = 0)–Nb is plotted: eutectic—2460 �C,
*70 mol.% HfN1±x (*17 at.% Nb); the max. solid
solubility of HfN1±x in Nb is *6 mol.% and that of Nb in
HfN1±x is *18–20 mol.% (at the eutectic temp.)
Hf-rich (Nb,Hf)N1±x is in equilibrium with Nb alloy.

[13–14, 16, 23,
344–345]

Nb–Hf–O Plotted partially at 1000 and 1500 �C: a-HfO2–x

(\1670 �C), b-HfO2–x (1670–2200 �C), c-HfO2–x

(2200–2900 �C), a-Nb2O5, b-Nb2O5, c-Nb2O5, a-NbO2±x,
b-NbO2±x, c-NbO2±x, NbO, O, a-Hf, (b-Hf,Nb)
Nb2O5–HfO2 is plotted: solid solutions based on HfO2

(a-HfO2–x, b-HfO2–x, c-HfO2–x), solid solution based on
6HfO2�Nb2O5 (or Hf6Nb2O17), HfO2�12Nb2O5 (or
HfNb24O62, ?), solid solutions based on Nb2O5 (a-Nb2O5,
b-Nb2O5, c-Nb2O5)

[257, 266]

Nb–Hf–Si Plotted at 1500 �C: (Nb,Hf)Si2 (extended solid solution
based on NbSi2—up to *10 at.% Hf), a-(Nb,Hf)5Si3+x

(extended solid solution based on a-Nb5Si3+x—up to *15
at.% Hf), b-(Nb,Hf)5Si3+x (extended solid solution based on
b-Nb5Si3+x, ?), (Hf,Nb)Si (extended solid solution based on
HfSi—up to *5 at.% Nb, \*2125–2155 �C), (Hf,Nb)5Si4
(extended solid solution based on Hf5Si4—up to *25 at.%
Nb, \*2305–2335 �C), (Hf,Nb)3Si2 (extended solid
solution based on Hf3Si2—up to *12.5 at.% Nb,
\*2460–2500 �C), (Hf,Nb)5Si3 (extended solid solution
based on Hf5Si3, *7.5–37.5 at.% Nb, from *1500–1600
to *2400 �C, ?), (Hf,Nb)2Si (extended solid solution
based on Hf2Si—up to *50 at.% Nb, \*2070–2095 �C),
(Nb,Hf)3Si (solid solution based on Nb3Si, ?), (Hf,Nb)Si2
(solid solution based on HfSi2, \*1535–1550 �C, ?),
Si, (a-Hf,Nb), (b-Hf,Nb)

[13–14, 16,
208, 214–215]
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Table 8.6 (continued)

System Type of phase diagram (temperature and composition
sections, constituent phases or phase fields) and/or
character of interphase interaction and materials
compatibility

References

Nb–Hf–Si–Ti General consideration of the system. [379]
Nb–Ir–Ni Plotted at 1300 �C: (Ni,Ir)3±xNb (extended solid solution

based on Ni3±xNb—up to *(Ni0.7Ir0.3)3±xNb compos.),
(Ir,Ni)3±xNb (solid solution based on Ir3±xNb—up to *5
at.% Ni), a2-(Ir,Ni)Nb1–x (solid solution based on a2-IrNb1–x

—up to *5 at.% Ni), a1-IrNb1–x, r-IrNb2–x, IrNb3±x,
Ni8Nb, l-Ni6Nb7–x, (Ir,Ni), Nb

[370]

Nb–Ir–O Plotted partially at 900 �C: *Nb20Ir12O7 (or
*Nb5Ir3O1.75, or Nb0.52Ir0.30O0.185, \at least 1700 �C,
Nowotny phase), Nb11Ir9O (or Nb55Ir45O5, ?), Ir3±xNb,
a2-IrNb1–x, a1-IrNb1–x, r-IrNb2±x, IrNb3±x, b-Nb2O5,
a-Nb2O5, a-NbO2±x, b-NbO2±x, c-NbO2±x, NbO, IrO2

(\*700–900 �C), O, Ir, Nb

[14, 16, 205–
207]

Nb–Ir–Rh No diagram plot
(Ir,Rh)Nb3±x (IrNb3±x–RhNb3±x continuous solid solution)

[354]

Nb–Ir–S b-NbS2–IrS2 is plotted at 700–1000 �C: b-NbS2, (Nb,Ir)S2,
IrS2

[355]

Nb–Ir–Si Plotted partially (60–100 at.% Nb) at 1200 �C: NbIrSi (?),
r-IrNb2-x(Si) (extended solid solution based on r-IrNb2-x

—up to *25 at.% Si), (Ir,Si)Nb3±x (extended solid
solution based on IrNb3±x—up to *15 at.% Si), IrSi3 (at
least at *1400–1500 �C), IrSi2 (at least at *1400–
1500 �C), Ir2Si3 (at least at *1250–1400 �C), Ir3Si4 (?),
Ir4Si5 (?), IrSi (\at least *1500 �C), Ir3Si2 (at least
from *500–700 to *1500 �C), Ir2Si (\at least
*1500 �C,), Ir3Si (\at least *1500 �C), Ir3±xNb,
a2-IrNb1–x, a1-IrNb1–x, NbSi2, a-Nb5Si3+x, b-Nb5Si3+x,
Nb3Si, Si, Ir, Nb

[356–358,
365]

Nb–Ir–Ta See Ta–Ir–Nb in Table 6.4.
Nb–Ir–Te No diagram plot

NbIrTe4

[359]

Nb–Ir–Ti Plotted partially at 2000 �C: (Nb,Ti)Ir3±x (TiIr3±x–NbIr3±x

continuous solid solution)
[367, 369]

Nb–Ir–Zr Plotted partially at 1500, 1800 and 2100 �C: Ir3±x(Nb,Zr)
(Ir3±xNb–Ir3±xZr continuous solid solution)

[224–225]
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Table 8.6 (continued)

System Type of phase diagram (temperature and composition
sections, constituent phases or phase fields) and/or
character of interphase interaction and materials
compatibility

References

Nb–Mg–O Nb2O5–NbO–MgO is plotted: (Nb,Mg)O (NbO–MgO
continuous solid solution), (Nb,Mg)O2±x (extended solid
solution based on c-NbO2±x), 3MgO�4NbO�2NbO2 (or
Mg3Nb6O11), 4MgO�(1–x)Nb2O5 (or Mg4Nb2O9–x,
\1715–1745 �C, incongruent melt. point), 5MgO�2Nb2O5

(or Mg5Nb4O15, from 1195–1205 to 1565–1595 �C),
(5–x)MgO�(2 ? x/2)Nb2O5 (or Mg5–xNb4+xO15–d,
1.14 B x B 1.60, at least at 1150 �C), MgO�(1 – x)Nb2O5

(or MgNb2O6–x, \1555–1585 �C, congruent melt. point
corresp. to MgNb2O6), 2MgO�17Nb2O5 (or Mg2Nb34O87,
from 1240–1250 �C to 1435–1455 �C), (Nb,Mg)2O5–x

(solid solution based on Nb2O5—up to 1.5 mol. % MgO at
1435–1455 �C); Mg2Nb34O87–MgNb2O6–x eutectic—
*1420–1440 �C, 73 mol.% Nb2O5; Mg2Nb34O87–
Mg5Nb4O15 eutectic—*1515–1545 �C, 37 mol.% Nb2O5

In vacuum, the interaction between metal Nb and MgO
initiates at 1800–1900 �C (5 h exposure); in inert
atmosphere, at 1800 �C the interaction is observed along
the grain boundaries, and Nb oxides are formed.

[4, 10, 26,
246–249]

Nb–Mo–N See Mo–N–Nb in Table 7.5.
Nb–Mo–Ni See Mo–Nb–Ni in Table 7.5.
Nb–Mo–O See Mo–Nb–O in Table 7.5.
Nb–Mo–P See Mo–Nb–P in Table 7.5.
Nb–Mo–Re See Re–Mo–Nb in Table 4.6.
Nb–Mo–Si See Mo–Nb–Si in Table 7.5.
Nb–Mo–Si–W See W–Mo–Nb–Si in Table 3.6.
Nb–Mo–Ta See Ta–Mo–Nb in Table 6.4.
Nb–Mo–Ti See Mo–Nb–Ti in Table 7.5.
Nb–Mo–U See Mo–Nb–U in Table 7.5.
Nb–Mo–V See Mo–Nb–V in Table 7.5.
Nb–Mo–W See W–Mo–Nb in Table 3.6.
Nb–Mo–W–Zr See W–Mo–Nb–Zr in Table 3.6.
Nb–Mo–Zr See Mo–Nb–Zr in Table 7.5.
Nb–N–Ni Plotted at 1200 �C (pressure N2 – 1 MPa): g-Nb4Ni2N,

Ni3N (\480 �C), Ni8Nb, Ni3±xNb, l-Ni6Nb7–x (or
l-NiNb1+x), e-NbN1±x, d-NbN1–x, c-Nb4N3+x, b-Nb2±xN,
N, Ni, Nb
No solid solutions based on binary and ternary compounds.
At 1600 �C d-NbN1–x interacts with Ni melts intensively.

[19, 23, 341]
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Table 8.6 (continued)

System Type of phase diagram (temperature and composition
sections, constituent phases or phase fields) and/or
character of interphase interaction and materials
compatibility

References

Nb–N–Si Plotted at 1000, 1500 and 1600 �C: Nb5Si3N7 (?),
b-Nb5Si3+xNy (or b-Nb5Si3N1–x, extended solid solution
based on b-Nb5Si3+x, ?), a-Nb5Si3+x, NbSi2, e-NbN1±x,
d-NbN1–x c-Nb4N3+x, b-Nb2±xN, b-Si3N4, Si, N, Nb
Addition of N stabilizes b-Nb5Si3+x at lower temp.
At 1600–1850 �C, the interaction between Nb and b-Si3N4

leads to the formation of NbSi2, a-Nb5Si3+x, b-Nb5Si3+x,
d-NbN1–x and b-Nb2±xN.

[19, 24, 27,
216]

Nb–N–Ta See Ta–N–Nb in Table 6.4.
Nb–N–Ti Plotted at 1200, 1250 and 1300 �C: d-(Nb,Ti)N1±x

(d-NbN1–x–d-TiN1±x continuous solid solution,
\*2020–2980 �C), b-(Nb,Ti)2±xN (extended solid
solution based on b-Nb2±xN—up to *(Nb0.7Ti0.3)2±xN
compos. at 1300 �C, ?), e-(Ti,Nb)2±xN (solid solution based
on e-Ti2±xN—up to *(Ti0.9Nb0.1)2±xN compos. at
1300 �C, ?), e-NbN1±x, N, (a-Ti,Nb), (b-Ti,Nb)
d-TiN1±x (x = 0)–Nb is plotted: eutectic—2350 �C,
*12 mol.% d-TiN1±x (*77–78 at.% Nb); the max. solid
solubility of d-TiN1±x in Nb is *10 mol.% and that of Nb
in d-TiN1±x is *20 mol.% (at the eutectic temp.)
d-NbN1–x–d-TiN1±x is plotted: continuous solid solution—
up to the melt. points *2020–2980 �C
Ti–rich d-(Nb,Ti)N1±x is in equilibrium with Nb alloy.
The interaction between compact metal Nb and d-TiN1±x

initiates from 1800 �C; at 2100 �C (2–5 h exposure) it is
intensive, and leads to the formation of solid solutions.

[4, 10, 14, 16,
23, 27, 344,
346–347]

Nb–N–U Plotted at 1000 (pressure N2 – 100 kPa) and 2000 �C
(pressure N2 – 40 kPa): UNbN2 (\*1700 �C), (U,Nb)N1–x

(extended solid solution based on UN1–x—up to
*U0.5Nb0.5N1–x compos. at 2000 �C (?), \2810–2885 �C),
d-(Nb,U)N1–x (extended solid solution based on d-NbN1–x

—up to *Nb0.8070.85U0.1570.20N1–x compos. at 2000 �C),
a-U2N3+x (\1132 �C), b-U2N3–x (from 940–1100 �C to
1352 �C), e-NbN1±x, b-Nb2±xN, N, a-U, b-U, (c-U,Nb)
No solid solutions based on binary and ternary compounds
at temp. B1000 �C.
At 1000 �C, the interaction between metal Nb and UN1–x is
weak (for 500 h penetration is 5 lm).

[4, 14, 16, 19,
23]

Nb–N –W See W–N–Nb in Table 3.6.
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Table 8.6 (continued)

System Type of phase diagram (temperature and composition
sections, constituent phases or phase fields) and/or
character of interphase interaction and materials
compatibility

References

Nb–N–Zr Plotted at 1200, 1700 and 1740 �C (partially): (Nb,Zr)N1±x

(d-NbN1–x–ZrN1±x continuous solid solution,
\*2020–2915 �C), e-NbN1±x, c-Nb4N3+x, b-Nb2±xN,
a-Zr, (b-Zr,Nb)
ZrN1±x (x = 0)–Nb is plotted: eutectic—*2430–2435 �C,
*10–12 mol. % ZrN1±x (*78–80 at.% Nb); the max. solid
solubility of ZrN1±x in Nb is *6 mol.% and that of Nb in
ZrN1±x is *13–14 mol.% (at the eutectic temp.)
The interaction between compact metal Nb and ZrN1±x

initiates from 1900–2000 �C (5 h exposure) and leads to the
formation of solid solutions.

[10, 19, 23, 27,
302, 344, 348]

Nb–Ni–Re See Re–Nb–Ni in Table 4.6.
Nb–Ni–Ta See Ta–Nb–Ni in Table 6.4.
Nb–Ni–W See W–Nb–Ni in Table 3.6.
Nb–O–Ta See Ta–Nb–O in Table 6.4.
Nb–O–Th Nb2O5–ThO2–x is plotted: ThO2–x (\*3270–3400 �C),

a-2ThO2�Nb2O5 (or a-Th2Nb2O9, \1310 �C),
b-2ThO2�Nb2O5 (or b-Th2Nb2O9, *1310–1360 �C),
ThO2�2Nb2O5 (or ThNb4O12, \*1390 �C), b-Nb2O5,
a-Nb2O5, c-Nb2O5; b-Th2Nb2O9–ThO2–x eutectic—
*1335 �C, 27 mol.% Nb2O5 (?); ThNb4O12–b-Th2Nb2O9

eutectic—*1320–1350 �C, *37–50 mol.% Nb2O5,
ThNb4O12–b-Nb2O5 eutectic–*1375 �C, 74 mol.%
Nb2O5

Data on the system available in the literature are
controversial.
At 1800 �C the interaction between metal Nb and ThO2–x

leads to the oxide materials corrosion and damage. In
vacuum, at 2100 �C Nb is compatible with ThO2–x (?).

[4, 26, 278–
279]

Nb–O–U Plotted partially at 800–1100 �C: UO2 �Nb2O5 orð
UNb2O7Þ; U3O8 �NbO2 �4Nb2O5 or UNb3O10ð Þ;
U3O8 �2NbO2 �4Nb2O5 or UNb4O12ð Þ; 3U3O8 �7UO3 �
12Nb2O5 or U16Nb24O105ð Þ; 7U3O8 �U4O9 �8 1/3�NbO2

or U3NbO9:68ð Þ; U2O2, a-UO3, b-UO3, a-U3O8, b-U3O8,
c-U3O8, U4O9 (\1135 �C), UO2þxð\2780�2840�CÞ,
b-Nb2O5, a-Nb2O5, c-Nb2O5, a-NbO2±x, b-NbO2±x,
c-NbO2±x, NbO, O, a-U, b-U, (c-U,Nb)
Data on the compatibility of metal Nb with UO2+x are very
controversial; more likely, it depends on O contents in the
oxide. The reaction between Nb and a-U3O8 leads to the
formation of UO2+x and initiates from 500 �C.

[4, 14, 16, 26,
197, 250–251]

Nb–O–W See W–Nb–O in Table 3.6.
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Table 8.6 (continued)

System Type of phase diagram (temperature and composition
sections, constituent phases or phase fields) and/or
character of interphase interaction and materials
compatibility

References

Nb–O–Y Plotted at 1100 �C: Y2O3�Nb2O5 (or YNbO4, ?),
Y2O3�Nb2O5�2NbO2 (or YNb2O6, ?), 3Y2O3�Nb2O5 (or
Y3NbO7, ?), a-Y2O3–x (\2325–2350 �C), b-Y2O3–x

(from *2310–2325 �C to *2410–2460 �C), a-Nb2O5,
b-Nb2O5, c-Nb2O5, a-NbO2±x, b-NbO2±x, c-NbO2±x, NbO,
O, a-Y, b-Y, Nb
Nb2O5–Y2O3 is plotted: b-(Y,Nb)2O3–x (extended solid
solution based on b-Y2O3–x—up to *2.5–15 mol.%
Nb2O5, ?), extended solid solution based on 3Y2O3�Nb2O5

(or Y3NbO7, from *20–23 to *30–31.5 mol.% Nb2O5,
\2145–2160 �C, ?), extended solid solution based on
b-Y2O3�Nb2O5 (or b-YNbO4, from *44–46 to
*50–51 mol.% Nb2O5, from 900 to 1970–2030 �C, ?),
extended solid solution based on a-Y2O3�Nb2O5 (or
a-YNbO4, from *44–46 to *50–51 mol.% Nb2O5,
\900 �C, ?), b-Nb2O5; b-(Y,Nb)2O3–x–solid solution based
on Y3NbO7 eutectic—*2100–2120 �C, *15–20 mol.%
Nb2O5; solid solution based on YNbO4—solid solution
based on Y3NbO7 eutectic—*1940–1950 �C,
*35–37 mol.% Nb2O5; solid solution based
on YNbO4–b-Nb2O5 eutectic—*1410–1485 �C,
75 mol.% Nb2O5

Data on the system available in the literature are
controversial.
The interaction between Nb and a-Y2O3–x initiates
from *1100 �C.

[26, 260–265]

Nb–O–Zr Plotted at 1000–1600 �C: a-ZrO2 (\*1205 �C), b-ZrO2

(*970–2380 �C), c-ZrO2–x (*1525–2710 �C), a-Nb2O5,
b-Nb2O5, c-Nb2O5, a-NbO2±x, b-NbO2±x, c-NbO2±x, NbO,
O, a-Zr, (b-Zr,Nb)
Nb2O5–ZrO2 is plotted: solid solutions based on ZrO2

(a-ZrO2, b-ZrO2, c-ZrO2–x), 8ZrO2�Nb2O5 (or Zr8Nb2O21,
\1640 �C), 15ZrO2�2Nb2O5 (or Zr15Nb4O40,
\*1600 �C), 7ZrO2�Nb2O5 (or Zr7Nb2O19, \*1560 �C),
13ZrO2�2Nb2O5 (or Zr13Nb4O36, \*1525 �C), solid
solution based on 6ZrO2�Nb2O5 (or Zr6Nb2O17,
\*1450–1670 �C, ?), 11ZrO2�2Nb2O5 (or Zr11Nb4O32,
\*1465 �C), 5ZrO2�Nb2O5 (or Zr5Nb2O15, \1435 �C),
ZrO2�Nb2O5 (or ZrNb2O7) ZrO2�(577)Nb2O5 (or
ZrNb10714O27737, ?), ZrO2�12Nb2O5 (or ZrNb24O62,
\1400–1450 �C, ?), ZrO2�16Nb2O5 (or ZrNb32O82, ?),
solid solutions based on Nb2O5 (a-Nb2O5, b-Nb2O5,
c-Nb2O5); solid solution based on Nb2O5 (or ZrNb24O62,
?)–solid solution based on Zr6Nb2O17 (or Zr5Nb2O15, ?)
eutectic—1435 �C, 75 mol.% Nb2O5

Data on the system available in literature are controversial.
In vacuum, the interaction between metal Nb and c-ZrO2–x

initiates from 1800–2000 �C; in inert atmosphere, at 1800 �C
the interaction is observed along the grain boundaries.

[4, 10, 26,
217–218, 231,
252–259]
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Table 8.6 (continued)

System Type of phase diagram (temperature and composition
sections, constituent phases or phase fields) and/or
character of interphase interaction and materials
compatibility

References

Nb–Os–Rh See Os–Nb–Rh in Table 5.4.
Nb–Os–Ta See Os–Nb–Ta in Table 5.4.
Nb–Os–W See W–Nb–Os in Table 3.6.
Nb–Re–Ta See Re–Nb–Ta in Table 4.6.
Nb–Re–V See Re–Nb–V in Table 4.6.
Nb–Re–W See W–Nb–Re in Table 3.6.
Nb–Si–Ta See Ta–Nb–Si in Table 6.4.
Nb–Si–Ti Plotted at 500–1800 �C: (Nb,Ti)3Si (Nb3Si–Ti3Si

continuous solid solution, homog. range—strongly
dependent on temp., \*1170–1980 �C), a-(Nb,Ti)5Si3+x

(extended solid solution based on a-Nb5Si3+x–up
to *10–25 at.% Ti), b-(Nb,Ti)5Si3+x (extended solid
solution based on b-Nb5Si3+x, ?), (Ti,Nb)5Si3±x (extended
solid solution based on Ti5Si3±x—up to *10–20 at.%
Nb, \2130 �C), (Ti,Nb)5Si4 (extended solid solution based
on Ti5Si4—up to *50 at.% Nb at 1200 �C,
\*1900–1920 �C), (Nb,Ti)Si2 (extended solid solution
based on NbSi2—up to compos. *(Nb0.55Ti0.45)Si2),
(Ti,Nb)Si2 (solid solution based on TiSi2,
\*1480–1500 �C; the solubility of NbSi2 is B3 mol.%,
?), (Ti,Nb)Si (solid solution based on TiSi,
\*1540–1570 �C), Si, a-Ti, (b-Ti,Nb)
Addition of Ti stabilizes Nb3Si at lower temp.

[4, 14, 16, 31,
33, 199, 209–
210, 215, 219–
221, 227, 239,
241–242, 299]

Nb–Si–U Plotted at 850 and 1000 �C: U2Nb3Si4, U2–xNb3+xSi4, USi3
(\1510 �C), USi2 (\450 �C), a-USi2–x, b-USi2–x (x = 0.12,
\1710 �C), a-U3Si5, b-U3Si5, c-U3Si5 (\1770 �C), USi
(\1580 �C), U3Si2 (\1665 �C), U3Si (\930 �C), NbSi2,
a-Nb5Si3+x, b-Nb5Si3+x, Nb3Si, Si, a-U, b-U, (c-U,Nb)

[300–301]

Nb–Si–V Plotted at 800 �C: NbVSi (?), (Nb,V)Si2 (NbSi2–VSi2
continuous solid solution, at least at 800–1550 �C,
\*1675–1940 �C), (V,Nb)5Si3 (extended solid solution
based on V5Si3—up to compos. *(V0.3Nb0.7)5Si3,
\2010 �C, ?), (V,Nb)3+xSi (extended solid solution based
on V3+xSi—up to compos. *(V0.75Nb0.25)3+xSi,
\1925 �C), a-(Nb,V)5Si3+x (solid solution based on
a-Nb5Si3+x—up to compos. *(Nb0.9V0.1)5Si3+x), V6Si5
(forms solid solution, 1160–1670 �C), b-Nb5Si3+x, Nb3Si,
Si, (V,Nb)

[19, 33, 349–
351]

Nb–Si–W See W–Nb–Si in Table 3.6.
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The character of chemical interaction and general reactions of niobium with
common chemicals (solids, liquids and aqueous solutions) and complex gases are
summarized in Table 8.7.

Table 8.6 (continued)

System Type of phase diagram (temperature and composition
sections, constituent phases or phase fields) and/or
character of interphase interaction and materials
compatibility

References

Nb–Si–Zr Plotted at 900 �C: ZrNbSi (?), (Nb,Zr)Si2 (extended solid
solution based on NbSi2—up to compos.
*(Nb0.770.8Zr0.270.3)Si2 at 900–1300 �C), (Zr,Nb)Si2
(extended solid solution based on ZrSi2—up to compos.
*(Zr0.75Nb0.25)Si2 at 900 �C; at temp. [1300 �C the
solubility of NbSi2 is *6 mol.%, ?), b-(Zr,Nb)5Si3
(extended solid solution based on b-Zr5Si3—up to
compos. *(Zr0.4Nb0.6)5Si3 at 900 �C, ?), a-(Nb,Zr)5Si3+x

(extended solid solution based on a-Nb5Si3+x—up to
compos. *(Nb0.7Zr0.3)5Si3+x at 900 �C), a-(Zr,Nb)5Si4
(extended solid solution based on a-Zr5Si4—up to
compos. *(Zr0.6Nb0.4)5Si4 at 900 �C, \1860 �C),
(Zr,Nb)3Si2 (solid solution based on Zr3Si2—up to
compos. *(Zr0.9Nb0.1)3Si2 at 900 �C, \2215–2220 �C),
(Zr,Nb)2Si (solid solution based on Zr2Si—up to
compos. *(Zr0.9Nb0.1)2Si at 900 �C, \1925 �C), Zr3Si
(\1650 �C), b-Zr5Si4 (1860–2250 �C), a-Zr5Si3 (?), a-ZrSi
(solubility of Nb is low, \1460 �C), b-ZrSi
(1460–2210 �C), b-Nb5Si3+x, Nb3Si, a-Zr, (b-Zr,Nb)

[31, 33, 350,
352]

Nb–Ta–Ti See Ta–Nb–Ti in Table 6.4.
Nb–Ta–V See Ta–Nb–V in Table 6.4.
Nb–Ta–W See W–Nb–Ta in Table 3.6.
Nb–Ta–Zr See Ta–Nb–Zr in Table 6.4.
Nb–Ti–W See W–Nb–Ti in Table 3.6.
Nb–V–W See W–Nb–V in Table 3.6.
Nb–W–Zr See W–Nb–Zr in Table 3.6.
a See notes to Table 8.5

Table 8.7 The interaction of niobium with some chemicals and complex gases [4, 10, 12, 36]a

Reagent, formula Character of chemical interaction, examples of general
reactions

Air,
N2 ? O2

In air the oxidation of Nb initiates from 250–300 �C and leads
to the formation of a-Nb2O5 at temp. \800 �C, or b-Nb2O5 at
800–1285 �C (c-Nb2O5 is formed at higher temp.):
4Nb ? 5O2 ? 2Nb2O5.
At temp. [850–900 �C the oxidation process is very intensive.

Water,
H2O

No interaction at the moderate conditions.

(continued)
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The self-diffusion characteristics of niobium atoms, diffusion characteristics in
niobium—element and niobium—chemical compound systems in the wide range
of temperatures and summarized data on the physico-chemical interaction of
niobium with elements of the periodic table are given in Addendum.

Table 8.7 (continued)

Reagent, formula Character of chemical interaction, examples of general
reactions

Hydrogen peroxide,
H2O2

No interaction.

Carbon monoxide,
CO

The interaction leads to the formation of carbide NbC1–x or
oxycarbide NbCxOy.

Carbon dioxide,
CO2

The interaction with dry CO2 leads to the formation of Nb
oxides.

Hydrocarbons,
CHn

The interaction between Nb and hydrocarbons leads to the
formation of Nb carbides.

Ammonia (aqueous solution),
NH4OH

No interaction.

Sodium hydroxide,
NaOH

The interaction with molten NaOH results in the formation of
Na niobates; the interaction with aqueous solutions NaOH is
negligible.

Potassium hydroxide,
KOH

The interaction with molten KOH results in the formation of K
niobates; the interaction with aqueous solutions KOH is
negligible.

Nitric acid,
HNO3

Practically, no interaction.

Sulphuric acid,
H2SO4

The interaction is negligible.

Hydrochloric acid,
HCl

No interaction.

Hydrofluoric acid,
HF

Nb dissolves in HF.

Hydrochloric acid with
nitric acid (aqua regia),
HCl ? HNO3

While heating the interaction is negligible.

Nitric acid with
hydrofluoric acid,
HNO3 ? HF

The interaction leads to the solution of Nb:
3Nb ? 5HNO3 ? 21HF ? 3H2[NbF7] ? 5NO ? 10H2O.

a Etching agents for niobium: 48 % HF aqueous solution ? H2SO4 concentrated aqueous
solution ? H2O mixture (ratio 1:1:1) with addition of H2O2 (for grain boundaries and sub-
boundaries), 175 ml 40 % HF aqueous solution ? 175 ml 70 % HNO3 aqueous solu-
tion ? 650 ml H2O (electrochemical polishing, platinum cathode, 50 �C, 12–20 V, 0.2–0.3 A
cm-2), 50 ml 40 % HF aqueous solution ? 170 ml 70 % HNO3 aqueous solution ? 5 ml citric
acid ? 510 ml methanol (electrochemical polishing, 4.95–6.05 A cm-2)
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Chapter 9
Iridium

9.1 Structures

Iridium is the element No. 77 of the periodic table (period—6, group—9 (or
VIIIb), relates to transition metals) with the ground state level 4F9/2 and electron
configuration 1s22s22p63s23p63d104s24p64d104f145s25p65d76s2. The general oxi-
dation states (numbers) of iridium in various chemical compounds are (–3), (–2),
(–1), 0, (+1), (+2), (+3), (+4), (+5) and (+6); the oxidation states (+6), (+4), (+3)
and (+2) are the most common; the radii of iridium are:

atomic (metallic, CN = 12)—0.136 nm,
atomic (covalent)—0.127 nm,
ionic (+3)—0.068 nm (CN = 6),
ionic (+4)—0.063 nm (CN = 6),
ionic (+5)—0.057 nm (CN = 6);

its electronegativity is 2.2 in Pauling scale, or 1.44 in Allred–Rochow scale [1–3,
7–8]. Elemental iridium has cubic face-centered (fcc) metal crystal structure
(space group—Fm(–3)m, Cu type) with lattice parameters: a = 0.38390 nm,
(Z = 4), minimum interatomic distance—0.27146 nm (CN = 12), slip plane
(111) and slip direction \110[ [53, 54]. At room temperature, the XRD density of
iridium is 22.56 g cm-3 and recommended value for the bulk density of common
metal parts—22.4–22.5 g cm-3 [4, 8].

9.2 Thermal Properties

Iridium is a refractory noble metal; it belongs to the platinum family. The general
thermodynamic properties of iridium are summarized in Table 9.1. For the molar
heat capacity cp = f(T, K), J mol-1 K-1, the following relationship is recom-
mended for the range of temperatures from 298 to 2500 K [5]

I. L. Shabalin, Ultra-High Temperature Materials I,
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cp ¼ 23:28 þ 5:95� 10�3
� �

T: ð9:1Þ

The equilibrium vapor pressure of iridium P, Pa, at temperatures 298–2500 K is
obeyed the rule [7]:

lgP ¼ � 35099=T � 0:7500lgTþ 15:512; ð9:2Þ

where T is temperature, K. The values of standard molar entropy S�298, molar cp

and specific c heat capacities, enthalpies (heats) of melting and vaporization, molar

Table 9.1 General thermodynamic properties of iridium

Characteristics Symbol Unit Value References

Standard molar entropy (at
298.15 K and 100 kPa)

S�298 J mol-1 K-1 35.505 [8]

35.48 [6]
36.4 [5, 9]

Enthalpy difference H298 – H0 kJ mol-1 5.268 [8]
Standard molar heat capacity
(at 298.15 K and 100 kPa)

c�p,298 J mol-1 K-1 25.05 [5]

24.98 [8]
25.06 [6]
25.10 [7, 9]

Specific heat capacity (at
298.15 K)

c J kg-1 K-1 130 [55]

131 [7]
Molar enthalpy (heat) of
melting (at the melting point)

DHm kJ mol-1 41.12 [6–8]

26 [56]
Specific enthalpy (heat) of
melting (at the melting point)

kJ kg-1 214 [7]

135 [56]
Molar enthalpy (heat) of
vaporization (at the boiling
point)

DHv kJ mol-1 604 [8]

560 [56]
Specific enthalpy (heat) of
vaporization (at the boiling
point)

MJ kg-1 3.14 [8]

Melting point Tm K (�C) 2720 (2445) [6–9, 55]
2740 (2465) [139]
2700 ± 20
(2430 ± 20)

[4]

2685 (2410) [10]
Boiling point Tb K (�C) 4700 (4430) [7–8, 139]

4850 (4580) [9]
4800 (4530) [57]
4770 (4500) [55]
4405 (4130) [10]
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and specific mass enthalpy differences HT – H298, vapor pressures for iridium are
given in Addendum in comparison with other ultra-high temperature materials.
At room temperature, the thermal conductivity of iridium is 147–150 W m-1 K-1

[8, 10, 55, 139]. The linear thermal expansion of iridium in the range of tem-
peratures from 30 to 2220 �C is expressed by the equation as follows [58]:

Lt � L0ð Þ=L0 ¼ 6:167� 10�6t þ 1:519� 10�9t2 � 0:2816� 10�12t3 þ 0:1463

� 10�15t4 ð9:3Þ

where L0 and Lt are linear dimensions at 30 �C and higher temperature, respec-
tively; t denotes the value of temperature, �C. For the ambient temperature, the
recommended value is a = 6.8 9 10-6 K-1 [8, 10, 55]. The surface tension of
liquid iridium (density 20.0 g cm-3) is 2.25 N m-1 (its temperature coefficient is
—0.31 9 10-3 N m-1 K-1) [8]. In comparison with other ultra-high temperature
materials (graphite and refractory metals), the values of thermal conductivity and
thermal expansion of iridium in the wide range of temperatures are summarized in
Addendum.

9.3 Electro-Magnetic and Optical Properties

At room temperature, the specific electrical resistance (resistivity) of unalloyed
iridium is 47–53 nX m, at 630, 1230, and 1530 �C it amounts to 0.18, 0.34, and
0.46 lX m, respectively; in the range of temperatures from 0 to 100 �C the thermal
coefficient of resistivity is (4.1 7 4.3) 9 10-3 K-1 [8–10, 28, 55]. At 20 �C, the
Hall coefficient of iridium equals R = 31.8 9 10-10 m3 A-1 s-1 (B = 4.5–5.0 T),
Seebeck coefficient (absolute thermoelectric power) is 1.2 lV K-1 [8, 10]. Iridium
is a paramagnetic metal with the magnitude of molar magnetic susceptibility vm

(SI) = 314 9 10-6 cm3 mol-1 (22 �C) increasing almost linearly with tempera-
ture growth [8, 28]; the relative magnetic susceptibility v(T)/v(293 K) amounts
to *1.3 at 400 �C [29]. The variations of reflective index (polished materials) of
iridium with wavelength k amount from 0.78 (k = 1.0 lm) to 0.96 (k = 12.0 lm).
In the range of temperatures 1030–2230 �C, the monochromatic emittance
(spectral emissivity) ek (k = 0.65 lm) of non-oxidized iridium varies from
0.27–0.30 to 0.215, and the integral emittance eT—from 0.129 to 0.211 [9–10].
The electron work function of iridium is *4.7–5.7 eV; for the various (hkl)-index
of oriented iridium single crystal it is 5.50 eV (100), 4.85 eV (110) and 5.74 eV
(111) [9]. The recommended values of electrical resistivity, magnetic suscepti-
bility, integral, and spectral emittances and thermoionic emission characteristics
(electron work function and Richardson constant) for iridium are given in com-
parison with other ultra-high temperature elements (carbon and refractory metals)
in Addendum.
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9.4 Physico-Mechanical Properties

Unalloyed metallic iridium is extremely hard and can only be deformed above
600 �C with repeated annealing steps at temperatures higher than 1200 �C [44], its
physico-mechanical properties are highly anisotropic. At room temperature, the
hardness (HV) of annealed iridium is 200–330 kgf mm-2 (2.0–3.2 GPa), although
for hardened metal it could be reached up to 1000–1760 kgf mm-2 (9.8–17.2 GPa)
HV [10, 28, 129]. Approximately, the changes of hardness (HV) with degree cold
forming are [28]:

for 10 %—425 kgf mm-2 (4.15 GPa);
for 20 %—485 kgf mm-2 (4.75 GPa);
for 60 %—590 kgf mm-2 (5.8 GPa).

At higher temperatures, the hardness (HV) of iridium averages [28]:

at 500 �C—138 kgf mm-2 (1.35 GPa);
at 800 �C—112 kgf mm-2 (1.10 GPa);
at 1000 �C—97 kgf mm-2 (0.95 GPa).

The value of ultimate tensile strength of hardened pure iridium at room temper-
ature amounts to 0.55–1.1 GPa (yield strength—0.23 GPa, tensile elongation—
6.8 %), it decreases with temperature growth to 0.53 (9 %), 0.45 (18 %) and 0.33
GPa at 500, 800, and 1000 �C, respectively (the corresponding values of elon-
gation are given in brackets) [8, 10, 44]. The variations of tensile strength, yield
strength and tensile elongation in the range of temperatures 1600–2300 �C are
given in Fig. 9.1 [128]. Pure iridium loses its long-term rupture strength consid-
erably with increasing temperature; some creep properties, in particular average
stationary creep rate (de/dt)m as a function of the applied initial stress, of deformed
and subsequently recrystallized without significant grain growth iridium sheet
tested at 1650–2300 �C are presented in Fig. 9.2 [128].

Iridium possesses very high magnitudes of elastic properties at room temper-
ature [8, 10, 28, 59]:

Young’s modulus E, GPa 525–540
Coulomb’s (shear) modulus G, GPa 210–220
Poisson’s ratio m 0.20–0.26
Volume compressibility j, MPa-1 0.26 9 10-5

Longitudinal velocity of sound VS, m s-1 5380
Transversal velocity of sound VT, m s-1 3050
Elastic compliance s11, TPa-1 2.28

s44, TPa-1 3.90
s12, TPa-1 -0.67

Elastic stiffness c11, GPa 580
c44, GPa 256
c12, GPa 242
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With temperature increase, the values of Young’s and Coulomb’s (shear) moduli
fall linearly to about 420 and 170 GPa (at 1000 �C), respectively [28, 59]. The
magnitudes of physico-mechanical (strength, elasticity) properties of unalloyed
iridium in the wide range of temperatures are summarized in Addendum in com-
parison with other ultra-high temperature materials (graphite and refractory metals).

9.5 Nuclear Physical Properties

The isotopes of iridium (standard atomic mass—192.217 u) from 164Ir to 199Ir,
including metastable states (164m-174mIr, 184m1-184m2Ir, 186mIr, 187m1-187m2Ir, 188mIr,
189m1-189m2Ir, 190m1-190m3Ir, 191m1-191m2Ir, 192m1-192m2Ir, 193mIr, 194m1-194m2Ir,
195m-197mIr), and their general characteristics are summarized in Table 9.2; the
naturally occurring isotopes are listed in order of decreasing abundance, and
unstable artificial (radioactive) isotopes—in order of decreasing half-life period of
decay.

Table 9.2 General characteristics of the isotopes of iridiuma [7, 9, 22–24]

Isotope Mass, u Abundance,
%

Half-life
period

Decay mode,
excitation (radiation) energy, MeV

193Irb 192.962926 62.7 – –
191Irb 190.960594 37.3 – –
192m2Ir – – 241 y Isomer; c, 0.168
194m2Ir – – 171 d Isomer; c, 0.370
192Ir 191.962605 – 73.83 d b- (95.24 %); K-capture (4.76 %); c

(7 principal energy packets—from *0.2
to *0.6)

189Ir 188.958719 – 13.2 d K-capture; c, 0.135, 0.245
190Ir 189.960546 – 11.78 d b+; c, 0.19, 0.35, 0.51
193mIr – – 10.53 d Isomer; c, 0.080
188Ir 187.958853 – 41.5 h b+; c, 0.15, 0.475, 0.625
194Ir 193.965078 – 19.28 h b-; c (from *0.29 to *2.04)
186Ir 185.957946 – 16.64 h b+

185Ir 184.95670 – 14.4 h b+

187Ir 186.957363 – 10.5 h b+; c, 0.135, 0.3, 0.435
195mIr – – 3.8 h Isomer; b- (95 %); K-capture (5 %); c, 0.100
184Ir 183.95748 – 3.09 h b+

190m3Ir – – 3.087 h Isomer; c, 0.376
195Ir 194.965980 – 2.5 h b-; c, 0.42, 0.66, 0.88
186mIr – – 1.92 h Isomer (rare); b+; c, 0.0008
196mIr – – 1.40 h Isomer; b- (99.7 %); c, 0.210
190m1Ir – – 1.12 h Isomer; c, 0.026
183Ir 182.956846 – 57 min b+ (99.95 %); a (0.05 %)
182Ir 181.958076 – 15 min b+

(continued)
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Table 9.2 (continued)

Isotope Mass, u Abundance,
%

Half-life
period

Decay mode,
excitation (radiation) energy, MeV

197mIr – – 8.9 min Isomer (0.25 %); b- (99.75 %); c, 0.115
197Ir 196.969653 – 5.8 min b-

181Ir 180.957625 – 4.90 min b+

180Ir 179.959229 – 1.5 min b+

192m1Ir – – 1.45 min Isomer; c, 0.057
179Ir 178.959122 – 79 s b+

196Ir 195.96840 – 52 s b-; c, 0.58, 0.76
177Ir 176.961302 – 30 s b+ (99.94 %); a (0.06 %)
199Ir 198.97380 – 20 s (?) b-

178Ir 177.961082 – 12 s b+

173Ir 172.967502 – 9.0 s b+ (93 %); a (7 %)
175Ir 174.964113 – 9 s b+ (99.15 %); a (0.85 %)
176Ir 175.963649 – 8.3 s b+ (97.9 %); a (2.1 %)
198Ir 197.97228 (?) – 8 s b-; c, 0.78
174Ir 173.966861 – 7.9 s b+ (99.5 %); a (0.5 %)
191m2Ir – – 5.5 s Isomer; c, 2.120
191m1Ir – – 4.94 s Isomer; c, 0.171
174mIr – – 4.9 s Isomer; b+ (99.53 %); a (0.47 %); c, 0.193
172Ir 171.97046 (?) – 4.4 s b+ (98 %); a (2 %)
171Ir 170.97163 – 3.6 s a (58 %); b+ (42 %)
173mIr – – 2.2 s Isomer; b+ (88 %); a (12 %); c, 0.253
172mIr – – 2.0 s Isomer; b+ (77 %); a (23 %); c, 0.280 (?)
171mIr – – 1.4 s Isomer; c, 0.180 (?)
170Ir 169.97497 (?) – 0.91 s b+ (64 %); a (36 %)
169Ir 168.976295 – 0.78 s a; b+ (rare)
170mIr – – 0.44 s Isomer; c, 0.270 (?)
169mIr – – 0.308 s Isomer; a (72 %); b+ (28 %); c, 0.154
168Ir 167.97988 – 0.161 s a; b+ (rare)
168mIr – – 0.125 s Isomer; a; c, 0.050 (?)
167Ir 166.981665 – 35.2 ms a (48 %); p (32 %); b+ (20 %)
194m1Ir – – 31.85 ms Isomer; c, 0.147
187m1Ir – – 30.3 ms Isomer; c, 0.186
167mIr – – 30.0 ms Isomer; a (*80 %); b+ (*20 %); p (0.4 %);

c, 0.175
166mIr – – 15.1 ms Isomer; a (98.2 %); p (1.8 %); c, 0.172
189m1Ir – – 13.3 ms Isomer; c, 0.372
166Ir 165.98582 (?) – 10.5 ms a (93 %); p (7 %)
188mIr – – 4.2 ms Isomer; b+ (rare); c, 0.970
189m2Ir – – 3.7 ms Isomer; c, 2.333
164Ir 163.99220 (?) – 1 ms
184m1Ir – – 0.47 ms Isomer; c, 0.226

(continued)
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Nuclear physical properties of iridium (isotopic mass range, total number of
isotopes, thermal neutron macroscopic cross sections and capture resonance
integral), compared with other ultra-high temperature elements (carbon and
refractory metals), are given in Addendum.

9.6 Chemical Properties

The comprehensive information on the chemical properties and interaction of
iridium with all the elements of the periodic table is given in Table 9.3. The
iridium containing systems and corresponding binary compounds are described
and considered there in accordance to the groups of elements from 1 to 17.

Table 9.2 (continued)

Isotope Mass, u Abundance,
%

Half-life
period

Decay mode,
excitation (radiation) energy, MeV

165mIr – – 0.30 ms Isomer; p (87 %); a (13 %); c, 0.180, (?)
164mIr – – 94 ls Isomer; c, 0.270, (?)
190m2Ir – – [2 ls Isomer; c, 0.036
165Ir 164.98752 (?) \1 ls p; a (rare)
184m2Ir – – 0.35 ls Isomer; c, 0.328
187m2Ir – – 0.15 ls Isomer; c, 0.433

a Naturally occurring iridium includes two nearly stable (see below note b) isotopes (191Ir and
193Ir) with half-life periods longer than the age of universe (?)
b Believed to undergo a decay (?)

Table 9.3 Chemical interaction of iridium with elements of the periodic table (binary systems in
accordance to the groups of elements)a

System Type of phase diagram
(constituent phases,
temperatures, and
compositions of transformations)

Character of interaction References

Group 1
Ir–H H, no binary compounds, Ir

No diagram plot
At 1400–1600 �C the
solubility of H (x, at.%) is
obeyed the following rule:
lgx = 0.5lgp – 2.02 – 3847/T,
where p is pressure H2, Pa,
and T is temp., K. At pressure
H2 0.1 MPa, its solubility
increases from 1.3 9 10-5

at.% at 1390 �C to
2.2 9 10-5 at.% at 1580 �C.

[11–12, 30,
40, 60]

(continued)
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Table 9.3 (continued)

System Type of phase diagram
(constituent phases,
temperatures, and
compositions of transformations)

Character of interaction References

Ir–Li a-Li, b-Li, c-Li, IrLi1±x

(\2080–2120 �C, congruent melt.
point, ?), Ir3±xLi (\at least
1500 �C, ?), Ir
Eutectic (degenerated) IrLi1±x–c-Li
(*180 �C, ?)
Eutectic IrLi1±x–Ir (1800 �C,
*73 at.% Ir, ?)

– [13, 15, 61,
140–141]

Ir–Na a-Na, b-Na, IrNa3 (?), IrNa2 (?),
IrNa (?), Ir2Na (?), Ir3Na (?), Ir
No diagram plot

At 150–300 �C Ir is resistant
to liquid Na (6 h exposure).

[13, 48–51]

Ir–K K, no binary compounds (?), Ir
No diagram plot

At 110–260 �C Ir is resistant
to liquid K (6 h exposure).

[13]

Ir–Rb Rb, IrRb3 (?), IrRb2 (Laves phase,
?), IrRb (?), Ir2Rb (Laves phase, ?),
Ir3Rb (?), Ir
No diagram plot

No experimental data. [13, 15]

Ir–Cs Cs, no binary compounds (?), Ir
No diagram plot

The mutual solubilities of
the components are
negligibly small (?).

[142–143]

Ir–Fr No data – –
Group 2
Ir–Be a-Be, b-Be, Ir2Be17 (or IrBe6.6, ?),

Ir5Be22, IrBe2, IrBe, Ir
No diagram plot

– [14, 18, 31–
32, 62–63]

Ir–Mg Mg, f-IrMg678 (or Mg44Ir7-x,
Mg29Ir4±x, \925 �C, incongruent
melt. point, homog. range—
*11–14 at.% Ir at 615 �C, ?),
IrMg4 (or Ir3Mg13, \1025 �C,
incongruent melt. point, invariable
compos., ?), d-IrMg3 (or IrMg2.8,
\1150 �C, incongruent melt. point,
invariable compos., ?), Ir3Mg7 (?),
IrMg (?), Ir3-xMg2+x (x = 0.30, ?),
Ir2Mg (Laves phase, ?), Ir
Eutectic Mg–f-IrMg678 (*615 �C,
3.2 at.% Ir)

The max. solubility of Ir in
solid Mg is \0.18 at.%.

[13, 15, 64,
144–150]

Ir–Ca a-Ca, b-Ca, Ca5Ir (?), CaIr2 (Laves
phase), Ir
No diagram plot

– [14, 151]

Ir–Sr a-Sr, b-Sr, SrIr2 (Laves phase),
SrIr3, Sr2Ir7 (?), SrIr5 (?), Ir
No diagram plot

– [13, 65–66]

Ir–Ba No data – –

(continued)
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Table 9.3 (continued)

System Type of phase diagram
(constituent phases,
temperatures, and
compositions of transformations)

Character of interaction References

Ir–Ra Ra, IrRa5 (Laves phase, ?), IrRa3

(?), IrRa2 (?), IrRa (?), Ir2Ra (Laves
phase, ?), Ir3Ra (?), Ir5Ra (Laves
phase, ?), Ir
No diagram plot

No experimental data. [13]

Group 3
Ir–Sc a-Sc, b-Sc, Sc44Ir7±x (\1420 �C,

incongruent melt. point, homog.
range—*11–14 at.% Ir at 1240 �C
and *13–14 at.% Ir at 1290 �C),
Sc57Ir13±x (\1480 �C, congruent
melt. point, homog. range—
*17–19 at.% Ir at 1420 �C
and *17–20 at.% Ir at 1290 �C,
invariable compos. at temp.
\1000 �C), Sc11Ir4 (\1410 �C,
congruent melt. point, invariable
compos.), Sc2+xIr (\1420 �C,
incongruent melt. point, homog.
range—*30–34 at.% Ir at
1370 �C), ScIr1±x (\2100 �C,
congruent melt. point, homog.
range—*46–52 at.% Ir at
2020 �C, *45–50 at.% Ir at
1420 �C and *47–50 at.% Ir at
800 �C), ScIr2±x (\2150 �C,
congruent melt. point, homog.
range—*65–70 at.% Ir at
1980–2020 �C, invariable compos.
at temp. \1200–1600 �C, Laves
phase), ScIr3+x (\1980 �C,
incongruent melt. point, homog.
range—*77–86 at.% Ir at
700–1950 �C), Ir
Eutectic Sc44Ir7–b-Sc (1240 �C,
*6 at.% Ir)
Eutectic Sc57Ir13±x–Sc11Ir4 (1290 �C,
*24 at.% Ir)
Eutectic Sc2+xIr–Sc11Ir4

(1370 �C, *29 at.% Ir)
Eutectic ScIr1±x–ScIr2±x (2020 �C,
*54 at.% Ir)
Eutectic ScIr3+x–Ir (1950 �C,
*88 at.% Ir)

The max. solid solubilities of
Ir in Sc modifications
are *1 at.% in a-Sc
(1180 �C) and *4 at.% in
b-Sc (1240 �C). The max.
solid solubility of Sc in Ir
is *10 at.% at 1950 �C; the
solubility of Sc declines
noticeably with temp.
decrease—up to *4 at.% at
700 �C.

[13, 67–68,
152–155]

(continued)
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Table 9.3 (continued)

System Type of phase diagram
(constituent phases,
temperatures, and
compositions of transformations)

Character of interaction References

Ir–Y a-Y, b-Y, Y3Ir (\1425 �C,
incongruent melt. point, invariable
compos.), Y5Ir2 (\1525 �C, incon-
gruent melt. point, invariable
compos.), Y64Ir37 (?), a0-Y5Ir3±x

(?), a-Y5Ir3±x (?), b-Y5Ir3±x

(\1600 �C, incongruent melt. point,
width homog. range B1 at.%),
Y3Ir2 (\1725 �C, incongruent melt.
point, invariable compos.), YIr
(\2150 �C, congruent melt. point,
invariable compos.), YIr2±x

(\2400 �C, congruent melt. point,
homog. range—*65–68 at.% Ir at
0–2000 �C, Laves phase), YIr3

(\2100 �C, incongruent melt. point,
invariable compos.), Ir
Eutectic Y3Ir–b-Y (1325 �C,
*10 at.% Ir)
Eutectic YIr–YIr2±x (1900 �C,
*57 at.% Ir)
Eutectic YIr3–Ir (1850 �C, *85
at.% Ir)

– [13, 15, 21,
67, 69, 156–
157]

Lanthanides
Ir–La a-La, b-La, c-La, La4Ir (\820 �C,

incongruent melt. point, invariable
compos.), La3Ir (\1080 �C,
incongruent melt. point, invariable
compos.), La7Ir3 (or La5Ir2,
\1140 �C, congruent melt. point,
invariable compos.), La5Ir3 (or
La3Ir2, \1165 �C, congruent melt.
point, invariable compos.), LaIr
(\1180 �C, incongruent melt. point,
invariable compos.), LaIr2

(\*2520 �C, congruent melt.
point, invariable compos., Laves
phase, ?), LaIr3 (\2420 �C,
invariable compos.), La2Ir7

(\2400 �C, invariable compos.),
LaIr5 (\2450 �C, invariable
compos.), La2Ir17 (\*2500 �C,
congruent melt. point, invariable
compos., ?), Ir
Eutectic La4Ir–b-La (730 �C,
*5–9 at.% Ir)
Eutectic La7Ir3–La5Ir3 (?)
Eutectic LaIr–La5Ir3 (?)

– [13, 15, 21,
67, 69–70,
208]
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Table 9.3 (continued)

System Type of phase diagram
(constituent phases,
temperatures, and
compositions of transformations)

Character of interaction References

Ir–Ce a-Ce, b-Ce, c-Ce, d-Ce, Ce4Ir
(\710 �C, incongruent melt. point,
invariable compos.), Ce3Ir
(\*880–950 �C, incongruent melt.
point, invariable compos.), Ce7Ir3

(\950 �C, incongruent melt. point,
invariable compos., ?), Ce3Ir2 (?),
Ce5Ir3 (or Ce2Ir, \1100 �C,
incongruent melt. point, invariable
compos., ?), Ce5Ir4 (or Ce15Ir13

(?), \1180 �C, incongruent
melt. point, invariable compos.),
CeIr2±x (\2250 �C, congruent melt.
point, homog. range—*63–70
at.% Ir, Laves phase), CeIr3

(\*2000–2120 �C, incongruent
melt. point, invariable compos.),
Ce2Ir7 (\*2000 �C, incongruent
melt. point, invariable compos.),
CeIr5 (\1955–1960 �C, congruent
melt. point, invariable compos.), Ir
Eutectic Ce2Ir7–CeIr5

(*1900–1925 �C, 82 at.% Ir)
Eutectic Ce4Ir–c-Ce (650 �C, 8
at.% Ir)
Eutectic CeIr5–Ir (1880 �C, 85 at.%
Ir)

No data on solubility. [14–15, 19,
67, 69, 71,
164–165,
210]

Ir–Pr a-Pr, b-Pr, Pr3Ir (?), Pr5Ir2 (incon-
gruent melt. point, invariable com-
pos.), Pr7Ir3 (?), Pr5Ir3 (incongruent
melt. point, invariable compos.),
PrIr2±x (congruent melt. point,
homog. range—*65–68 at.% Ir,
Laves phase), PrIr3(incongruent
melt. point, invariable compos.),
Pr2Ir7 (incongruent melt. point,
invariable compos.), PrIr5

(congruent melt. point, invariable
compos.), Ir
Eutectic Pr5Ir2–a-Pr
(*720–730 �C, 12 at.% Ir)
Eutectic Pr2Ir7–PrIr5 (?)
Eutectic PrIr5–Ir (?)

The presence of Ir diminishes
the melt. point of Pr and temp.
of a-Pr–b-Pr polymorphic
transformation. The max.
solid solubility of Ir in b-Pr is
0.35 at.%.

[13, 15, 20,
67, 69, 71,
143, 162]
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Table 9.3 (continued)

System Type of phase diagram
(constituent phases,
temperatures, and
compositions of transformations)

Character of interaction References

Ir–Nd a-Nd, b-Nd, Nd4Ir (incongruent
melt. point, invariable compos.),
Nd3Ir (incongruent melt. point,
invariable compos.), Nd5Ir2

(incongruent melt. point, invariable
compos.), Nd7Ir3 (?), Nd5Ir3

(incongruent melt. point, invariable
compos.), NdIr2±x (congruent melt.
point, homog. range—*65–68
at.% Ir, Laves phase), NdIr3

(incongruent melt. point, invariable
compos.), Nd2Ir7 (incongruent melt.
point, invariable compos.), NdIr5

(?, invariable compos.), Ir
Eutectic Nd4Ir–b-Nd (?)
Eutectic NdIr5–Ir (?)

The mutual solubilities of
the components are low.

[13, 15, 21,
67, 69, 71,
76, 143, 162]

Ir–Pm a-Pm, b-Pm, Pm5Ir (?), Pm3Ir
(incongruent melt. point, invariable
compos.), Pm5Ir2 (incongruent
melt. point, invariable compos.),
Pm2Ir (Laves phase, ?), Pm5Ir3

(incongruent melt. point, invariable
compos.), PmIr (?), PmIr2±x

(congruent melt. point, homog.
range—*65–68 at.% Ir, Laves
phase), PmIr3 (incongruent melt.
point, invariable compos.), PmIr5

(?), Ir
Eutectic Pm3Ir–b-Pm (?)
Eutectic PmIr3–Ir (?)

No experimental data. [13, 15, 143,
162]

Ir–Sm a-Sm, b-Sm, c-Sm, Sm3Ir (incon-
gruent melt. point, invariable com-
pos.), Sm5Ir2 (incongruent melt.
point, invariable compos.), Sm5Ir3

(incongruent melt. point, invariable
compos.), SmIr2±x (congruent melt.
point, homog. range—*65–68
at.% Ir, Laves phase), SmIr3

(incongruent melt. point, invariable
compos.), Ir
Eutectic Sm3Ir–c-Sm (?)
Eutectic SmIr3–Ir (?)

– [13, 15, 21,
69, 72–74,
143, 162]

Ir–Eu Eu, Eu4Ir (?), EuIr2 (Laves phase),
Ir
No diagram plot

– [12, 158]

(continued)
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Table 9.3 (continued)

System Type of phase diagram
(constituent phases,
temperatures, and
compositions of transformations)

Character of interaction References

Ir–Gd a-Gd, b-Gd, Gd3Ir (incongruent
melt. point, invariable compos.),
Gd5Ir2 (incongruent melt. point,
invariable compos.), a-Gd5Ir3±x (?),
b-Gd5Ir3±x (incongruent melt.
point, homog. range width—B1.5
at.% Ir), Gd3Ir2 (incongruent melt.
point, invariable compos.), GdIr2±x

(congruent melt. point, homog.
range—*65–68 at.% Ir, Laves
phase), a-GdIr3 (?), b-GdIr3

(incongruent melt. point, invariable
compos.), Ir
Eutectic Gd3Ir–b-Gd (?)
Eutectic b-GdIr3–Ir (?)

– [12, 15, 19,
69, 74–76,
143, 159,
162–163]

Ir–Tb a0-Tb, a-Tb, b-Tb, Tb3Ir (incongru-
ent melt. point, invariable compos.),
Tb5Ir2 (incongruent melt. point,
invariable compos.), Tb64Ir37 (?),
a-Tb5Ir3 (?), b-Tb5Ir3 (incongruent
melt. point, invariable compos.),
Tb3Ir2 (incongruent melt. point,
invariable compos.), TbIr2±x

(congruent melt. point, homog.
range—*65–68 at.% Ir, Laves
phase), Ir
Eutectic Tb3Ir–b-Tb (?)
Eutectic TbIr2±x–Ir (?)

– [13, 15, 19,
21, 69, 143,
162–163]

Ir–Dy a0-Dy, a-Dy, b-Dy, Dy3Ir
(incongruent melt. point, invariable
compos.), Dy5Ir2 (incongruent melt.
point, invariable compos.), a-Dy5Ir3

(?), b-Dy5Ir3 (incongruent melt.
point, invariable compos.), Dy3Ir2

(incongruent melt. point, invariable
compos.), DyIr2±x (congruent melt.
point, homog. range—*65–68
at.% Ir, Laves phase), DyIr3 (?), Ir
Eutectic Dy3Ir–b-Dy (?)
Eutectic DyIr2±x–Ir (?)

– [12, 15, 69,
75, 143, 163,
205]
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622 9 Iridium



Table 9.3 (continued)

System Type of phase diagram
(constituent phases,
temperatures, and
compositions of transformations)

Character of interaction References

Ir–Ho a-Ho, b-Ho, Ho3Ir (incongruent
melt. point, invariable compos.),
Ho5Ir2 (incongruent melt. point,
invariable compos.), a-Ho5Ir3 (?),
b-Ho5Ir3 (incongruent melt. point,
invariable compos.), Ho3Ir2

(incongruent melt. point, invariable
compos.), HoIr (congruent melt.
point, invariable compos.), HoIr2±x

(congruent melt. point, homog.
range—*65–68 at.% Ir, Laves
phase), Ir
Eutectic Ho3Ir–b-Ho (?)
Eutectic HoIr2±x–HoIr (?)
Eutectic HoIr2±x–Ir (?)

– [12, 15, 69,
143, 163]

Ir–Er a-Er, b-Er, Er3Ir (incongruent melt.
point, invariable compos.), Er5Ir2

(incongruent melt. point, invariable
compos.), a-Er5Ir3±x (?), b-Er5Ir3±x

(incongruent melt. point, homog.
range width—B1.5 at.% Ir), Er3Ir2

(incongruent melt. point, invariable
compos.), ErIr (congruent melt.
point, invariable compos.), ErIr2±x

(congruent melt. point, homog.
range—*65–68 at.% Ir, Laves
phase), Ir
Eutectic Er3Ir–b-Er (?)
Eutectic ErIr2±x–ErIr (?)
Eutectic ErIr2±x–Ir (?)

– [15, 69, 143,
162, 204]

Ir–Tm a-Tm, b-Tm, Tm3Ir (incongruent
melt. point, invariable compos.),
Tm5Ir2 (incongruent melt. point,
invariable compos.), a-Tm5Ir3 (?),
b-Tm5Ir3 (incongruent melt. point),
Tm3Ir2 (incongruent melt. point,
invariable compos.), TmIr
(congruent melt. point, invariable
compos.), TmIr2±x (congruent melt.
point, homog. range—*65–68
at.% Ir, Laves phase), Ir
Eutectic Tm3Ir–b-Tm (?)
Eutectic TmIr2±x–TmIr (?)
Eutectic TmIr2±x–Ir (?)

– [13, 15, 21,
69, 143]

(continued)
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Table 9.3 (continued)

System Type of phase diagram
(constituent phases,
temperatures, and
compositions of transformations)

Character of interaction References

Ir–Yb a-Yb, b-Yb, c-Yb, a-Yb5Ir3 (\at
least 900 �C, invariable compos.,
?), b-Yb5Ir3 (at least at
*950–1410 �C, congruent melt.
point, invariable compos., ?),
Yb3Ir2 (\at least 1500 �C,
invariable compos., ?), YbIr (\at
least 1500 �C, ?), YbIr2±x (\at least
1500 �C, homog. range—
from *66 to ? at.% Ir, Laves
phase, ?), Ir
Eutectic (degenerated) a-Yb5Ir3–
c-Yb (*819 �C, ?)
Miscibility gap in the liquid state
(critical point—?; from *65 to 95
at.% Ir at *1410 �C)

– [13, 15, 21,
160–161,
203]

Ir–Lu a-Lu, b-Lu, Lu3Ir (incongruent
melt. point, invariable compos.),
Lu5Ir2 (incongruent melt. point,
invariable compos.), a-Lu5Ir3 (?),
b-Lu5Ir3 (incongruent melt. point),
Lu3Ir2 (incongruent melt. point,
invariable compos.), LuIr
(congruent melt. point, invariable
compos.), LuIr2±x (congruent melt.
point, homog. range—*66–68
at.% Ir, Laves phase), Ir
Eutectic Lu3Ir–b-Lu (?)
Eutectic LuIr2±x–LuIr (?)
Eutectic LuIr2±x–Ir (?)

– [13, 15, 21,
69, 143, 162]

Actinides
Ir–Ac No data – –
Ir–Th a-Th, b-Th, Th7Ir3 (\*1600 �C,

congruent melt. point, invariable
compos.), ThIr1–x

(x & 0.33–0.45, *1460–1600 �C,
incongruent melt. point, invariable
compos., ?), ThIr (\1900 �C,
congruent melt. point, invariable
compos.), ThIr2±x (\at least
*2000 �C, congruent melt. point,
variable compos., Laves phase, ?),
ThIr3 (\2280 �C, congruent melt.
point, invariable compos., ?), ThIr5

(\2260 �C, congruent melt. point,
invariable compos.), Ir

The solubility of Ir in Th is
negligible.

[13, 15, 21,
77, 207]
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Table 9.3 (continued)

System Type of phase diagram
(constituent phases,
temperatures, and
compositions of transformations)

Character of interaction References

Eutectic Th7Ir3–a-Th
(*1325–1350 �C, *15 at.% Ir)
Eutectic Th7Ir3–ThIr1–x

(*1450–1475 �C, 35 at.% Ir)
Eutectic ThIr2±x–ThIr
(*1500–1800 �C, *57 at.% Ir)
Eutectic ThIr5–ThIr3 (2150 �C,
80 at.% Ir)
Eutectic ThIr5–Ir (2080 �C,
*87–90 at.% Ir, ?)

Ir–Pa a-Pa, b-Pa, Pa3Ir (?), PaIr (?),
PaIr2 (Laves phase, ?), PaIr3 (?),
PaIr5 (?), Ir
No diagram plot

No experimental data. [13, 167]

Ir–U a-U, b-U, c-U, U3Ir
(*750–945 �C, incongruent
melt. point, invariable compos.),
U2Ir (\775 �C), a-U3Ir2

(\*900 �C, invariable
compos.), b-U3Ir2

(*900–1120 �C, incongruent
melt. point, invariable compos.),
UIr (\1470 �C, congruent melt.
point, invariable compos.), UIr2

(\*1850–1875 �C, incongruent
melt. point, invariable compos.,
Laves phase), UIr3

(\*2000–2005 �C, congruent
melt. point, invariable compos.),
Ir
Eutectic U3Ir–c-U (*915 �C, 15
at.% Ir)
Eutectic UIr–UIr2 (1450 �C,
*51 at.% Ir)
Eutectic UIr3–Ir (1950 �C,
*80–85 at.% Ir)

The solubility of U in Ir
is *3.0–6.5 at.% at 1950 �C.
The max. solid solubilities of Ir
in U modifications are following:
in a-U—\ 0.3 at.%, in b-U—
*0.4–2.0 at.% and in c-U—
*5.5–6.5 at.%.

[13, 15,
21, 201]

Ir–Np a-Np, b-Np, c-Np, NpIr2 (Laves
phase, ?), Ir
No diagram plot

– [166–167]

Ir–Pu a-Pu, b-Pu, c-Pu, d-Pu, d0-Pu,
e-Pu, Pu3Ir (?), Pu5Ir3 (?), Pu5Ir4

(?), PuIr2 (Laves phase, ?), PuIr3

(?), Ir
No diagram plot

– [13, 78–
79]
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9.6 Chemical Properties 625



Table 9.3 (continued)

System Type of phase diagram
(constituent phases,
temperatures, and
compositions of transformations)

Character of interaction References

Ir–Am a-Am, b-Am, c-Am, AmxIr (?),
AmIr2 (Laves phase, ?), Ir
No diagram plot

– [167]

Ir–Cm a-Cm, b-Cm, CmIr2 (Laves
phase, ?), Ir
No diagram plot

– [167]

Ir–Bk a-Bk, b-Bk, BkIr2 (Laves phase,
?), Ir
No diagram plot

– [168]

Ir–Cf No data – –
Group 4
Ir–Ti a-Ti, b-Ti, Ti3–xIr (\1515 �C,

incongruent melt. point, homog.
range—*25–27 at.% Ir),
a-TiIr1±x (\*1745 �C, homog.
range—from *39–40 to
*55–57.5 at.% Ir), b-TiIr1±x

(\*2130 �C, congruent melt.
point, homog. range—from
*35–41 to *45–57.5 at.% Ir),
TiIr3±x (\*2115–2125 �C,
incongruent melt. point, homog.
range—from *73–74 to
*76–77 at.% Ir), Ir
Extended solid solution based on
b-Ti (up to *15 at.% Ir
at *1470 �C)
Extended solid solution based on
Ir (up to *11 at.% Ti at
*2115–2125 �C)
Eutectic Ti3–xIr–b-Ti
(*1470 �C, *17 at.% Ir)
Eutectic b-TiIr1±x–TiIr3±x

(2000 �C, *60.5 at.% Ir)

The presence of Ir diminishes the
melt. point of Ti and temp. of
a-Ti–b-Ti polymorphic
transformation. The max. solid
solubility of Ir in b-Ti is *15
at.% at *1470 �C. The max.
solubility of Ir in a-Ti is *1 at.%
at 720 �C, and that of Ti in Ir
is *11 at.% at *2115–2125 �C.

[13, 15,
80, 202]

Ir–Zr a-Zr, b-Zr, Zr3Ir (\1305 �C,
incongruent melt. point,
invariable compos.), Zr2Ir
(\1340 �C, incongruent melt.
point, invariable compos.), Zr5Ir3

(\1730 �C, incongruent melt.
point, invariable compos.),
a-ZrIr1–x (\900–950 �C, homog.
range—*49–50 at.% Ir),
b-ZrIr1±x (from 900–950 �C to
2050 �C, congruent melt. point,
homog. range—*47–52 at.% Ir
at 1870 �C), ZrIr2 (\2085 �C,
incongruent melt. point,

The presence of Ir diminishes the
melt. point of Zr and temp. of
a-Zr–b-Zr polymorphic
transformation; it stabilizes b-Zr.
The solid solubility of Ir in b-Zr
is 5 at.% at 1240 �C; it is affected
by temp. decrease very slightly.
The max. solubility of Ir in a-Zr
is B1 at.%. The solubility of Zr
in Ir is *7 at.% at 2120 �C; at
lower temp. it decreases
considerably.

[13, 15,
33, 81,
192, 199]
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Table 9.3 (continued)

System Type of phase diagram
(constituent phases,
temperatures, and
compositions of transformations)

Character of interaction References

invariable compos., Laves phase),
ZrIr3±x (\2280 �C, congruent melt.
point, homog. range—*70–81
at.% Ir at *2085–2120 �C,
*73.5–79 at.% Ir at 1700 �C
and *74.5–78 at.% Ir at
500–700 �C), Ir
Eutectic Zr3Ir–b-Zr (1240 �C,
18 at.% Ir)
Eutectic ZrIr2–b-ZrIr1±x

(1870 �C, *58 at.% Ir)
Eutectic ZrIr3±x–Ir (2120 �C,
*87 at.% Ir)

Ir–Hf a-Hf, b-Hf, Hf2+xIr
(\*1720–1775 �C, incongruent
melt. point, homog. range—
*28.5–33.3 at.% Ir at 1425 �C),
Hf5Ir3 (or Hf3Ir2, \*1930–
1970 �C, incongruent melt. point,
invariable compos.), HfIr1+x (or
Hf47Ir53, \*2410–2440 �C,
congruent melt. point corresp. to
compos. HfIr1.0, homog. range—
*50–57 at.% Ir at 2085 �C
and *50–53 at.% Ir at 1200 �C),
HfIr3+x (\*2460–2470 �C,
congruent melt. point corresp. to
compos. HfIr3.0, homog. range—
*75–81 at.% Ir at 2250 �C
and *75–76 at.% Ir at 1600 �C), Ir
Eutectic Hf2+xIr–b-Hf (*1425–
1470 �C, *16–18 at.% Ir)
Eutectic HfIr1+x–HfIr3+x

(*2085–2130 �C, *61–63 at.% Ir)
Eutectic HfIr3+x–Ir
(*2250–2290 �C, *86–88 at.% Ir)

The presence of Ir
diminishes the melt. point
of Hf and temp. of a-Hf–b-
Hf polymorphic
transformation and
stabilizes b-Hf. The max.
solid solubility of Ir in b-Hf
is *10 at.% at 1425 �C,
and in a-Hf it is *1 at.% at
1375–1380 �C. The max.
solid solubility of Hf in Ir
is *9 at.% at 2250 �C; at
lower temp. the solubility
decreases considerably.

[12, 15, 47,
82, 198]
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Table 9.3 (continued)

System Type of phase diagram
(constituent phases,
temperatures, and
compositions of transformations)

Character of interaction References

Group 5
Ir–V V, V3±xIr (\*1900–1960 �C,

congruent melt. point, homog.
range—24.5–39 at.% Ir at
1400–1800 �C), VIr1+x (Bat least
1880 �C, incongruent melt. point,
homog. range—50–51.5 at.% Ir),
V1–xIr1+x (or (V1–xIrx)Ir,
0.04 \ x \ 0.19, Bat least
1900 �C, incongruent melt. point,
homog. range—52–59.5 at.% Ir),
VIr3±x (Bat least 2000 �C,
incongruent melt. point, homog.
range—*61–77.5 at.% Ir
at *1900 �C and 63–77.5 at.% Ir
at *1000 �C), Ir
Extended solid solution based on V
(Bat least 1900 �C, up to
*20.5–22.5 at.% Ir at
1850–1950 �C)
Extended solid solution based on Ir
(up to 19 at.% V at 2100 �C)
Eutectic V3±xIr–(V,Ir) extended
solid solution (*1870–1930 �C, 23
at.% Ir)
Eutectic V3±xIr–VIr1+x

(*1820–1880 �C, 45 at.% Ir)

The presence of Ir (\*15
at.%) increases the melt.
point of V slightly. The
max. solid solubility of Ir in
V is *20.5–22.5 at.% at
1850–1950 �C, and that of
V in Ir is 19 at.% at
2100 �C. At lower temp.
the mutual solubilities
decrease.

[13, 15, 83]

Ir–Nb See Nb–Ir in Table 8.5.
Ir–Ta See Ta–Ir in Table 6.3.
Group 6
Ir–Cr Cr, b-Cr3±xIr (\1740–1760 �C,

incongruent melt. point, homog.
range—*17–26 at.% Ir at 1680 �C
and *18–28 at.% Ir at 1000 �C),
e-CrIr1±x (\2150–2250 �C,
incongruent melt. point, homog.
range—from *32–42 to *70 at.%
Ir at higher temp. and *40–68 at.%
Ir at 1000–1100 �C), Ir
Extended solid solution based on Cr
(up to 12–13 at.% Ir at 1680 �C)
Extended solid solution based on Ir
(up to 27 at.% Cr at 2150–2250 �C)
Eutectic (Cr,Ir) extended solid
solution—b-Cr3±xIr
(*1670–1690 �C, *15 at.% Ir)

The solubility of Ir in Cr is
12–13 at.% at 1680 �C, *6
at.% at 1100 �C and 2.5
at.% at 900 �C. The
solubility of Cr in Ir is 27
at.% at 2150–2250 �C; it is
slightly affected by temp.

[12, 15, 84–
85]
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Table 9.3 (continued)

System Type of phase diagram
(constituent phases,
temperatures, and
compositions of transformations)

Character of interaction References

Ir–Mo See Mo–Ir in Table 7.4.
Ir–W See W–Ir in Table 3.5.
Group 7
Ir–Mn a-Mn, b-Mn, c-Mn, d-Mn, Mn3±xIr

(or c0-Mn, ordered phase,
\*850–950 �C, homog. range—
*15–35 at.% Ir, ?), a-MnIr1±x

(Bat least *940–1300 �C, homog.
range—*36–56 at.% Ir, ?),
b-MnIr1±x (at least at
*940–1300 �C, homog. range—
*36–56 at.% Ir, ?), Ir
Extended solid solution based on
c-Mn (up to *35 at.% Ir at
500–1000 �C)
Extended solid solution based on Ir
(up to *48 at.% Mn at 1350 �C)

The max. solid solubilities
of Ir in Mn modifications
are: d-Mn—*1.5 at.%,
c-Mn—*35 at.%
(500–1000 �C), in b-Mn—
*2.5 at.% and in a-Mn—
*4.5 at.%. The max. solid
solubility of Mn in Ir
is *48 at.% at 1350 �C; it
declines to 40 at.% at
500 �C.

[13, 15, 169,
195]

Ir–Tc Tc, no binary compounds, Ir
Extended solid solution based on Tc
(up to *70 at.% Ir)
Extended solid solution based on Ir
(B25 at.% Tc)
Peritectic Tc (*2200–2300 �C,
*70 at.% Ir, ?)

At 1050 �C the solubility of
Ir in Tc is *70 at.%, and
that of Tc in Ir is B25 at.%
at *2200–2300 �C. Alloy
containing 25 at.% Tc is
two-phase structured.

[13, 15, 86]

Ir–Re See Re–Ir in Table 4.5.
Group 8
Ir–Fe a-Fe, c-Fe, d-Fe, e-Fe3Ir2±x

(\*625 �C, homog. range—
*19–50 at.% Ir at 440 �C
and *21–61 at.% Ir at 200 �C), Ir
Continuous solid solution c-Fe–Ir
Peritectic d-Fe (*1540–1545 �C,
*2.5–2.8 at.% Ir)

The presence of Ir raises the
melt. temp. of Fe and temp.
of d-Fe–c-Fe polymorphic
transformation. The max.
solubility of Ir in a-Fe
is *8 at.% at *440 �C
and that in d-Fe is 2.5–2.8
at.% at *1545 �C.

[12, 15, 34–
35, 87–88]

Ir–Ru Ru, no binary compounds, Ir
Extended solid solution based on
Ru (up to 49 at.% Ir at
*2350–2395 �C)
Extended solid solution based on Ir
(up to 45 at.% Ru at
*2350–2395 �C)
Peritectic Ru (*2350–2395 �C, 49
at.% Ir)

The solubility of Ir in Ru is
49 at.% at *2350–2395 �C
and *42–48 at.% at
2000 �C, and that of Ru in
Ir is 45 at.% at *2350–
2395 �C and *42.5 at.% at
2000 �C.

[13, 15, 21,
89–90, 200]

Ir–Os See Os–Ir in Table 5.3.
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Table 9.3 (continued)

System Type of phase diagram
(constituent phases,
temperatures, and
compositions of transformations)

Character of interaction References

Group 9
Ir–Co e-Co, a-Co, Co3±xIr (ordered

phase, \*900 �C, homog. range—
20–30 at.% Ir at 500–700 �C),
CoIr3±x (ordered phase,
\*1300 �C, homog. range—
70–80 at.% Ir at 500–1100 �C), Ir
Continuous solid solution a-Co–Ir
Extended solid solution based on
e-Co (up to *70 at.% Ir at 0 �C)

The presence of Ir
diminishes the melt. point
of Co. For diffusion rate in
the system at various temp.
see Addendum.

[12, 15]

Ir–Rh Rh, no binary compounds, Ir
Continuous solid solution Rh–Ir (up
to melt. points, miscibility gap:
critical point—*850 �C, *50
at.% Ir; from *9 to 90 at.% Ir at
400 �C)

– [13, 15, 21,
52, 209]

Group 10
Ir–Ni Ni, Ni3±xIr (ordered phase,

\*1150 �C, homog. range—
*20–30 at.% Ir at *1000 �C),
NiIr1±x (ordered phase,
\*1300 �C, homog. range—
*45–55 at.% Ir at *1100 �C),
NiIr3±x (ordered phase,
\*1450 �C, homog. range—
70–80 at.% Ir at *1300 �C), Ir
Continuous solid solution Ni–Ir

– [13, 15, 91–
92]

Ir–Pd Pd, no binary compounds, Ir
Continuous solid solution Pd–Ir
(up to melt. points, miscibility
gap: critical point—
*1470–1480 �C, *49–50.5 at.%
Ir; from *3 to *85–98 at.% Ir at
700 �C, ?)
Extended solid solution based on Ir
(up to *25 at.% Pd at *1735–
1785 �C, ?)
Extended solid solution based on Pd
(up to 27 at.% Ir at *1735–
1785 �C, ?)
Peritectic Pd (*1735–1785 �C,
*27 at.% Ir, ?)
Data on the system available in
literature are controversial.

The data on the mutual
solubilities of the
components available in
literature are controversial.

[13, 15–16,
21, 45, 93–
94, 206]
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Table 9.3 (continued)

System Type of phase diagram
(constituent phases,
temperatures, and
compositions of transformations)

Character of interaction References

Ir–Pt Pt, no binary compounds, Ir
Continuous solid solution Pt–Ir (up
to melt. points, miscibility gap:
critical point—*960–1300 �C (?),
50 at.% Ir; 7–99 at.% Ir at 700 �C)

- [13, 15, 95–
96, 196]

Group 11
Ir–Cu Cu, no binary compounds, Ir

Peritectic Cu (*1135–1145 �C,
*8 at.% Ir)

The solid solubility of Ir in
Cu is *8 at.% at peritectic
temp., 6.5 at.% at 1020 �C,
5.5 at.% at 860 �C and 3.1
at.% at 700 �C. The solid
solubility of Cu in Ir is 6.3
at.% at 1850 �C, 5.1 at.% at
1400 �C, 3.2 at.% at
1200 �C, 3.0 at.% at
1090 �C and 1.4 at.% at
800 �C. At peritectic temp.
the max. solubility of Ir in
liquid Cu is *4 at.%. For
diffusion rate in the system
at various temp. see
Addendum.

[12, 15, 97–
99, 171]

Ir–Ag Ag, no binary compounds, Ir
Eutectic (degenerated) Ag–Ir
(*961 �C, *0.1 at.% Ir, ?)
Miscibility gap in the liquid state:
critical point—*3200 �C, *51
at.% Ir; *12–90 at.% Ir
at *2320 �C

The solid solubility of Ir in
Ag is B0.3 at.%. Near the
melt. point liquid Ag
dissolves *0.1 at.% Ir. The
solid solubility of Ag in Ir
is B1.8 at.%.

[14–15, 100–
101]

Ir–Au Au, no binary compounds, Ir
Peritectic Au (*1065 �C, *1.5
at.% Ir, ?)
Miscibility gap in the liquid
state: *7.5–91 at.% Ir
at *2370 �C (?)

The solid solubility of Ir in
Au is B0.1 at.% (?), and
that of Au in Ir is B2 at.%.
For diffusion rate in the
system at various temp. see
Addendum.

[14, 102–103]

Group 12
Ir–Zn Zn, Zn11Ir2 (?), ZnIr (?), Ir

No diagram plot
At 470–620 �C Ir is not
resistant to corrosion in
liquid Zn (6 h exposure);
Zn penetrates along the
grain boundaries and
dissolves Ir.

[13, 170]
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Table 9.3 (continued)

System Type of phase diagram
(constituent phases,
temperatures, and
compositions of transformations)

Character of interaction References

Ir–Cd No data – –
Ir–Hg Hg, no binary compounds, Ir No interaction. The

solubility of Ir in Hg is
extremely low; at 25 �C the
estimated value is
*10-9–10-25 at.% Ir.

[12, 104, 143,
172]

Group 13
Ir–B b-B, IrB50 (?), IrB2 (?), Ir2B3±x (or

IrB1.50, \1300–1330 �C, congruent
melt. point, homog. range—
*38–41 at.% Ir at 1230–1250 �C),
Ir3B4+x (x = 0.02, or IrB1.35,
\*1600 �C, congruent melt.
point, invariable compos., ?), Ir4B5

(or Ir2B2.5, ?), a-IrB1+x (x = 0.1, or
a-IrB2–y, invariable compos., ?),
b-IrB1+x (x = 0.1, or b-IrB2–y,
congruent melt. point, invariable
compos., ?), a-IrB1–x (x & 0.10–
0.11, B1100 �C, ?), b-IrB1–x

(x & 0.10–0.11, *1100–1340 �C,
homog. range—*51–54 at.% Ir at
1240–1260 �C, ?), Ir3B2±x

(\1260–1300 �C, homog. range—
*59–62 at.% Ir at 1245–1255 �C,
?), Ir
Eutectic b-IrB1+x–Ir3B4+x

(*900–1000 �C, *44–45 at.% Ir, ?)
Eutectic b-IrB1–x–Ir2B3±x

(*1240–1260 �C, *48–50 at.% Ir)
Eutectic b-IrB1–x–Ir3B2±x

(*1230–1245 �C, *55–59 at.% Ir)
Eutectic Ir3B4+x–b-B (*1000–
1100 �C, *35–36 at.% Ir, ?)
Eutectic Ir2B3±x–b-B
(*1230–1250 �C, *34 at.% Ir, ?)

Eutectic b-IrB1+x–Ir
(\*1000–1100 �C, *53–55 at.%
Ir, ?)
Eutectic Ir3B2±x–Ir (\*1245–
1255 �C, *63–5 at.% Ir, ?)
Data on the system available in
literature are controversial.

The solid solubility of B in
Ir is B1 at.%.

[11, 14, 43,
46, 105–107,
114, 130,
136–137]
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Table 9.3 (continued)

System Type of phase diagram
(constituent phases,
temperatures, and
compositions of transformations)

Character of interaction References

Ir–Al Al, Ir2Al9 (\900 �C, incongruent
melt. point, invariable compos.),
Ir4Al13 (\1015 �C, incongruent
melt. point, invariable compos.),
IrAl3 (\1450 �C, incongruent melt.
point, invariable compos.), Ir2Al5–x

(\*1615 �C, incongruent melt.
point, homog. range—*26.5–28.0
at.% Ir), IrAl1±x (2120 �C,
congruent melt. point, homog.
range—*48–52 at.% Ir), Ir
Eutectic (degenerated) Ir2Al9–Al
(*650 �C, ?)
Eutectic IrAl1±x–Ir (*2020 �C,
*69 at.% Ir)

The max. solid solubility of
Al in Ir is 18 at.%
at *2020 �C.

[14–15, 36,
190, 193]

Ir–Ga Ga, IrGa6, Ir2Ga9, a-IrGa3, b-IrGa3,
IrGa2, Ir3Ga5, IrGa, Ir
No diagram plot

– [12, 108–112,
173, 194]

Ir–In In, a-IrIn3+x (\*350–360 �C,
homog. range—*24–25 at.% Ir at
160–340 �C), b-IrIn3+x

(\*980–985 �C, incongruent melt.
point, homog. range—*23.5–25.0
at.% Ir at 360 �C), IrIn2±x

(\*1185–1195 �C, incongruent
melt. point, homog. range width—
*30.8–38.4 at.% Ir), Ir2In3 (?),
IrIn1+x (metastable, ?), Ir3In (?), Ir
Peritectic In (156.8 �C, ?)

The max. solid solubility of
In in Ir is 3.8 at.%
at *1190 �C.

[13, 143,
174–176,
186–189]

Ir–Tl a-Tl, b-Tl, IrTl3 (?), IrTl2 (?), IrTl
(?), Ir2Tl (Laves phase, ?), Ir3Tl (?),
Ir
No diagram plot

No experimental data. [13, 17]
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Table 9.3 (continued)

System Type of phase diagram
(constituent phases,
temperatures, and
compositions of transformations)

Character of interaction References

Group 14
Ir–C See C–Ir in Table 2.13.
Ir–Si Si, a-IrSi3-x (?), b-IrSi3-x

(x & 0.4, \975 �C, invariable
compos., ?), c-IrSi3-x (x & 0.4,
975–1260 �C, incongruent melt.
point, invariable compos.), IrSi2
(invariable compos., ?), Ir3Si5
(\*1400 �C, incongruent melt.
point, invariable compos.), Ir2Si3
(or IrSi*1.5, invariable compos., ?),
Ir3Si4 (\*1410 �C, incongruent
melt. point, invariable compos.),
Ir4Si5 (\1315 �C, incongruent melt.
point, invariable compos.), IrSi
(\*1710 �C, congruent melt.
point, invariable compos.), Ir3Si2
(or Ir1.5Si, \*1450 �C, congruent
melt. point, invariable compos.),
Ir2Si (*1265–1450 �C,
incongruent melt. point, invariable
compos.), Ir3Si (\1545 �C,
incongruent melt. point, invariable
compos.), Ir
Eutectic Ir3Si2–Ir2Si (*1415 �C,
*38 at.% Ir)
Eutectic Ir3Si2–IrSi (1425 �C, 40.5
at.% Ir)
Eutectic c-IrSi3–Si (*1220 �C,
80.5 at.% Ir)
Eutectic Ir3Si–Ir (1470 �C, *90.5
at.% Ir, ?)
Data on the system available in
literature are controversial.

The max. solid solubility of
Si in Ir is *2 at.% at
1545 �C. Ir silicides are
formed directly from the
elements in vacuum or inert
gas atmosphere at
1000–1200 �C.

[11, 13, 25,
37–39, 43,
113–114,
177–179,
191]

Ir–Ge Ge, IrGe4, Ir3Ge7, Ir3Ge4, Ir4Ge5,
IrGe, Ir
No diagram plot

Ir germanides are formed
directly from the elements.

[11–12, 25–
26, 115]

Ir–Sn a-Sn, b-Sn, a-IrSn4, b-IrSn4, IrSn3,
Ir3Sn7 (?), IrSn2, Ir5Sn7, IrSn (?), Ir
No diagram plot

Ir does not dissolve in
liquid Sn (?).

[13, 21, 116,
180–181]

Ir–Pb Pb, IrPb3 (?), IrPb2 (Laves phase, ?),
IrPb (incongruent melt., ?), Ir2Pb
(Laves phase, ?), Ir3Pb (?), Ir
No diagram plot

– [13]
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Table 9.3 (continued)

System Type of phase diagram
(constituent phases,
temperatures, and
compositions of transformations)

Character of interaction References

Group 15
Ir–N N, IrN3 (?), IrN2 (?), Ir

No diagram plot
No interaction between Ir
and N2 at least at
900–2150 �C. Ir nitrides are
superhard hypothetical
structures.

[13, 182–183]

Ir–P P, IrP3 (at least at 500–1200 �C,
invariable compos.), IrP2

(\1230 �C, sublimation point,
invariable compos.), Ir2P
(\1310–1360 �C, congruent melt.
point, invariable compos.), Ir
Eutectic Ir2P–Ir (*1260 �C, *76
at.% Ir)

Ir phosphides are formed
directly from the elements
in sealed ampules at
1100 �C.

[11, 13, 15,
43, 114, 117–
118]

Ir–As As, IrAs3 (\*1000–1200 �C,
decompos. point), IrAs3–x (or
IrAs2+x, ?), IrAs2, IrAs (?), Ir
No diagram plot

Ir arsenides are formed
directly from the elements
in sealed ampules.

[11, 14, 119–
120, 123–
124]

Ir–Sb Sb, IrSb3 (\*900–1140 �C,
incongruent melt. point, invariable
compos.), IrSb2 (\1445–1505 �C,
incongruent melt. point, invariable
compos.), IrSb (\1620–1670 �C,
incongruent melt. point, invariable
compos.), Ir
Eutectic (degenerated) IrSb3–Sb
(*615–625 �C, ?)

Ir antimonides are formed
directly from the elements
in sealed ampules in Ar
atmosphere.

[13, 15, 121–
124, 184,
197]

Ir–Bi Bi, IrBi3 (\*400–700 �C,
incongruent melt. point, invariable
compos., ?), IrBi2 (\*700–900 �C,
incongruent melt. point, invariable
compos., ?), IrBi (\*1420 �C,
congruent melt. point, invariable
compos., ?), Ir2Bi (\*1440 �C,
incongruent melt. point, invariable
compos.), Ir
Eutectic IrBi–Ir2Bi (1410 �C,
*52–55 at.% Ir)
Eutectic (degenerated) IrBi3–Bi
(*265 �C, *0.7 at.% Ir)

The solid solubility of Ir in
Bi is *0.25 at.%.

[14, 125]
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Table 9.3 (continued)

System Type of phase diagram
(constituent phases,
temperatures, and
compositions of transformations)

Character of interaction References

Group 16
Ir–O O, IrO3 (gaseous), IrO3–x (x & 0.3,

?), IrO2 (\*750–1220 �C,
decompos. point), Ir2O3

(\*400 �C, decompos. point), Ir
No diagram plot

In O2 the oxidation of Ir
initiates from *300 �C and
leads to the direct formation
of IrO2. Ir2O3 and IrO3 are
formed by indirect reaction
pathways.

[2, 11, 13, 21,
44, 126, 131]

Ir–S a-S, b-S, IrS3 (\*700 �C,
decomposes), Ir3S8 (?), IrS2

(\*700 �C, decomposes), IrS2-x

(x & 0.1, ?), Ir2S3 (?), IrS
(\*750 �C, decomposes), Ir
No diagram plot

Ir3S8, IrS2 and Ir2S3 are
formed by the direct
interaction between Ir and
S.

[11, 13, 21,
27, 185]

Ir–Se Se, a-IrSe3–x (?), b-IrSe3–x (?),
IrSe2–x (x & 0.0970.1), Ir2Se3, Ir
No diagram plot

Needle-shape IrSe2–x

microrods with max.
thickness—6 lm, max.
width—17 lm and 20 mm
in length were synthesized.

[11, 13, 41,
135]

Ir–Te Te, Ir3Te8 (\at least 600 �C,
invariable compos., ?), IrTe2+x (?),
IrTe2 (\at least 600 �C, invariable
compos., in equilibrium with Ir, ?),
IrTe (at least at 400–600 �C,
invariable compos.), Ir
Peritectic Te (*450 �C, ?)

– [11, 13, 15,
42, 127, 143]

Ir–Po No data – –
Group 17
Ir–F F, a-IrF6 (?), b-IrF6 (\44 �C, melt.

point), IrF5 (or Ir4F20, (IrF5)4,
\104 �C, melt. point), IrF4, IrF3, Ir
No diagram plot

The direct interaction
between Ir and F2

at *360 �C results in the
formation of IrF5; at lower
temp. IrF6 and IrF3 are
formed. IrF4 is synthesized
by indirect reaction
pathways.

[2–3, 11, 43]

Ir–Cl Cl, IrCl4, a-IrCl3 (or a-Ir2Cl6,
\*650 �C), b-IrCl3 (*650–
765 �C, ?), IrCl2, IrCl
(*775–800 �C, decomposes), Ir
No diagram plot

The direct interaction
between Ir and Cl2 results
in the formation of IrCl3
at *600 �C, IrCl4 at
600–700 �C, IrCl2
at *765–775 �C and IrCl
at *770–775 �C.

[2–3, 11, 43]

Ir–Br Br, IrBr4, IrBr3, IrBr2, Ir
No diagram plot

The direct interaction
between Ir and Br2 results
in the formation of IrBr2.

[2–3, 11, 43]
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The data on the selected ternary, quaternary and quasi-binary iridium con-
taining systems, which are the most important for the design, manufacture, and
application of ultra-high temperature materials, are summarized in Table 9.4. The
composition and temperature stability regions for the main binary and ternary
iridium containing high-temperature phases are given in Tables 9.3 and 9.4 taking
into account the spread of numerical magnitudes available in the literature
currently.

Table 9.3 (continued)

System Type of phase diagram
(constituent phases,
temperatures, and
compositions of transformations)

Character of interaction References

Ir–I I, IrI4 (\*100 �C, decomposes),
IrI3 (\427 �C, decompos. point),
IrI2±x (variable compos.), IrI, Ir
No diagram plot

The direct interaction
between Ir and I2 results in
the formation of IrI3.

[2–3, 11]

Ir–At No data – –
a The intervals of temperatures and compositions for the melting and invariant equilibria points,
homogeneity ranges, and thermal stability regions of constituent phases are given taking into
account the minimal and maximal values (data spread) available in literature

Table 9.4 Chemical interaction of iridium with elements and compounds at high temperatures
(selected ternary, quaternary and quasi-binary systems in alphabetical order)a

System Type of phase diagram (temperature and composition sections,
constituent phases or phase fields) and/or character of interphase
interaction and materials compatibility

References

Ir–Al–B Plotted partially at 1000 �C: Ir3AlB1+x (*25 at.% B), Ir3B4+x,
a-IrB1+x, b-IrB1+x, a-IrB1–x, b-IrB1–x, Ir3B2, Ir2Al9, Ir4Al13, IrAl3,
Ir2Al5–x, IrAl1±x, b-B, Al, Ir

[130]

Ir–Al–C See C–Al–Ir in Table 2.14
Ir–Al–Nb See Nb–Al–Ir in Table 8.6
Ir–Al–Nb–Ni See Nb–Al–Ir–Ni in Table 8.6
Ir–Al–Nb–Pt See Nb–Al–Ir–Pt in Table 8.6
Ir–Al–Ta See Ta–Al–Ir in Table 6.4
Ir–B–C–Th See C–B–Ir–Th in Table 2.14
Ir–B–Hf Plotted partially at 1100 �C: HfIr3B4, HfIr*3B*2, HfIr*5B*4,

Hf3Ir5B2, HfIr30B19 (?), HfIr3+x(By) (extended solid solution based
on HfIr3+x—up to 8 at.% B), HfB2±x (\3250–3410 �C), HfB1±x

(\2100 �C), Hf2+xIr, Hf5Ir3, HfIr1+x, Ir3B4+x, a-IrB1+x, b-IrB1+x,
a-IrB1–x, b-IrB1–x, Ir3B2, b-B, a-Hf, b-Hf, Ir
The mutual solid solubilities of all the binary phases are low, with
the exception of HfIr3+x. HfB2±x cannot coexist with metal Ir.

[136–137]

Ir–B–Mo See Mo–B–Ir in Table 7.5
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Table 9.4 (continued)

System Type of phase diagram (temperature and composition sections,
constituent phases or phase fields) and/or character of interphase
interaction and materials compatibility

References

Ir–B–Sc No diagram plot
ScIr3B1–x, ScIr3B4

[136, 138]

Ir–B–W See W–B–Ir in Table 3.6
Ir–B–Zr Plotted partially at 1100 �C: ZrIr3B4–x (0 B x B 0.26), ZrIr*3B*2,

ZrIr*5B*4, ZrIr3±x(By) (extended solid solution based on ZrIr3±x—
up to 8–9 at.% B), ZrB2±x (\3225–3265 �C), ZrB12

(*1695–2290 �C), Zr3Ir, Zr2Ir, Zr5Ir3, a-ZrIr1–x, b-ZrIr1±x, ZrIr2,
Ir3B4+x, a-IrB1+x, b-IrB1+x, a-IrB1–x, b-IrB1–x, Ir3B2, b-B, a-Zr, b-Zr,
Ir
The mutual solid solubilities of all the binary phases are low, with
the exception of ZrIr3±x. ZrB2±x cannot coexist with metal Ir.

[136]

Ir–C–Ce See C–Ce–Ir in Table 2.14
Ir–C–Cr See C–Cr–Ir in Table 2.14
Ir–C–Er See C–Er–Ir in Table 2.14
Ir–C–Hf See C–Hf–Ir in Table 2.14
Ir–C–Mo See C–Ir– Mo in Table 2.14
Ir–C–Nb See C–Ir–Nb in Table 2.14
Ir–C–Rh See C–Ir–Rh in Table 2.14
Ir–C–Sc See C–Ir–Sc in Table 2.14
Ir–C–Si See C–Ir–Si in Table 2.14
Ir–C–Ta See C–Ir–Ta in Table 2.14
Ir–C–Th See C–Ir–Th in Table 2.14
Ir–C–Ti See C–Ir–Ti in Table 2.14
Ir–C–U See C–Ir–U in Table 2.14
Ir–C–V See C–Ir–V in Table 2.14
Ir–C–W See C–Ir–W in Table 2.14
Ir–C–Y See C–Ir–Y in Table 2.14
Ir–C–Zr See C–Ir–Zr in Table 2.14
Ir–Ca–O IrO2–CaO is plotted: CaIrO3 (or CaO�IrO2, \1135 �C), Ca2IrO4 (or

2CaO�IrO2, \1170 �C), Ca4IrO6 (or 4CaO�IrO2, \1240 �C)
Ir–IrO2–CaO (in air) is plotted at 1020–1240 �C: CaIrO3, Ca2IrO4,
Ca4IrO6

[131–134]

Ir–Co–Ta See Ta–Co–Ir in Table 6.4
Ir–Fe–Os See Os–Fe–Ir in Table 5.4
Ir–Ga–Nb See Nb–Ga–Ir in Table 8.6
Ir–H–Nb See Nb–H–Ir in Table 8.6
Ir–H–Ta See Ta–H–Ir in Table 6.4
Ir–Hf–Nb See Nb–Hf–Ir in Table 8.6
Ir–Hf–Os See Os–Hf–Ir in Table 5.4
Ir–Hf–Zr Plotted schematically and partially at 1800 and 2000 �C:

(Hf,Zr)Ir3±x (HfIr3+x–ZrIr3±x continuous solid solution), (Hf,Zr)Ir1±x

(HfIr1+x–b-ZrIr1±x continuous solid solution, ?)
The solubility of Hf ? Zr in metal Ir is *6 at.%. (Hf,Zr)Ir3±x

contains [25 at.% Hf ? Zr. A dual-phase (Ir,Hf,Zr)–(Hf,Zr)Ir3±x

field exists with *6–25 at.% Hf ? Zr.

[129, 211]
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The character of chemical interaction and general reactions of iridium with
common chemicals (solids, liquids, aqueous solutions) and complex gases are
summarized in Table 9.5.

Table 9.4 (continued)

System Type of phase diagram (temperature and composition sections,
constituent phases or phase fields) and/or character of interphase
interaction and materials compatibility

References

Ir–Nb–Ni See Nb–Ir–Ni in Table 8.6
Ir–Nb–O See Nb–Ir–O in Table 8.6
Ir–Nb–Rh See Nb–Ir–Rh in Table 8.6
Ir–Nb–S See Nb–Ir–S in Table 8.6
Ir–Nb–Si See Nb–Ir–Si in Table 8.6
Ir–Nb–Ta See Ta–Ir–Nb in Table 6.4
Ir–Nb–Te See Nb–Ir–Te in Table 8.6
Ir–Nb–Ti See Nb–Ir–Ti in Table 8.6
Ir–Nb–Zr See Nb–Ir–Zr in Table 8.6
Ir–Ni–Ta See Ta–Ir–Ni in Table 6.4
Ir–Os–Th See Os–Ir–Th in Table 5.4
Ir–Os–Ti See Os–Ir–Ti in Table 5.4
Ir–Os–Zr See Os–Ir–Zr in Table 5.4
Ir–Pt–Ta See Ta–Ir–Pt in Table 6.4
Ir–Si–Ta See Ta–Ir–Si in Table 6.4
Ir–Ta–Te See Ta–Ir–Te in Table 6.4

a See notes to Table 9.3

Table 9.5 The interaction of iridium with some chemicals and complex gases [11, 44]

Reagent, formula Character of chemical interaction, examples of general reactions

Air,
N2 ? O2

No interaction at room temp. At atmospheric pressure the
oxidation of Ir initiates at *600–700 �C:
Ir ? O2 ? IrO2.
The weight gain of Ir sheet at 1000 �C during 50 h exposure in air
amounts to 70 mg cm-2. At temp. [1000 �C Ir forms volatile
oxides, but it can be heated up to 2300 �C without danger of
catastrophic oxidation.

Water,
H2O

No interaction at room temp., at higher temp. water vapour
interacts with Ir:
Ir ? 2H2O ? IrO2 ? 2H2.

Sodium hydroxide,
NaOH

No interaction with NaOH in aqueous solution; weak interaction
with molten NaOH.

Potassium hydroxide,
KOH

No interaction with KOH in aqueous solution; weak interaction
with molten KOH.

Potassium nitrate with
potassium hydroxide
(melt), KNO3 ? KOH

The interaction results in the formation of iridates:
Ir ? 3KNO3 ? 2(n ? 1)KOH ? K2(n+1)IrOn+4 ? 3KNO2

? (n ? 1)H2O.

(continued)
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The self-diffusion characteristics of iridium atoms, diffusion characteristics in
iridium containing systems in the wide range of temperatures, and summarized
data on the physico-chemical interaction of iridium with elements of the periodic
table are given in Addendum.
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Addendum

A.1 Structures

Summarized general data on the structural properties (atomic weights, crystal
space groups, systems and types, lattice parameters and densities) of all the most
high-melting elements of the periodic table: carbon (graphene/graphite) and
refractory metals (in alphabetical order), which were considered above separately
and comprehensively in the main chapters of this volume, are given in Table A.1
[1–12].

A.2 Thermal Properties

The most important thermodynamic properties (standard molar entropy, molar and
specific heat capacities, molar and specific enthalpies (heats) of melting (fusion)
and vaporization, molar and specific enthalpy differences) of carbon (graphite) and
refractory metals are summarized in Tables A.2, A.3 [1–2, 9–14, 19]. For the
general comparison, some other thermal properties (melting and boiling points,
coefficients of linear thermal expansion, relative thermal expansion, thermal
conductivity, vapour pressure and vaporization rate) of the elemental substances
(graphite and refractory metals in alphabetical order) are given in Tables A.4, A.5
[4, 9–12, 15, 16]. The values of the heat capacities, enthalpy differences, thermal
expansion and thermal conductivity properties and vaporizations parameters of the
elemental materials are presented there in the wide range from room (or moderate)
to ultra-high temperatures.

A.3 Electro-Magnetic and Optical Properties

For the general comparison, the main electro-magnetic and optical properties
(specific electrical resistance, temperature coefficient of electroresistance, integral
and monochromatic emittances, thermoionic emission characteristics and molar
magnetic susceptibility) of carbon (graphite) and refractory metals are given in

I. L. Shabalin, Ultra-High Temperature Materials I,
DOI: 10.1007/978-94-007-7587-9, � Springer Science+Business Media Dordrecht 2014

651



Table A.6 [4, 9–12, 17, 18]. The values of the electrical resistance and integral and
monochromatic emittances of the elemental materials are presented in the wide
range from room (or moderate) to ultra-high temperatures.

A.4 Physico-Mechanical Properties

The relative comparison of some physico-mechanical properties (hardness, tensile
and compressive strengths and Young’s modulus) of ultra-high temperature
elemental materials (graphite and refractory metals), which were considered above
separately and comprehensively in the main chapters of this volume, can be carried
out on the basis of the data presented in Table A.7 [4, 9–12, 20]. The values of the
hardness, strength and elasticity of the materials are given there for the wide range
from room to ultra-high temperatures.

A.5 Nuclear Physical Properties

Nuclear physical properties (isotopic mass range, total number of isotopes, thermal
neutron macroscopic cross sections, moderating ability and capture resonance
integral) of the elements (carbon and refractory metals) are given in Table A.8
[9, 21–25].

A.6 Chemical Properties

For the ultra-high temperature elemental materials considered in detail in the main
chapters of the volume, the diffusion rates in species pairs (in alphabetical order)
are presented in the various ranges of temperatures in Table A.9 [9, 26–32, 39].
The following tables of the Addendum contain the summarized general
information on the chemical interaction of ultra-high temperature elemental
materials with other elements of the periodic table (binary systems):

carbon—Tables A.10, A.11, A.12,
tungsten—Tables A.13, A.14, A.15,
rhenium—Tables A.16, A.17, A.18,
osmium—Tables A.19, A.20, A.21,
tantalum—Tables A.22, A.23, A.24,
molybdenum—Tables A.25, A.26, A.27,
niobium—Tables A.28, A.29, A.30,
iridium—Tables A.31, A.32, A.33.

The contents of these tables are stylized in the form of the periodic table and based
on the corresponding sections of the main chapters and some universal sources
[3, 9, 11, 33–38, 40–54].
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Table A.9 Physico-chemical properties (diffusion rate in species pairs at various temperatures)
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– – molar enthalpy differences, 655
– – molar heat capacity, 359, 360, 654
– – relative thermal expansion, 656
– – specific enthalpy (heat) of melting,

360, 655
– – specific enthalpy (heat) of vapori-

zation, 360, 655
– – specific enthalpy differences, 655
– – specific heat capacity, 360, 654
– – standard molar entropy, 360, 654
– – surface tension, 361
– – temperature coefficient of surface

tension, 361
– – thermal conductivity, 360, 656
– – vapour pressure, 360, 657

R
Relative thermal expansion, 241, 534, 611,

656
Resonance integral for neutron capture, 660
Rhenium Re, 317

– chemical properties, 325
– – binary systems, 325, 697
– – diffusion characteristics, 661
– – interaction with chemicals and

complex gases, 348
– – self-diffusion characteristics, 676
– – ternary, quaternary and multi-

component systems, 340
– electro-magnetic & optical properties,

319
– – electron work function, 320, 658
– – Hall coefficient, 319
– – index of absorptance, 319
– – index of refraction, 319
– – integral emittance, 320, 658
– – molar magnetic susceptibility, 319
– – monochromatic emittance (spectral

emissivity), 319, 658
– – reflective index, 319
– – Richardson constant, 320, 658
– – specific electrical resistance (resis-

tivity), 319, 658
– – thermal coefficient of resistivity,

319, 658
– nuclear physical properties, 323

– – capture resonance integral, 660
– – isotopes (mass, abundance, half-life

period, decay mode), 323

– – isotopic mass range, 660
– – thermal neutron cross sections, 660
– – total number of isotopes, 660

– physico-mechanical properties, 320
– – compressive strength, 322
– – Coulomb’s (shear) modulus, 322
– – creep characteristics, 321
– – ductile-to-brittle transition temper-

ature, 322
– – elastic compliance coefficients, 322
– – elastic stiffness coefficients, 322
– – fracture elongation, 321, 322
– – hardness, 320, 321, 659
– – longitudinal velocity of sound, 322
– – Poisson’s ratio, 322
– – tensile strength, 321, 659
– – transversal velocity of sound, 322
– – volume compressibility, 322
– – Young’s modulus, 322, 323, 659

– structures, 317
– – bulk density, 317, 653
– – crystal structure, 317, 653

– – – crystal type, 317, 653
– – – lattice parameters, 317, 653
– – – minimum interatomic dis-
tance, 317
– – – space group, 317, 653

– – electron configuration, 317
– – electronegativity, 317
– – general oxidation states (numbers),

317
– – ground state level, 317
– – radii atomic, 317

– – – covalent, 317
– – – metallic, 317

– – radii ionic, 317
– – slip directions, 317
– – slip planes, 317
– – XRD density, 317, 653

– thermal properties, 317
– – boiling point, 318, 656
– – coefficients of linear thermal

expansion, 319, 656
– – linear vaporization rate, 319, 657
– – mass vaporization rate, 657
– – melting point, 318, 656
– – molar enthalpy (heat) of melting,

318, 655
– – molar enthalpy (heat) of vaporiza-

tion, 318, 655
– – molar enthalpy difference, 318, 655
– – molar heat capacity, 317, 318, 654
– – relative thermal expansion, 656
– – specific enthalpy (heat) of melting,

318, 655
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– – specific enthalpy (heat) of vapori-
zation, 318, 655

– – specific enthalpy difference, 655
– – specific heat capacity, 318, 654
– – standard molar entropy, 318, 654
– – surface tension, 319
– – temperature coefficient of surface

tension, 319
– – thermal conductivity, 319, 656
– – vapour pressure, 318, 657

Richardson constants, 243, 320, 391, 456, 537,
658

S
Space groups, 13, 237, 317, 359, 387, 451,

531, 609, 653
Specific electrical resistances, 35, 36, 37, 38,

53, 55, 57, 58, 64, 241, 319, 361,
390, 455, 535, 611, 658

Specific enthalpy differences, 655
Specific heat capacities, 33, 34, 35, 239, 318,

360, 389, 453, 532, 610, 654
Standard molar entropies, 33, 239, 318, 360,

389, 453, 532, 610, 654

T
Tantalum Ta, 387

– chemical properties, 397
– – binary systems, 398, 709
– – diffusion characteristics, 661
– – interaction with chemicals and

complex gases, 437
– – self-diffusion characteristics, 677
– – ternary, quaternary and multi-com-

ponent systems, 421
– electro-magnetic & optical properties,

390
– – electron work function, 391, 658
– – Hall coefficient, 390
– – index of absorptance, 391
– – index of refraction, 391
– – integral emittance, 391, 658
– – molar magnetic susceptibility, 391,

658
– – monochromatic emittance (spectral

emissivity), 391, 658
– – pressure coefficient of resistivity,

390
– – reflective index, 391
– – Richardson constant, 391
– – Seebeck coefficient (absolute ther-

moelectric power), 391

– – specific electrical resistance
(resistivity), 390, 658

– – thermal coefficient of resistivity,
390, 658

– nuclear physical properties, 395
– – capture resonance integral, 660
– – isotopes (mass, abundance, half-life

period, decay mode), 395
– – isotopic mass range, 660
– – thermal neutron cross sections, 660
– – total number of isotopes, 660

– physico-mechanical properties, 391
– – bulk (compression) modulus, 393
– – Coulomb’s (shear) modulus, 393
– – creep characteristics, 393, 394
– – elastic compliance coefficients, 393
– – elastic stiffness coefficients, 393
– – fatigue strength, 393
– – fracture elongation, 392, 393
– – fracture reduction in area, 392
– – hardness, 391, 659
– – impact strength, 393
– – longitudinal velocity of sound, 393
– – Poisson’s ratio, 393
– – tensile strength, 392, 659
– – transversal velocity of sound, 393
– – volume compressibility, 393
– – yield strength, 393
– – Young’s modulus, 393, 659

– structures, 387
– – beta tantalum phase, 387
– – bulk density, 387, 653
– – crystal structure, 387, 653

– – – crystal type, 387, 653
– – – lattice parameter, 387, 653
– – – minimum interatomic distance,
387
– – – space group, 387, 653

– – electron configuration, 387
– – electronegativity, 387
– – general oxidation states (numbers),

387
– – ground state level, 387
– – radii atomic, 387

– – – covalent, 387
– – – metallic, 387

– – radii ionic, 387
– – slip direction, 387
– – slip plane, 387
– – XRD density, 387, 653

– thermal properties, 388
– – boiling point, 389, 656
– – coefficient of linear thermal

expansion, 388, 390, 656
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– – linear vaporization rate, 388, 657
– – mass vaporization rate, 657
– – melting point, 389, 656
– – molar enthalpy (heat) of melting,

389, 655
– – molar enthalpy (heat) of vaporiza-

tion, 389, 655
– – molar enthalpy difference, 389, 655
– – molar heat capacity, 389, 654
– – relative thermal expansion, 656
– – specific enthalpy (heat) of melting,

389, 655
– – specific enthalpy (heat) of vapori-

zation, 389, 655
– – specific enthalpy difference, 655
– – specific heat capacity, 389, 654
– – standard molar entropy, 389, 654
– – surface tension, 388
– – temperature coefficient of surface

tension, 388
– – thermal conductivity, 388, 390, 656
– – vapour pressure, 388, 657

Thermal coefficients of electroresistance, 64,
242, 319, 361, 390, 455, 535, 611,
658

Thermal conductivity, 35, 36, 37, 38, 53, 55,
57, 58, 240, 319, 360, 388, 390,
454, 534, 611, 656

Total numbers of isotopes, 660
Tungsten W, 237

– chemical properties, 250
– – binary systems, 250, 690
– – diffusion characteristics, 661
– – interaction with chemicals and

complex gases, 294
– – self-diffusion characteristics, 678
– – ternary, quaternary and multi-

component systems, 269
– – wettability by non-ferrous metal

alloys (melts), 294
– electro-magnetic & optical properties,

241
– – electron work function, 243, 658
– – Hall coefficient, 242
– – index of absorptance, 242
– – index of refraction, 242
– – integral emittance, 242, 658
– – molar magnetic susceptibility, 242,

658
– – monochromatic emittance (spectral

emissivity), 242, 658
– – pressure coefficient of resistivity,

242
– – reflective index, 242
– – Richardson constant, 243, 658

– – Seebeck coefficient (absolute ther-
moelectric power), 242

– – specific electrical resistance (resis-
tivity), 241, 658

– – superconductivity, 242
– – – critical magnetic field strength,
242
– – – transition temperature, 242

– – thermal coefficient of resistivity,
242, 658

– – variation of resistivity at the melt-
ing point, 241

– nuclear physical properties, 248
– – capture resonance integral, 660
– – isotopes (mass, abundance, half-life

period, decay mode), 248
– – isotopic mass range, 660
– – nuclear magnetic resonance (NMR)

characteristics, 250
– – thermal neutron cross sections, 660
– – total number of isotopes, 660

– physico-mechanical properties, 243
– – bulk (compression) modulus, 247
– – Coulomb’s (shear) modulus, 247
– – creep characteristics, 245, 246, 247
– – creep rate equation, 245
– – ductile-to-brittle transition temper-

ature, 245
– – elastic compliance coefficients, 247
– – elastic stiffness coefficients, 247
– – fatigue characteristics, 245
– – fracture elongation, 244
– – fracture toughness, 245
– – Hall - Petch relationship, 243
– – hardness, 243, 659
– – longitudinal velocity of sound, 247
– – Poisson’s ratio, 247
– – tensile strength, 244, 659
– – transversal velocity of sound, 247
– – volume compressibility, 247
– – work of fracture (impact testing),

245
– – Young’s modulus, 247, 659

– structures, 237
– – beta tungsten phase, 237
– – bulk density, 238, 653
– – crystal structure, 237, 653

– – – crystal type, 237
– – – lattice parameter, 237, 653
– – – minimum interatomic dis-
tance, 237
– – – space group, 237, 653

– – electron configuration, 237
– – electronegativity, 237
– – gamma tungsten phase, 237
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– – general oxidation states (numbers),
237

– – ground state level, 237
– – radii atomic, 237

– – – covalent, 237
– – – metallic, 237

– – radii ionic, 237
– – slip direction, 237
– – slip planes, 237
– – XRD density, 238, 653

– thermal properties, 238
– – boiling point, 239, 656
– – coefficient of linear thermal

expansion, 240, 656
– – critical density, 239
– – critical point, 239
– – linear vaporization rate, 240, 657
– – mass vaporization rate, 657
– – melting point, 239, 656
– – molar enthalpy (heat) of melting,

239, 655
– – molar enthalpy (heat) of vaporiza-

tion, 239, 655
– – molar enthalpy difference, 239, 655
– – molar heat capacity, 238, 239, 654
– – relative thermal expansion, 241,

656
– – specific enthalpy (heat) of melting,

239, 655
– – specific enthalpy (heat) of vapori-

zation, 239, 655

– – specific enthalpy difference, 655
– – specific heat capacity, 238, 239,

654
– – standard molar entropy, 239, 654
– – surface tension, 241
– – temperature coefficient of surface

tension, 241
– – thermal conductivity, 240, 656
– – vapour pressure, 238, 240, 657

U
Ultimate compressive strength, 38, 53, 55, 66,

322, 659
Ultimate tensile strength, 35, 36, 38, 53, 57,

58, 244, 321, 392, 457, 458, 537,
538, 612, 613, 659

V
Vaporization rates, 34, 240, 319, 388, 452,

533, 657
Vapour pressures, 34, 238, 240, 318, 360, 388,

452, 533, 610, 657

Y
Young’s moduli, 35, 36, 38, 53, 55, 58, 247,

322, 323, 362, 393, 458, 459, 539,
612, 614, 659

Index (Physical Properties) 765



Index (Chemical Systems)

A
Ac–Mo, see Mo–Ac
Ag–C, see C–Ag
Ag–Ir, see Ir–Ag
Ag–Mo, see Mo–Ag
Ag–Nb, see Nb–Ag
Ag–Os, see Os–Ag
Ag–Re, see Re–Ag
Ag–Ta, see Ta–Ag
Ag–W, see W–Ag
Al–B–C, see C–Al–B
Al–B–C–N, see C–Al–B–N
Al–B–C–Si, see C–Al–B–Si
Al–B–Hf–Mo, see Mo–Al–B–Hf
Al–B–Ir, see Ir–Al–B
Al–B–Mo, see Mo–Al–B
Al–B–Mo–N, see Mo–Al–B–N
Al–B–N–Ta, see Ta–Al–B–N
Al–B–N–W, see W–Al–B–N
Al–B–Nb–N, see Nb–Al–B–N
Al–B–Ta. see Ta–Al–B
Al–B–Nb, see Nb–Al–B
Al–Be–C–Si, see C–Al–Be–Si
Al–C, see C–Al
Al–C–Cr–Ti, see C–Al–Cr–Ti
Al–C–Cr–V, see C–Al–Cr–V
Al–C–Hf, see C–Al–Hf
Al–C–Ir, see C–Al–Ir
Al–C–Mn–Si, see C–Al–Mn–Si
Al–C–Mo, see C–Al–Mo
Al–C–Mo–Ni, see C–Al–Mo–Ni
Al–C–N–Si, see C–Al–N–Si
Al–C–N–Ti, see C–Al–N–Ti
Al–C–Nb, see C–Al–Nb
Al–C–Nb–Ti, see C–Al–Nb–Ti
Al–C–Nb–V, see C–Al–Nb–V
Al–C–Nb–Zr, see C–Al–Nb–Zr
Al–C–O, see C–Al–O
Al–C–O–Si, see C–Al–O–Si
Al–C–O–Ti, see C–Al–O–Ti

Al–C–O–U, see C–Al–O–U
Al–C–Si, see C–Al–Si
Al–C–Ta, see C–Al–Ta
Al–C–Ta–Ti, see C–Al–Ta–Ti
Al–C–Ta–V, see C–Al–Ta–V
Al–C–Ti, see C–Al–Ti
Al–C–Ti–V, see C–Al–Ti–V
Al–C–U, see C–Al–U
Al–C–V, see C–Al–V
Al–C–W, see C–Al–W
Al–C–Zr, see C–Al–Zr
Al–Ir, see Ir–Al
Al–Ir–Nb, see Nb–Al–Ir
Al–Ir–Nb–Ni, see Nb–Al–Ir–Ni
Al–Ir–Nb–Pt, see Nb–Al–Ir–Pt
Al–Ir–Ta, see Ta–Al–Ir
Al–Mo, see Mo–Al
Al–Mo–Nb, see Mo–Al–Nb
Al–Mo–Ni–W, see W–Al–Mo–Ni
Al–Mo–O, see Mo–Al–O
Al–N–Nb, see Nb–Al–N
Al–N–Ta, see Ta–Al–N
Al–Nb, see Nb–Al
Al–Nb–Si, see Nb–Al–Si
Al–Nb–Si–Ti, see Nb–Al–Si–Ti
Al–Nb–Ta, see Ta–Al–Nb
Al–O–Ta, see Ta–Al–O
Al–O–W, see W–Al–O
Al–Os, see Os–Al
Al–Re, see Re–Al
Al–Ta, see Ta–Al
Al–W, see W–Al
Am–C, see C–Am
Am–Ir, see Ir–Am
Am–Mo, see Mo–Am
Am–Os, see Os–Am
As–C, see C–As
As–C–Nb, see C–As–Nb
As–C–V, see C–As–V
As–Ir, see Ir–As
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As–Mo, see Mo–As
As–Mo–Ta, see Ta–As–Mo
As–Nb, see Nb–As
As–Os, see Os–As
As–Re, see Re–As
As–Ta, see Ta–As
As–W, see W–As
At–Mo, see Mo–At
Au–C, see C–Au
Au–C–Th, see C–Au–Th
Au–C–U, see C–Au–U
Au–Ir, see Ir–Au
Au–Mo, see Mo–Au
Au–Nb, see Nb–Au
Au–Os, see Os–Au
Au–Re, see Re–Au
Au–Ta, see Ta–Au
Au–W, see W–Au

B
B–Be–C, see C–B–Be
B–Bi–Nb, see Nb–B–Bi
B–Bi–W, see W–B–Bi
B–C, see C–B
B–C–Ce, see C–B–Ce
B–C–Co, see C–B–Co
B–C–Cr, see C–B–Cr
B–C–Cr–N, see C–B–Cr–N
B–C–Cr–Si, see C–B–Cr–Si
B–C–Dy, see C–B–Dy
B–C–Er, see C–B–Er
B–C–Eu, see C–B–Eu
B–C–Fe, see C–B–Fe
B–C–Fe–Ti, see C–B–Fe–Ti
B–C–Gd, see C–B–Gd
B–C–Hf, see C–B–Hf
B–C–Hf–Si, see C–B–Hf–Si
B–C–Hf–W, see C–B–Hf–W
B–C–Ho, see C–B–Ho
B–C–Ir–Th, see C–B–Ir–Th
B–C–La, see C–B–La
B–C–La–Mo, see C–B–La–Mo
B–C–La–Si–W, see C–B–La–Si–W
B–C–La–Si, see C–B–La–Si
B–C–Lu, see C–B–Lu
B–C–Mn, see C–B–Mn
B–C–Mo, see C–B–Mo
B–C–Mo–N, see C–B–Mo–N
B–C–Mo–Ni, see C–B–Mo–Ni
B–C–Mo–Si, see C–B–Mo–Si
B–C–N, see C–B–N
B–C–N–Nb, see C–B–N–Nb
B–C–N–Si, see C–B–N–Si

B–C–N–Ta, see C–B–N–Ta
B–C–N–Ti, see C–B–N–Ti
B–C–N–W, see C–B–N–W
B–C–Nb, see C–B–Nb
B–C–Nb–Si, see C–B–Nb–Si
B–C–Nd, see C–B–Nd
B–C–Ni, see C–B–Ni
B–C–Ni–Si, see C–B–Ni–Si
B–C–Ni–Y, see C–B–Ni–Y
B–C–Os–Th, see C–B–Os–Th
B–C–Pd, see C–B–Pd
B–C–Pr, see C–B–Pr
B–C–Pt, see C–B–Pt
B–C–Pt–Th, see C–B–Pt–Th
B–C–Sc, see C–B–Sc
B–C–Si, see C–B–Si
B–C–Si–Ta, see C–B–Si–Ta
B–C–Si–Ti, see C–B–Si–Ti
B–C–Si–V, see C–B–Si–V
B–C–Si–W, see C–B–Si–W
B–C–Si–Zr, see C–B–Si–Zr
B–C–Sm, see C–B–Sm
B–C–Ta, see C–B–Ta
B–C–Tb, see C–B–Tb
B–C–Th, see C–B–Th
B–C–Ti, see C–B–Ti
B–C–Ti–W, see W–B–Co–Ti
B–C–Tm, see C–B–Tm
B–C–U, see C–B–U
B–C–V, see C–B–V
B–C–W, see C–B–W
B–C–Y, see C–B–Y
B–C–Yb, see C–B–Yb
B–C–Zr, see C–B–Zr
B–Ce–Mo, see Mo–B–Ce
B–Ce–Re, see Re–B–Ce
B–Ce–Ta, see Ta–B–Ce
B–Ce–W, see W–B–Ce
B–Co–Mo, see Mo–B–Co
B–Co–Ta, see Ta–B–Co
B–Co–W, see W–B–Co
B–Cr–Mo, see Mo–B–Cr
B–Cr–Re, see Re–B–Cr
B–Cr–Ta, see Ta–B–Cr
B–Cr–Ti–W, see W–B–Cr–Ti
B–Cr–W, see W–B–Cr
B–Dy–Mo, see Mo–B–Dy
B–Dy–Re, see Re–B–Dy
B–Dy–W, see W–B–Dy
B–Er–Mo, see Mo–B–Er
B–Er–Re, see Re–B–Er
B–Er–W, see W–B–Er
B–Fe–Mo, see Mo–B–Fe
B–Fe–Nb, see Nb–B–Fe
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B–Fe–Re–Y, see Re–B–Fe–Y
B–Fe–Ta, see Ta–B–Fe
B–Fe–W, see W–B–Fe
B–Ga–Nb, see Nb–B–Ga
B–Gd–Mo, see Mo–B–Gd
B–Gd–Nb, see Nb–B–Gd
B–Gd–Re, see Re–B–Gd
B–Gd–W, see W–B–Gd
B–Ge–Nb, see Nb–B–Ge
B–Ge–Ta, see Ta–B–Ge
B–Hf–Ir, see Ir–B–Hf
B–Hf–Mo, see Mo–B–Hf
B–Hf––Nb, see Nb–B–Hf
B–Hf–Os, see Os–B–Hf
B–Hf–Re, see Re–B–Hf
B–Hf–Ta, see Ta–B–Hf
B–Hf–W, see W–B–Hf
B–Ho–Mo, see Mo–B–Ho
B–Ho–Re, see Re–B–Ho
B–Ho–W, see W–B–Ho
B–In–Nb, see Nb–B–In
B–In–W, see W–B–In
B–Ir, see Ir–B
B–Ir–Mo, see Mo–B–Ir
B–Ir–W, see W–B–Ir
B–Ir–Zr, see Ir–B–Zr
B–La–Mo, see Mo–B–La
B–La–Re, see Re–B–La
B–La–Ta, see Ta–B–La
B–La–W, see W–B–La
B–Lu–Mo, see Mo–B–Lu
B–Lu–Re, see Re–B–Lu
B–Lu–W, see W–B–Lu
B–Mn–Mo, see Mo–B–Mn
B–Mn–W, see W–B–Mn
B–Mo, see Mo–B
B–Mo–N, see Mo–B–N
B–Mo–Nb, see Mo–B–Nb
B–Mo–Nb–Si, see Mo–B–Nb–Si
B–Mo–Nd, see Mo–B–Nd
B–Mo–Ni, see Mo–B–Ni
B–Mo–O–Zr, see Mo–B–O–Zr
B–Mo–Os, see Os–B–Mo
B–Mo–P, see Mo–B–P
B–Mo–Pr, see Mo–B–Pr
B–Mo–Re, see Re–B–Mo
B–Mo–Rh, see Mo–B–Rh
B–Mo–Ru, see Mo–B–Ru
B–Mo–Si, see Mo–B–Si
B–Mo–Si–Ta, see Ta–B–Mo–Si
B–Mo–Si–Zr, see Mo–B–Si–Zr
B–Mo–Sm, see Mo–B–Sm
B–Mo–Ta, see Ta–B–Mo
B–Mo–Tb, see Mo–B–Tb

B–Mo–Th, see Mo–B–Th
B–Mo–Ti, see Mo–B–Ti
B–Mo–Tm, see Mo–B–Tm
B–Mo–U, see Mo–B–U
B–Mo–V, see Mo–B–V
B–Mo–W, see W–B–Mo
B–Mo–Y, see Mo–B–Y
B–Mo–Yb, see Mo–B–Yb
B–Mo–Zr, see Mo–B–Zr
B–N–Nb, see Nb–B–N
B–N–Nb–O, see Nb–B–N–O
B–N–O–Ta, see Ta–B–N–O
B–N–O–W, see W–B–N–O
B–N–Re, see Re–B–N
B–N–Ta, see Ta–B–N
B–N–W, see W–B–N
B–Nb, see Nb–B
B–Nb–Ni, see Nb–B–Ni
B–Nb–Ni–Ta, see Ta–B–Nb–Ni
B–Nb–O, see Nb–B–O
B–Nb–Pb, see Nb–B–Pb
B–Nb–Re, see Re–B–Nb
B–Nb–Ru–Ta, see Ta–B–Nb–Ru
B–Nb–Sc, see Nb–B–Sc
B–Nb–Si, see Nb–B–Si
B–Nb–Si–W, see W–B–Nb–Si
B–Nb–Ta, see Ta–B–Nb
B–Nb–Ti, see Nb–B–Ti
B–Nb–U, see Nb–B–U
B–Nb–W, see W–B–Nb
B–Nb–Zr, see Nb–B–Zr
B–Nd–Re, see Re–B–Nd
B–Ni–Ta, see Ta–B–Ni
B–Ni–Ti–W, see W–B–Ni–Ti
B–Ni–W, see W–B–Ni
B–O–Ta, see Ta–B–O
B–O–W–Zr, see W–B–O–Zr
B–Os, see Os–B
B–Os–W, see W–B–Os
B–P–W, see W–B–P
B–Pd–W, see W–B–Pd
B–Pr–Re, see Re–B–Pr
B–Pr–W, see W–B–Pr
B–Re, see Re–B
B–Re–Sc, see Re–B–Sc
B–Re–Sm, see Re–B–Sm
B–Re–Ta, see Re–B–Ta
B–Re–Tb, see Re–B–Tb
B–Re–Th, see Re–B–Th
B–Re–Ti, see Re–B–Ti
B–Re–Tm, see Re–B–Tm
B–Re–U, see Re–B–U
B–Re–W, see W–B–Re
B–Re–Y, see Re–B–Y
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B–Re–Yb, see Re–B–Yb
B–Re–Zr, see Re–B–Zr
B–Ru–W, see W–B–Ru
B–Sc–Ir, see Ir–B–Sc
B–Sc–W, see W–B–Sc
B–Si–Ta, see Ta–B–Si
B–Si–Ta–Ti, see Ta–B–Si–Ti
B–Si–Ta–W, see W–B–Si–Ta
B–Si–Ta–Zr, see Ta–B–Si–Zr
B–Si–Ti–W, see W–B–Si–Ti
B–Si–V–W, see W–B–Si–V
B–Si–W, see W–B–Si
B–Si–W–Zr, see W–B–Si–Zr
B–Sn–Nb, see Nb–B–Sn
B–Sn–W, see W–B–Sn
B–Ta, see Ta–B
B–Ta–Ti, see Ta–B–Ti
B–Ta–W, see W–B–Ta
B–Ta–Zr, see Ta–B–Zr
B–Tb–W, see W–B–Tb
B–Th–W, see W–B–Th
B–Ti–W, see W–B–Ti
B–Tm–W, see W–B–Tm
B–U–W, see W–B–U
B–W, see W–B
B–W–Y, see W–B–Y
B–W–Yb, see W–B–Yb
B–W–Zr, see W–B–Zr
Ba–C, see C–Ba
Ba–Mo, see Mo–Ba
Ba–W, see W–Ba
Be–C, see C–Be
Be–C–O, see C–Be–O
Be–C–O–Th, see C–Be–O–Th
Be–C–O–Ti, see C–Be–O–Ti
Be–C–O–U, see C–Be–O–U
Be–C–Si, see C–Be–Si
Be–C–Ta, see C–Be–Ta
Be–C–Th, see C–Be–Th
Be–C–U, see C–Be–U
Be–Ir, see Ir–Be
Be–Mo, see Mo–Be
Be–Mo–Nb, see Mo–Be–Nb
Be–Mo–O, see Mo–Be–O
Be–Nb, see Nb–Be
Be–Nb–O, see Nb–Be–O
Be–O–Ta, see Ta–Be–O
Be–O–W, see W–Be–O
Be–Os, see Os–Be
Be–Re, see Re–Be
Be–Ta, see Ta–Be
Be–W, see W–Be
Bi–C, see C–Bi
Bi–C–Pb, see C–Bi–Pb

Bi–Cd–Mo–Pb–Sn, see Mo–Bi–Cd–Pb–Sn
Bi–Ir, see Ir–Bi
Bi–Mo, see Mo–Bi
Bi–Mo–Pb, see Mo–Bi–Pb
Bi–Nb, see Nb–Bi
Bi–Os, see Os–Bi
Bi–Pb–Ta, see Ta–Bi–Pb
Bi–Pb–W, see W–Bi–Pb
Bi–Re, see Re–Bi
Bi–Ta, see Ta–Bi
Bi–Ta–U, see Ta–Bi–U
Bi–W, see W–Bi
Bk–Ir, see Ir–Bk
Bk–Mo, see Mo–Bk
Br–C, see C–Br
Br–Ir, see Ir–Br
Br–Mo, see Mo–Br
Br–Nb, see Nb–Br
Br–Os, see Os–Br
Br–Re, see Re–Br
Br–Ta, see Ta–Br
Br–W, see W–Br

C
C–Ag, 98
C–Al, 101
C–Al–B, 106
C–Al–B–N, 106
C–Al–B–Si, 106
C–Al–Be–Si, 106
C–Al–Cr–Ti, 106
C–Al–Cr–V, 106
C–Al–Hf, 106
C–Al–Ir, 107
C–Al–Mn–Si, 107
C–Al–Mo, 107
C–Al–Mo–Ni, 107
C–Al–N–Si, 107
C–Al–N–Ti, 107
C–Al–Nb, 107
C–Al–Nb–Ti, 107
C–Al–Nb–V, 107
C–Al–Nb–Zr, 108
C–Al–O, 108
C–Al–O–Si, 108
C–Al–O–Ti, 108
C–Al–O–U, 108
C–Al–Si, 108
C–Al–Ta, 108
C–Al–Ta–Ti, 108
C–Al–Ta–V, 109
C–Al–Ti, 109
C–Al–Ti–V, 109
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C–Al–U, 109
C–Al–V, 110
C–Al–W, 110
C–Al–Zr, 110
C–Am, 85
C–As, 104
C–As–Nb, 110
C–As–V, 110
C–Au, 98
C–Au–Th, 110
C–Au–U, 110
C–B, 100
C–B–Be, 110
C–B–Ce, 111
C–B–Co, 111
C–B–Cr, 111
C–B–Cr–N, 111
C–B–Cr–Si, 111
C–B–Dy, 111
C–B–Er, 111
C–B–Eu, 111
C–B–Fe, 112
C–B–Fe–Ti, 112
C–B–Gd, 111
C–B–Hf, 112
C–B–Hf–Si, 112
C–B–Hf–W, 112
C–B–Ho, 112
C–B–Ir–Th, 112
C–B–La, 113
C–B–La–Mo, 113
C–B–La–Si, 113
C–B–La–Si–W, 113
C–B–Lu, 113
C–B–Mn, 113
C–B–Mo, 113
C–B–Mo–N, 114
C–B–Mo–Ni, 114
C–B–Mo–Si, 114
C–B–N, 114
C–B–N–Nb, 114
C–B–N–Si, 114
C–B–N–Ta, 115
C–B–N–Ti, 115
C–B–N–W, 115
C–B–Nb, 115
C–B–Nb–Si, 116
C–B–Nd, 116
C–B–Ni, 116
C–B–Ni–Si, 116
C–B–Ni–Y, 116
C–B–Os–Th, 116
C–B–Pd, 116
C–B–Pr, 116

C–B–Pt, 117
C–B–Pt–Th, 117
C–B–Sc, 117
C–B–Si, 117
C–B–Si–Ta, 117
C–B–Si–Ti, 117
C–B–Si–V, 117
C–B–Si–W, 118
C–B–Si–Zr, 118
C–B–Sm, 118
C–B–Ta, 118
C–B–Tb, 118
C–B–Th, 118
C–B–Ti, 119
C–B–Tm, 120
C–B–U, 120
C–B–V, 120
C–B–W, 121
C–B–Y, 122
C–B–Yb, 122
C–B–Zr, 122
C–Ba, 75
C–Be, 74
C–Be–O, 122
C–Be–O–Th, 122
C–Be–O–Ti, 122
C–Be–O–U, 122
C–Be–Si, 123
C–Be–Ta, 123
C–Be–Th, 123
C–Be–U, 123
C–Bi, 104
C–Bi–Pb, 123
C–Br, 105
C–Ca, 74
C–Ca–O, 123
C–Ca–O–U, 123
C–Cd, 99
C–Cd–Ti, 123
C–Ce, 78
C–Ce–Ir, 123
C–Ce–Mo, 123
C–Ce–N–Th, 124
C–Ce–N–U, 124
C–Ce–Si, 124
C–Ce–Th, 124
C–Ce–U, 124
C–Ce–U–Zr, 124
C–Ce–Zr, 124
C–Cl, 105
C–Co, 95
C–Co–Fe–Ni–W, 124
C–Co–Hf, 124
C–Co–Hf–Nb, 124
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C–Co–Hf–Ta, 124
C–Co–Hf–Ti, 125
C–Co–Hf–V, 125
C–Co–Hf–Zr, 125
C–Co–Mo, 125
C–Co–Nb, 125
C–Co–Nb–Ta, 125
C–Co–Nb–Ta–Ti–W, 125
C–Co–Nb–Ti, 125
C–Co–Nb–V, 125
C–Co–Nb–W, 126
C–Co–Nb–Zr, 126
C–Co–Ni–W, 126
C–Co–Os–W, 126
C–Co–Re–W, 126
C–Co–Ru–W, 126
C–Co–Si, 126
C–Co–Ta, 126
C–Co–Ta–Ti, 126
C–Co–Ta–V, 126
C–Co–Ta–W, 126
C–Co–Ta–Zr, 127
C–Co–Ti, 127
C–Co–U, 127
C–Co–V, 127
C–Co–V–Zr, 127
C–Co–W, 128
C–Co–Zr, 128
C–Co–Ti–V, 127
C–Co–Ti–W, 127
C–Co–Ti–Zr, 127
C–Cr, 90
C–Cr–Fe–Mo, 128
C–Cr–Fe–Ti, 128
C–Cr–Fe–V, 128
C–Cr–Fe–W, 128
C–Cr–Hf, 128
C–Cr–Ir, 128
C–Cr–Mo, 129
C–Cr–Mo–Re–Ti, 129
C–Cr–Mo–Ti, 129
C–Cr–Nb, 130
C–Cr–O–W, 130
C–Cr–O–Zr, 130
C–Cr–Re, 131
C–Cr–Re–Ti, 131
C–Cr–Si, 131
C–Cr–Ta, 132
C–Cr–Tc, 132
C–Cr–Ti, 132
C–Cr–U, 133
C–Cr–V, 133
C–Cr–W, 133
C–Cr–Zr, 134

C–Cs, 73
C–Cs–Zr, 134
C–Cu, 97
C–Cu–Si, 134
C–Cu–Zr, 134
C–Dy, 80
C–Dy–U, 134
C–Er, 81
C–Er–Ir, 134
C–Er–N–Th, 134
C–Er–U, 135
C–Eu, 79
C–Eu–U, 135
C–F, 105
C–Fe, 94
C–Fe–Hf, 135
C–Fe–Mo, 135
C–Fe–N–Nb, 135
C–Fe–N–Nb–Ti, 135
C–Fe–N–Nb–Ti–V, 135
C–Fe–N–Ti, 135
C–Fe–Nb, 135
C–Fe–Nb–V, 136
C–Fe–Ni–Ti, 136
C–Fe–Ni–W, 136
C–Fe–Si, 136
C–Fe–Si–Ti, 136
C–Fe–Si–V, 136
C–Fe–Ta, 136
C–Fe–Ti, 136
C–Fe–U, 137
C–Fe–V, 137
C–Fe–W, 137
C–Fe–Zr, 137
C–Ga, 101
C–Ga–Mo, 138
C–Ga–Nb, 138
C–Ga–Ta, 138
C–Ga–Ti, 138
C–Ga–V, 138
C–Gd, 80
C–Gd–N–Th, 138
C–Gd–U, 138
C–Ge, 102
C–Ge–Si–Ti, 138
C–Ge–Ti, 138
C–Ge–V, 138
C–H, 72
C–H–Hf, 139
C–H–La, 139
C–H–Nb, 139
C–H–O–Zr, 139
C–H–Th, 139
C–H–Ti, 139
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C–H–V, 139
C–H–Y, 139
C–H–Zr, 139
C–Hf, 88
C–Hf–In, 139
C–Hf–In–Ti, 139
C–Hf–Ir, 139
C–Hf–Mn, 139
C–Hf–Mo, 140
C–Hf–Mo–Ni, 140
C–Hf–Mo–Si, 141
C–Hf–Mo–Ti, 141
C–Hf–Mo–V, 141
C–Hf–N, 141
C–Hf–N–O, 141
C–Hf–Nb, 141
C–Hf–Nb–U, 141
C–Hf–Nb–V, 141
C–Hf–Ni, 142
C–Hf–Ni–Ti, 142
C–Hf–Ni–W, 142
C–Hf–Ni–Zr, 142
C–Hf–O, 142
C–Hf–O–Ti, 142
C–Hf–Os, 142
C–Hf–Pb, 142
C–Hf–Pd, 143
C–Hf–Pt, 143
C–Hf–Re, 143
C–Hf–Rh, 143
C–Hf–Ru, 143
C–Hf–S, 143
C–Hf–Si, 143
C–Hf–Sn, 143
C–Hf–Ta, 144
C–Hf–Ta–U, 144
C–Hf–Tc, 144
C–Hf–Th, 144
C–Hf–Ti, 144
C–Hf–Ti–V, 144
C–Hf–Ti–W, 145
C–Hf–Tl, 145
C–Hf–U, 145
C–Hf–U–Zr, 145
C–Hf–V, 145
C–Hf–V–W, 145
C–Hf–W, 146
C–Hf–Zr, 146
C–Hg, 99
C–Ho, 81
C–Ho–U, 146
C–I, 105
C–In, 101
C–In–Nb, 146

C–In–Ti, 146
C–In–Zr, 146
C–Ir, 95
C–Ir–Mo, 146
C–Ir–Nb, 146
C–Ir–Rh, 146
C–Ir–Sc, 147
C–Ir–Si, 147
C–Ir–Ta, 147
C–Ir–Th, 147
C–Ir–Ti, 147
C–Ir–U, 147
C–Ir–V, 147
C–Ir–W, 147
C–Ir–Y, 147
C–Ir–Zr, 148
C–K, 73
C–La, 77
C–La–N–Th, 148
C–La–U, 148
C–Li, 72
C–Lu, 82
C–Lu–U, 148
C–Mg, 74
C–Mg–Mo–O, 148
C–Mg–Nb–O, 148
C–Mg–O, 148
C–Mg–O–Si, 148
C–Mg–O–Ta, 148
C–Mg–O–Ti, 148
C–Mg–O–W, 148
C–Mg–O–Zr, 148
C–Mn, 93
C–Mn–Mo, 149
C–Mn–Nb, 149
C–Mn–Si, 149
C–Mn–U, 149
C–Mn–W, 149
C–Mn–Zr, 149
C–Mo, 91
C–Mo–N, 149
C–Mo–N–Ti, 149
C–Mo–Nb, 150
C–Mo–Nb–Ta , 150
C–Mo–Nb–U, 150
C–Mo–Nb–Zr, 150
C–Mo–Ni, 150
C–Mo–O, 150
C–Mo–O–Zr, 150
C–Mo–Os, 150
C–Mo–Pt, 151
C–Mo–Pu, 151
C–Mo–Pu–U, 151
C–Mo–Re, 151
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C–Mo–Rh, 151
C–Mo–Ru, 151
C–Mo–Sc, 151
C–Mo–Si, 152
C–Mo–Si–Ta, 152
C–Mo–Si–Zr, 152
C–Mo–Ta, 152
C–Mo–Ta–V, 152
C–Mo–Tc, 152
C–Mo–Th, 152
C–Mo–Ti, 153
C–Mo–U, 153
C–Mo–U–Zr, 153
C–Mo–V, 153
C–Mo–W, 154
C–Mo–W–Zr, 154
C–Mo–Zr, 154
C–N, 103
C–N–Nb, 154
C–N–Nb–W, 154
C–N–Nd–Th, 155
C–N–O–Si, 155
C–N–O–Ti, 155
C–N–O–Zr, 155
C–N–O–Pu–U, 155
C–N–Pr–Th, 155
C–N–Pu–U, 155
C–N–Si, 156
C–N–Si–Ti, 156
C–N–Sm–Th, 156
C–N–Ta, 156
C–N–Ta–U, 156
C–N–Ta–W, 156
C–N–Th, 156
C–N–Ti, 157
C–N–Ti–V, 157
C–N–Ti–W, 157
C–N–U, 157
C–N–U–V, 157
C–N–U–Zr, 158
C–N–V, 158
C–N–W, 158
C–N–Zr, 158
C–Na, 73
C–Nb, 89
C–Nb–Ni, 158
C–Nb–Ni–Ta, 158
C–Nb–Ni–V, 158
C–Nb–Ni–Zr, 158
C–Nb–O, 159
C–Nb–O–Si, 159
C–Nb–O–W, 159
C–Nb–O–Zr, 159
C–Nb–Os, 159

C–Nb–P, 159
C–Nb–Pd, 159
C–Nb–Pt, 159
C–Nb–Pu, 159
C–Nb–Re, 160
C–Nb–Rh, 160
C–Nb–Ru, 160
C–Nb–S, 160
C–Nb–Si, 160
C–Nb–Sn, 160
C–Nb–Ta, 161
C–Nb–Ta–Ti, 161
C–Nb–Ta–W, 161
C–Nb–Tc, 161
C–Nb–Th, 161
C–Nb–Ti, 161
C–Nb–Ti–U, 161
C–Nb–Ti–V, 162
C–Nb–Ti–W, 162
C–Nb–U, 162
C–Nb–U–V, 162
C–Nb–U–Zr, 162
C–Nb–V, 162
C–Nb–W, 163
C–Nb–Zr, 163
C–Nd, 79
C–Nd–U, 163
C–Ni, 96
C–Ni–Si, 163
C–Ni–Ta, 164
C–Ni–Th, 164
C–Ni–Ti, 164
C–Ni–U, 164
C–Ni–V, 164
C–Ni–W, 164
C–Ni–W–Zr, 165
C–Ni–Zr, 165
C–Np, 85
C–Np–Th, 165
C–O, 104
C–O–Pu–U, 165
C–O–Si, 165
C–O–Si–Sr, 165
C–O–Si–Ti, 165
C–O–Si–Zr, 165
C–O–Ta, 165
C–O–Ta–U, 166
C–O–Ta–W, 166
C–O–Ta–Zr, 166
C–O–Th, 166
C–O–Th–Ti, 166
C–O–Ti, 166
C–O–Ti–W, 166
C–O–Ti–Zr, 166
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C–O–U, 167
C–O–U–V, 167
C–O–U–Zr, 167
C–O–V, 167
C–O–V–W, 168
C–O–V–Zr, 168
C–O–W, 168
C–O–W–Zr, 168
C–O–Zr, 168
C–Os, 94
C–Os–Sc, 168
C–Os–Si, 168
C–Os–Ta, 168
C–Os–Th, 168
C–Os–Ti, 168
C–Os–U, 169
C–Os–V, 169
C–Os–W, 169
C–Os–Y, 169
C–Os–Zr, 169
C–P, 104
C–P–V, 169
C–Pa, 84
C–Pb, 103
C–Pb–Ti, 169
C–Pb–Zr, 169
C–Pd, 96
C–Pd–Si, 169
C–Pd–Ta, 169
C–Pd–Th, 170
C–Pd–Ti, 170
C–Pd–U, 170
C–Pd–V, 170
C–Pd–W, 170
C–Pd–Zr, 170
C–Pm, 79
C–Po, 105
C–Pr, 78
C–Pt, 97
C–Pt–Si, 170
C–Pt–Ta, 170
C–Pt–Th, 170
C–Pt–Ti, 171
C–Pt–U, 171
C–Pt–V, 171
C–Pt–W, 171
C–Pt–Zr, 171
C–Pu, 85
C–Pu–Si, 171
C–Pu–Ta, 171
C–Pu–Th, 171
C–Pu–Ti, 172
C–Pu–U, 172
C–Pu–U–W, 172

C–Pu–U–Zr, 172
C–Pu–W, 172
C–Pu–Zr, 172
C–Rb, 73
C–Re, 93
C–Re–Si, 173
C–Re–Ta, 173
C–Re–Tc, 173
C–Re–Th, 173
C–Re–Ti, 173
C–Re–U, 173
C–Re–U–Zr, 173
C–Re–V, 173
C–Re–W, 173
C–Re–Y, 174
C–Re–Zr, 174
C–Rh, 95
C–Rh–Si, 174
C–Rh–Ta, 174
C–Rh–Th, 174
C–Rh–Ti, 174
C–Rh–U, 174
C–Rh–V, 174
C–Rh–W, 175
C–Rh–Zr, 175
C–Ru, 94
C–Ru–Si, 175
C–Ru–Ta, 175
C–Ru–Th, 175
C–Ru–Ti, 175
C–Ru–U, 175
C–Ru–V, 175
C–Ru–W, 175
C–Ru–Zr, 176
C–S, 105
C–S–Ta, 176
C–S–Ti, 176
C–S–Ti–V, 176
C–S–Zr, 176
C–Sb, 104
C–Sc, 75
C–Sc–Tc, 176
C–Sc–Ti, 176
C–Sc–Zr, 176
C–Se, 105
C–Si, 102
C–Si–Ta, 176
C–Si–Ti, 176
C–Si–U, 177
C–Si–V, 177
C–Si–W, 177
C–Si–Zr, 177
C–Sm, 79
C–Sm–U, 178
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C–Sn, 103
C–Sn–Ti, 178
C–Sn–Zr, 178
C–Sr, 74
C–Ta, 90
C–Ta–Tc, 178
C–Ta–Th, 178
C–Ta–Ti, 178
C–Ta–Ti–U, 178
C–Ta–Ti–W, 178
C–Ta–U, 179
C–Ta–U–V, 179
C–Ta–U–Zr, 179
C–Ta–V, 179
C–Ta–V–W, 179
C–Ta–W, 180
C–Ta–Zr, 180
C–Tb, 80
C–Tb–U, 180
C–Tc, 93
C–Tc–Ti, 180
C–Tc–U, 180
C–Tc–V, 181
C–Tc–W, 181
C–Tc–Zr, 181
C–Te, 105
C–Th, 83
C–Th–Ti, 181
C–Th–U, 181
C–Th–U–Zr, 181
C–Th–W, 181
C–Th–Y, 181
C–Th–Zr, 181
C–Ti, 86
C–Ti–Tl, 182
C–Ti–U, 182
C–Ti–U–Zr, 182
C–Ti–V, 182
C–Ti–W, 182
C–Ti–Zr, 183
C–Tl, 101
C–Tl–Zr, 183
C–Tm, 81
C–Tm–U, 183
C–U, 84
C–U–V, 183
C–U–W, 183
C–U–W–Zr, 183
C–U–Y, 183
C–U–Yb, 184
C–U–Zr, 184
C–V, 88

C–V–W, 184
C–V–Zr, 184
C–W, 92
C–W–Zr, 185
C–Y, 76
C–Yb, 82
C–Zn, 98
C–Zr, 87
Ca–Ir, see Ir–Ca
Ca–Ir–O, see Ir–Ca–O
Ca–Mo, see Mo–Ca
Ca–Mo–O, see Mo–Ca–O
Ca–Nb, see Nb–Ca
Ca–Nb–O, see Nb–Ca–O
Ca–O–Re, see Re–Ca–O
Ca–O–Ta, see Ta–Ca–O
Ca–O–W, see W–Ca–O
Ca–Os, see Os–Ca
Ca–W, see W–Ca
Cd–Bi–Pb–Sn–W, see W–Cd–Bi–Pb–Sn
Cd–Mo, see Mo–Cd
Cd–Nb, see Nb–Cd
Cd–W, see W–Cd
Ce–Ir, see Ir–Ce
Ce–Mo, see Mo–Ce
Ce–Mo–O, see Mo–Ce–O
Ce–Nb, see Nb–Ce
Ce–Nb–O, see Nb–Ce–O
Ce–O–Re, see Re–Ce–O
Ce–O–Ta, see Ta–Ce–O
Ce–O–W, see W–Ce–O
Ce–Os, see Os–Ce
Ce–Re, see Re–Ce
Ce–Ta, see Ta–Ce
Ce–W, see W–Ce
Cf–Mo, see Mo–Cf
Ci–Re, see Re–Cl
Cl–Ir, see Ir–Cl
Cl–Mo, see Mo–Cl
Cl–Nb, see Nb–Cl
Cl–Os, see Os–Cl
Cl–Ta, see Ta–Cl
Cl–W, see W–Cl
Cm–Ir, see Ir–Cm
Cm–Mo, see Mo–Cm
Co–Ir–Ta, see Ta–Co–Ir
Co–Ir, see Ir–Co
Co–Mo, see Mo–Co
Co–Mo–N, see Mo–Co–N
Co–Mo–Nb, see Mo–Co–Nb
Co–Mo–Ta, see Ta–Co–Mo
Co–Mo–W, see W–Co–Mo
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Co–N–Nb, see Nb–Co–N
Co–N–Ta, see Ta–Co–N
Co–Nb, see Nb–Co
Co–Nb–Ta, see Ta–Co–Nb
Co–Nb–W, see W–Co–Nb
Co–Os, see Os–Co
Co–Os–Re–Ru, see Re–Co–Os–Ru
Co–Re, see Re–Co
Co–Ta, see Ta–Co
Co–Ta–W, see W–Co–Ta
Co–W, see W–Co
Cr–Fe–Nb–Si, see Nb–Cr–Fe–Si
Cr–Ir, see Ir–Cr
Cr–Mo, see Mo–Cr
Cr–Mo–N, see Mo–Cr–N
Cr–Mo–Nb, see Mo–Cr–Nb
Cr–Mo–Si–Ta, see Ta–Cr–Mo–Si
Cr–Mo–Si–W, see W–Cr–Mo–Si
Cr–Mo–Ta, see Ta–Cr–Mo
Cr–Mo–W, see W–Cr–Mo
Cr–N–Nb–Ni, see Nb–Cr–N–Ni
Cr–N–Ta, see Ta–Cr–N
Cr–N–W, see W–Cr–N
Cr–Nb, see Nb–Cr
Cr–Nb–Re, see Re–Cr–Nb
Cr–Nb–Si, see Nb–Cr–Si
Cr–Nb–Ta, see Ta–Cr–Nb
Cr–Nb–Ta–Ti, see Ta–Cr–Nb–Ti
Cr–Nb–W, see W–Cr–Nb
Cr–Os, see Os–Cr
Cr–Os–W, see W–Cr–Os
Cr–Re, see Re–Cr
Cr–Re–W, see W–Cr–Re
Cr–Si–Ta, see Ta–Cr–Si
Cr–Si–Ta–Ti, see Ta–Cr–Si–Ti
Cr–Si–Ti–W, See W–Cr–Si–Ti
Cr–Ta, see Ta–Cr
Cr–Ta–W, see W–Cr–Ta
Cr–W, see W–Cr
Cs–Ir, see Ir–Cs
Cs–Mo, see Mo–Cs
Cs–Nb, see Nb–Cs
Cs–Os, see Os–Cs
Cs–Ta, see Ta–Cs
Cs–W, see W–Cs
Cu–Ir, see Ir–Cu
Cu–Mo, see Mo–Cu
Cu–Mo–Nb, see Mo–Cu–Nb
Cu–N–Nb, see Nb–Cu–N
Cu–N–Ta, see Ta–Cu–N
Cu–Nb, see Nb–Cu
Cu–Nb–Ta, see Ta–Cu–Nb
Cu–Os, see Os–Cu
Cu–Re, see Re–Cu

Cu–Ta, see Ta–Cu
Cu–W, see W–Cu

D
D (2H)–Nb, see Nb–D
D (2H)–Ta, see Ta–D
Dy–Ir, see Ir–Dy
Dy–Mo, see Mo–Dy
Dy–Nb, see Nb–Dy
Dy–Os, see Os–Dy
Dy–Re, see Re–Dy
Dy–Ta, see Ta–Dy
Dy–W, see W–Dy

E
Er–Ir, see Ir–Er
Er–Mo, see Mo–Er
Er–Nb, see Nb–Er
Er–Os, see Os–Er
Er–Re, see Re–Er
Er–Ta, see Ta–Er
Er–W, see W–Er
Es–Mo, see Mo–Es
Eu–Ir, see Ir–Eu
Eu–Mo, see Mo–Eu
Eu–Nb, see Nb–Eu
Eu–Re, see Re–Eu
Eu–Ta, see Ta–Eu
Eu–W, see W–Eu

F
F–Ir, see Ir–F
F–Mo, see Mo–F
F–Nb, see Nb–F
F–Os, see Os–F
F–Re, see Re–F
F–Ta, see Ta–F
F–W, see W–F
Fe–Ir, see Ir–Fe
Fe–Ir–Os, see Os–Fe–Ir
Fe–Mo, see Mo–Fe
Fe–Mo–N, see Mo–Fe–N
Fe–Mo–Nb, see Mo–Fe–Nb
Fe–Mo–Ta, see Ta–Fe–Mo
Fe–Mo–W, see W–Fe–Mo
Fe–N–Nb, see Nb–Fe–N
Fe–N–Ta, see Ta–Fe–N
Fe–Nb, see Nb–Fe
Fe–Nb–Si, see Nb–Fe–Si
Fe–Nb–Ta, see Ta–Fe–Nb
Fe–Nb–W, see W–Fe–Nb
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Fe–Os, see Os–Fe
Fe–Pu–Ta, see Ta–Fe–Pu
Fe–Re, see Re–Fe
Fe–Ta, see Ta–Fe
Fe–Ta–W, see W–Fe–Ta
Fe–W, see W–Fe
Fm–Mo, see Mo–Fm
Fr–Mo, see Mo–Fr

G
Ga–Ir, see Ir–Ga
Ga–Ir–Nb, see Nb–Ga–Ir
Ga–Mo, see Mo–Ga
Ga–Nb, see Nb–Ga
Ga–Os, see Os–Ga
Ga–Re, see Re–Ga
Ga–Ta, see Ta–Ga
Ga–W, see W–Ga
Gd–Ir, see Ir–Gd
Gd–Mo, see Mo–Gd
Gd–Nb, see Nb–Gd
Gd–Os, see Os–Gd
Gd–Re, see Re–Gd
Gd–Ta, see Ta–Gd
Gd–W, see W–Gd
Ge–Ir, see Ir–Ge
Ge–Mo, see Mo–Ge
Ge–Nb, see Nb–Ge
Ge–Os, see Os–Ge
Ge–Re, see Re–Ge
Ge–Ta, see Ta–Ge
Ge–W, see W–Ge

H
H–Ir, see Ir–H
H–Ir–Nb, see Nb–H–Ir
H–Ir–Ta, see Ta–H–Ir
H–Mo, see Mo–H
H–Mo–Ta, see Ta–H–Mo
H–N–Nb–Ti, see Nb–H–N–Ti
H–N–Nb–Zr, see Nb–H–N–Zr
H–Nb, see Nb–H
H–Nb–Ta, see Ta–H–Nb
H–Os, see Os–H
H–Re, see Re–H
H–Ta, see Ta–H
H–W, see W–H
Hf–Ir, see Ir–Hf
Hf–Ir–Nb, see Nb–Hf–Ir
Hf–Ir–Os, see Os–Hf–Ir
Hf–Ir–Zr, see Ir–Hf–Zr
Hf–Mo, see Mo–Hf

Hf–Mo–N, see Mo–Hf–N
Hf–Mo–Nb, see Mo–Hf–Nb
Hf–Mo–O–Re, see Re–Hf–Mo–O
Hf–N–Nb, see Nb–Hf–N
Hf–N–Re, see Re–Hf–N
Hf–N–Ta, see Ta–Hf–N
Hf–N–W, see W–Hf–N
Hf–Nb, see Nb–Hf
Hf–Nb–O, see Nb–Hf–O
Hf–Nb–Si–Ti, see Nb–Hf–Si–Ti
Hf–Nb–Si, see Nb–Hf–Si
Hf–O–Re, see Re–Hf–O
Hf–O–Ta, see Ta–Hf–O
Hf–O–W, see W–Hf–O
Hf–Os, see Os–Hf
Hf–Os–W, see W–Hf–Os
Hf–Re, see Re–Hf
Hf–Ta, see Ta–Hf
Hf–Ta–W, see W–Hf–Ta
Hf–W, see W–Hf
Hg–Ir, see Ir–Hg
Hg–Mo, see Mo–Hg
Hg–Nb, see Nb–Hg
Hg–Os, see Os–Hg
Hg–Re, see Re–Hg
Hg–Ta, see Ta–Hg
Hg–W, see W–Hg
Ho–Ir, see Ir–Ho
Ho–Mo, see Mo–Ho
Ho–Nb, see Nb–Ho
Ho–Os, see Os–Ho
Ho–Re, see Re–Ho
Ho–Ta, see Ta–Ho
Ho–W, see W–Ho

I
I–Ir, see Ir–I
I–Mo, see Mo–I
I–Nb, see Nb–I
I–Os, see Os–I
I–Re, see Re–I
I–Ta, see Ta–I
I–W, see W–I
In–Ir, see Ir–In
In–Mo, see Mo–In
In–Nb, see Nb–In
In–Os, see Os–In
In–Re, see Re–In
In–Ta, see Ta–In
In–W, see W–In
Ir–Ag, 631
Ir–Al, 633
Ir–Al–B, 637
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Ir–Al–C, see C–Al–Ir
Ir–Al–Nb, see Nb–Al–Ir
Ir–Al–Nb–Ni, see Nb–Al–Ir–Ni
Ir–Al–Nb–Pt, see Nb–Al–Ir–Pt
Ir–Al–Ta, see Ta–Al–Ir
Ir–Am, 626
Ir–As, 635
Ir–Au, 631
Ir–B, 632
Ir–B–C–Th, see C–B–Ir–Th
Ir–B–Hf, 637
Ir–B–Mo, see Mo–B–Ir
Ir–B–Sc, 638
Ir–B–W, see W–B–Ir
Ir–B–Zr, 638
Ir–Be, 617
Ir–Bi, 635
Ir–Bk, 626
Ir–Br, 636
Ir–C, see C–Ir
Ir–C–Ce, see C–Ce–Ir
Ir–C–Cr, see C–Cr–Ir
Ir–C–Er, see C–Er–Ir
Ir–C–Hf, see C–Hf–Ir
Ir–C–Mo, see C–Ir–Mo
Ir–C–Nb, see C–Ir–Nb
Ir–C–Rh, see C–Ir–Rh
Ir–C–Sc, see C–Ir–Sc
Ir–C–Si, see C–Ir–Si
Ir–C–Ta, see C–Ir–Ta
Ir–C–Th, see C–Ir–Th
Ir–C–Ti, see C–Ir–Ti
Ir–C–U, see C–Ir–U
Ir–C–V, see C–Ir–V
Ir–C–W, see C–Ir–W
Ir–C–Y, see C–Ir–Y
Ir–C–Zr, see C–Ir–Zr
Ir–Ca, 617
Ir–Ca–O, 638
Ir–Ce, 620
Ir–Cl, 636
Ir–Cm, 626
Ir–Co, 630
Ir–Co–Ta, see Ta–Co–Ir
Ir–Cr, 628
Ir–Cs, 617
Ir–Cu, 631
Ir–Dy, 622
Ir–Er, 623
Ir–Eu, 621
Ir–F, 636
Ir–Fe, 629
Ir–Fe–Os, see Os–Fe–Ir
Ir–Ga, 633

Ir–Ga–Nb, see Nb–Ga–Ir
Ir–Gd, 622
Ir–Ge, 634
Ir–H, 616
Ir–H–Nb, see Nb–H–Ir
Ir–H–Ta, see Ta–H–Ir
Ir–Hf, 627
Ir–Hf–Nb, see Nb–Hf–Ir
Ir–Hf–Os, see Os–Hf–Ir
Ir–Hf–Zr, 638
Ir–Hg, 632
Ir–Ho, 623
Ir–I, 637
Ir–In, 633
Ir–K, 617
Ir–La, 619
Ir–Li, 617
Ir–Lu, 624
Ir–Mg, 617
Ir–Mn, 629
Ir–Mo, see Mo–Ir
Ir–N, 635
Ir–Na, 617
Ir–Nb, see Nb–Ir
Ir–Nb–Ni, see Nb–Ir–Ni
Ir–Nb–O, see Nb–Ir–O
Ir–Nb–Rh, see Nb–Ir–Rh
Ir–Nb–S, see Nb–Ir–S
Ir–Nb–Si, see Nb–Ir–Si
Ir–Nb–Ta, see Ta–Ir–Nb
Ir–Nb–Te, see Nb–Ir–Te
Ir–Nb–Ti, see Nb–Ir–Ti
Ir–Nb–Zr, see Nb–Ir–Zr
Ir–Nd, 621
Ir–Ni, 630
Ir–Ni–Ta, see Ta–Ir–Ni
Ir–Np, 625
Ir–O, 636
Ir–Os, see Os–Ir
Ir–Os–Th, see Os–Ir–Th
Ir–Os–Ti, see Os–Ir–Ti
Ir–Os–Zr, see Os–Ir–Zr
Ir–P, 635
Ir–Pa, 625
Ir–Pb, 621
Ir–Pd, 630
Ir–Pm, 621
Ir–Pr, 620
Ir–Pt, 631
Ir–Pt–Ta, see Ta–Ir–Pt
Ir–Pu, 625
Ir–Ra, 618
Ir–Rb, 617
Ir–Re, see Re–Ir
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Ir–Rh, 630
Ir–Ru, 629
Ir–S, 636
Ir–Sb, 635
Ir–Sc, 618
Ir–Se, 636
Ir–Si, 634
Ir–Si–Ta, see Ta–Ir–Si
Ir–Sm, 621
Ir–Sn, 634
Ir–Sr, 617
Ir–Ta, see Ta–Ir
Ir–Ta–Te, see Ta–Ir–Te
Ir–Tb, 622
Ir–Tc, 629
Ir–Te, 636
Ir–Th, 624
Ir–Ti, 626
Ir–Tl, 633
Ir–Tm, 623
Ir–U, 625
Ir–V, 628
Ir–W, see W–Ir
Ir–Y, 629
Ir–Yb, 624
Ir–Zn, 631
Ir–Zr, 626

K
K–Mo, see Mo–K
K–Mo–Na, see Mo–K–Na
K–Na–Ta, see Ta–K–Na
K–Na–W, see W–K–Na
K–Nb, see Nb–K
K–Os, see Os–K
K–Re, see Re–K
K–Ta, see Ta–K
K–W, see W–K

L
La–Mo, see Mo–La
La–Nb, see Nb–La
La–O–W, see W–La–O
La–Os, see Os–La
La–Re, see Re–La
La–Ta, see Ta–La
La–W, see W–La
Li–Mo, see Mo–Li
Li–Nb, see Nb–Li
Li–Os, see Os–Li
Li–Re, see Re–Li
Li–Ta, see Ta–Li

Li–W, see W–Li
Lr–Mo, see Mo–Lr
Lu–Mo, see Mo–Lu
Lu–Nb, see Nb–Lu
Lu–Os, see Os–Lu
Lu–Re, see Re–Lu
Lu–Ta, see Ta–Lu
Lu–W, see W–Lu

M
Md–Mo, see Mo–Md
Mg–Mo, see Mo–Mg
Mg–Mo–O, see Mo–Mg–O
Mg–Mo–Pu, see Mo–Mg–Pu
Mg–Mo–U, see Mo–Mg–U
Mg–Nb, see Nb–Mg
Mg–Nb–O, see Nb–Mg–O
Mg–O–Ta, see Ta–Mg–O
Mg–O–W, see W–Mg–O
Mg–Os, see Os–Mg
Mg–Pu–Ta, see Ta–Mg–Pu
Mg–Re, see Re–Mg
Mg–Ta, see Ta–Mg
Mg–Ta–Th, see Ta–Mg–Th
Mg–Ta–U, see Ta–Mg–U
Mg–W, see W–Mg
Mn–Mo, see Mo–Mn
Mn–N–Ta, see Ta–Mn–N
Mn–Nb, see Nb–Mn
Mn–Os, see Os–Mn
Mn–Re, see Re–Mn
Mn–Ta, see Ta–Mn
Mn–W, see W–Mn
Mo–Ac, 470
Mo–Ag, 480
Mo–Al, 482
Mo–Al–B, 492
Mo–Al–B–Hf, 492
Mo–Al–B–N, 492
Mo–Al–C, see C–Al–Mo
Mo–Al–C–Ni, see C–Al–Mo–Ni
Mo–Al–Nb, 493
Mo–Al–Ni–W, see W–Al–Mo–Ni
Mo–Al–O, 493
Mo–Am, 471
Mo–As, 487
Mo–As–Ta, see Ta–As–Mo
Mo–At, 491
Mo–Au, 480
Mo–B, 481
Mo–B–C, see C–B–Mo
Mo–B–C–La, see C–B–La–Mo
Mo–B–C–N, see C–B–Mo–N
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Mo–B–C–Ni, see C–B–Mo–Ni
Mo–B–C–Si, see C–B–Mo–Si
Mo–B–Ce, 493
Mo–B–Co, 493
Mo–B–Cr, 494
Mo–B–Dy, 494
Mo–B–Er, 494
Mo–B–Fe, 495
Mo–B–Gd, 495
Mo–B–Hf, 495
Mo–B–Ho, 495
Mo–B–Ir, 495
Mo–B–La, 496
Mo–B–Lu, 496
Mo–B–Mn, 496
Mo–B–N, 496
Mo–B–Nb, 497
Mo–B–Nb–Si, 497
Mo–B–Nd, 497
Mo–B–Ni, 497
Mo–B–O–Zr, 497
Mo–B–Os, see Os–B–Mo
Mo–B–P, 498
Mo–B–Pr, 498
Mo–B–Re, see Re–B–Mo
Mo–B–Rh, 499
Mo–B–Ru, 499
Mo–B–Si, 499
Mo–B–Si–Ta, see Ta–B–Mo–Si
Mo–B–Si–Zr, 499
Mo–B–Sm, 499
Mo–B–Ta, see Ta–B–Mo
Mo–B–Tb, 499
Mo–B–Th, 499
Mo–B–Ti, 500
Mo–B–Tm, 500
Mo–B–U, 500
Mo–B–V, 501
Mo–B–W, see W–B–Mo
Mo–B–Y, 501
Mo–B–Yb, 501
Mo–B–Zr, 502
Mo–Ba, 466
Mo–Be, 465
Mo–Be–Nb, 502
Mo–Be–O, 502
Mo–Bi, 487
Mo–Bi–Cd–Pb–Sn, 502
Mo–Bi–Pb, 502
Mo–Bk, 471
Mo–Br, 491
Mo–C, see C–Mo
Mo–C–Ce, see C–Ce–Mo
Mo–C–Co, see C–Co–Mo

Mo–C–Cr, see C–Cr–Mo
Mo–C–Cr–Fe, see C–Cr–Fe–Mo
Mo–C–Cr–Re–Ti, see C–Cr–Mo–Re–Ti
Mo–C–Cr–Ti, see C–Cr–Mo–Ti
Mo–C–Fe, see C–Fe–Mo
Mo–C–Ga, see C–Ga–Mo
Mo–C–Hf, see C–Hf–Mo
Mo–C–Hf–Ni, see C–Hf–Mo–Ni
Mo–C–Hf–Si, see C–Hf–Mo–Si
Mo–C–Hf–Ti, see C–Hf–Mo–Ti
Mo–C–Hf–V, see C–Hf–Mo–V
Mo–C–Ir, see C–Ir–Mo
Mo–C–Mg–O, see C–Mg–Mo–O
Mo–C–Mn, see C–Mn–Mo
Mo–C–N, see C–Mo–N
Mo–C–N–Ti, see C–Mo–N–Ti
Mo–C–Nb, see C–Mo–Nb
Mo–C–Nb–Ta, see C–Mo–Nb–Ta
Mo–C–Nb–U, see C–Mo–Nb–U
Mo–C–Nb–Zr, see C–Mo–Nb–Zr
Mo–C–Ni, see C–Mo–Ni
Mo–C–O, see C–Mo–O
Mo–C–O–Zr, see C–Mo–O–Zr
Mo–C–Os, see C–Mo–Os
Mo–C–Pt, see C–Mo–Pt
Mo–C–Pu, see C–Mo–Pu
Mo–C–Pu–U, see C–Mo–Pu–U
Mo–C–Re, see C–Mo–Re
Mo–C–Rh, see C–Mo–Rh
Mo–C–Ru, see C–Mo–Ru
Mo–C–Sc, see C–Mo–Sc
Mo–C–Si, see C–Mo–Si
Mo–C–Si–Ta, see C–Mo–Si–Ta
Mo–C–Si–Zr, see C–Mo–Si–Zr
Mo–C–Ta, see C–Mo–Ta
Mo–C–Ta–V, see C–Mo–Ta–V
Mo–C–Tc, see C–Mo–Tc
Mo–C–Th, see C–Mo–Th
Mo–C–Ti, see C–Mo–Ti
Mo–C–U, see C–Mo–U
Mo–C–U–Zr, see C–Mo–U–Zr
Mo–C–V, see C–Mo–V
Mo–C–W, see C–Mo–W
Mo–C–W–Zr, see C–Mo–W–Zr
Mo–C–Zr, see C–Mo–Zr
Mo–Ca, 463
Mo–Ca–O, 504
Mo–Cd, 481
Mo–Ce, 467
Mo–Ce–O, 504
Mo–Cf, 471
Mo–Cl, 490
Mo–Cm, 471
Mo–Co, 476
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Mo–Co–N, 504
Mo–Co–Nb, 504
Mo–Co–Ta, see Ta–Co–Mo
Mo–Co–W, see W–Co–Mo
Mo–Cr, 473
Mo–Cr–N, 504
Mo–Cr–Nb, 505
Mo–Cr–Si–Ta, see Ta–Cr–Mo–Si
Mo–Cr–Si–W, see W–Cr–Mo–Si
Mo–Cr–Ta, see Ta–Cr–Mo
Mo–Cr–W, see W–Cr–Mo
Mo–Cs, 465
Mo–Cu, 480
Mo–Cu–Nb, 505
Mo–Dy, 468
Mo–Er, 469
Mo–Es, 471
Mo–Eu, 468
Mo–F, 490
Mo–Fe, 475
Mo–Fe–N, 505
Mo–Fe–Nb, 505
Mo–Fe–Ta, see Ta–Fe–Mo
Mo–Fe–W, see W–Fe–Mo
Mo–Fm, 471
Mo–Fr, 465
Mo–Ga, 483
Mo–Gd, 468
Mo–Ge, 485
Mo–H, 463
Mo–H–Ta, see Ta–H–Mo
Mo–Hf, 473
Mo–Hf–N, 505
Mo–Hf–Nb, 506
Mo–Hf–O–Re, see Re–Hf–Mo–O
Mo–Hg, 481
Mo–Ho, 468
Mo–I, 491
Mo–In, 484
Mo–Ir, 477
Mo–K, 464
Mo–K–Na, 506
Mo–La, 466
Mo–Li, 464
Mo–Lr, 472
Mo–Lu, 469
Mo–Md, 471
Mo–Mg, 465
Mo–Mg–O, 506
Mo–Mg–Pu, 506
Mo–Mg–U, 506
Mo–Mn, 474
Mo–N, 486
Mo–N–Nb, 506

Mo–N–Ni, 506
Mo–N–Re, see Re–Mo–N
Mo–N–Si, 507
Mo–N–Ta, see Ta–Mo–N
Mo–N–Ti, 507
Mo–N–U, 507
Mo–N–V, 507
Mo–N–W, see W–Mo–N
Mo–N–Zr, 508
Mo–Na, 464
Mo–Nb, 473
Mo–Nb–Ni, 508
Mo–Nb–O, 508
Mo–Nb–P, 508
Mo–Nb–Re, see Re–Mo–Nb
Mo–Nb–Si, 509
Mo–Nb–Si–W, see W–Mo–Nb–Si
Mo–Nb–Ta, see Ta–Mo–Nb
Mo–Nb–Ti, 509
Mo–Nb–U, 509
Mo–Nb–V, 509
Mo–Nb–W, see W–Mo–Nb
Mo–Nb–W–Zr, see W–Mo–Nb–Zr
Mo–Nb–Zr, 509
Mo–Nd, 467
Mo–Ni, 471
Mo–Ni–Re, see Re–Mo–Ni
Mo–Ni–Ta, see Ta–Mo–Ni
Mo–Ni–W, see W–Mo–Ni
Mo–No, 471
Mo–Np, 471
Mo–O, 488
Mo–O–Re, see Re–Mo–O
Mo–O–Si–Zr, 510
Mo–O–Ta, see Ta–Mo–O
Mo–O–Th, 510
Mo–O–U, 510
Mo–O–W, see W–Mo–O
Mo–O–Y, 510
Mo–O–Zr, 511
Mo–Os, see Os–Mo
Mo–Os–Ta, see Os–Mo–Ta
Mo–Os–W, see W–Mo–Os
Mo–P, 486
Mo–Pa, 470
Mo–Pb, 485
Mo–Pd, 478
Mo–Pm, 467
Mo–Po, 490
Mo–Pr, 467
Mo–Pt, 479
Mo–Pu, 471
Mo–Ra, 466
Mo–Rb, 464
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Mo–Re, see Re–Mo
Mo–Re–Si, see Re–Mo–Si
Mo–Re–Si–W, see W–Mo–Re–Si
Mo–Re–Ta, see Re–Mo–Ta
Mo–Re–V, see Re–Mo–V
Mo–Re–W, see W–Mo–Re
Mo–Rh, 476
Mo–Ru, 475
Mo–Ru–Ta, see Ta–Mo–Ru
Mo–S, 489
Mo–S–W, see W–Mo–S
Mo–Sb, 487
Mo–Sc, 466
Mo–Se, 489
Mo–Si, 484
Mo–Si–Ta, see Ta–Mo–Si
Mo–Si–Ta–Ti, see Ta–Mo–Si–Ti
Mo–Si–Ta–W, see W–Mo–Si–Ta
Mo–Si–Ti, 511
Mo–Si–Ti–W, see W–Mo–Si–Ti
Mo–Si–V–W, see W–Mo–Si–V
Mo–Si–W, see W–Mo–Si
Mo–Sm, 468
Mo–Sn, 485
Mo–Sr, 466
Mo–Ta, see Ta–Mo
Mo–Ta–Ti, see Ta–Mo–Ti
Mo–Ta–W, see W–Mo–Ta
Mo–Tb, 468
Mo–Tc, 474
Mo–Te, 489
Mo–Th, 470
Mo–Ti, 472
Mo–Ti–W, see W–Mo–Ti
Mo–Tl, 484
Mo–Tm, 469
Mo–U, 470
Mo–V, 473
Mo–V–W, see W–Mo–V
Mo–W, see W–Mo
Mo–W–Zr, see W–Mo–Zr
Mo–Y, 466
Mo–Yb, 469
Mo–Zn, 480
Mo–Zr, 472

N
N–Nb, see Nb–N
N–Nb–Ni, see Nb–N–Ni
N–Nb–Si, see Nb–N–Si
N–Nb–Ta, see Ta–N–Nb
N–Nb–Ti, see Nb–N–Ti
N–Nb–U, see Nb–N–U

N–Nb–W, see W–N–Nb
N–Nb–Zr, see Nb–N–Zr
N–Ni–Ta, see Ta–N–Ni
N–O–Ta–U, see Ta–N–O–U
N–Os, see Os–N
N–Os–Zr, see Os–N–Zr
N–Re, see Re–N
N–Re–Si, see Re–N–Si
N–Re–Zr, see Re–N–Zr
N–Si–Ta, see Ta–N–Si
N–Si–W, see W–N–Si
N–Ta, see Ta–N
N–Ta–Ti, see Ta–N–Ti
N–Ta–Zr, see Ta–N–Zr
N–Ti–W, see W–N–Ti
N–U–W, see W–N–U
N–W, see W–N
N–W–Zr, see W–N–Zr
Na–Nb, see Nb–Na
Na–Os, see Os–Na
Na–Ta, see Ta–Na
Na–W, see W–Na
Nb–Ag, 558
Nb–Al, 561
Nb–Al–B, 571
Nb–Al–B–N, 571
Nb–Al–C, see C–Al–Nb
Nb–Al–C–Ti, see C–Al–Nb–Ti
Nb–Al–C–V, see C–Al–Nb–V
Nb–Al–C–Zr, see C–Al–Nb–Zr
Nb–Al–Ir, 571
Nb–Al–Ir–Ni, 571
Nb–Al–Ir–Pt, 571
Nb–Al–Mo, see Mo–Al–Nb
Nb–Al–N, 572
Nb–Al–Si, 572
Nb–Al–Si–Ti, 572
Nb–Al–Ta, see Ta–Al–Nb
Nb–As, 566
Nb–As–C, see C–As–Nb
Nb–Au, 558
Nb–B, 560
Nb–B–Bi, 572
Nb–B–C, see C–B–Nb
Nb–B–C–N, see C–B–Nb–N
Nb–B–C–Si, see C–B–Nb–Si
Nb–B–Fe, 572
Nb–B–Ga, 572
Nb–B–Gd, 572
Nb–B–Ge, 573
Nb–B–Hf, 573
Nb–B–In, 573
Nb–B–Mo, see Mo–B–Nb
Nb–B–Mo–Si, see Mo–B–Nb–Si
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Nb–B–N, 573
Nb–B–N–O, 573
Nb–B–Ni, 573
Nb–B–Ni–Ta, see Ta–B–Nb–Ni
Nb–B–O, 574
Nb–B–Pb, 574
Nb–B–Re, see Re–B–Nb
Nb–B–Ru–Ta, see Ta–B–Nb–Ru
Nb–B–Sc, 574
Nb–B–Si, 574
Nb–B–Si–W, see W–B–Nb–Si
Nb–B–Sn, 574
Nb–B–Ta, see Ta–B–Nb
Nb–B–Ti, 575
Nb–B–U, 575
Nb–B–W, see W–B–Nb
Nb–B–Zr, 575
Nb–Be, 545
Nb–Be–Mo, see Mo–Be–Nb
Nb–Be–O, 576
Nb–Bi, 567
Nb–Br, 570
Nb–C, see C–Nb
Nb–C–Co, see C–Co–Nb
Nb–C–Co–Hf, see C–Co–Hf–Nb
Nb–C–Co–Ta, see C–Co–Nb–Ta
Nb–C–Co–Ti, see C–Co–Nb–Ti
Nb–C–Co–V, see C–Co–Nb–V
Nb–C–Co–Zr, see C–Co–Nb–Zr
Nb–C–Cr, see C–Cr–Nb
Nb–C–Fe, see C–Fe–Nb
Nb–C–Fe–N, see C–Fe–N–Nb
Nb–C–Fe–N–Ti, see C–Fe–N–Nb–Ti
Nb–C–Fe–N–Ti–V, see C–Fe–N–Nb–Ti–V
Nb–C–Fe–V, see C–Fe–Nb–V
Nb–C–Ga, see C–Ga–Nb
Nb–C–H, see C–H–Nb
Nb–C–Hf, see C–Hf–Nb
Nb–C–Hf–U, see C–Hf–Nb–U
Nb–C–Hf–V, see C–Hf–Nb–V
Nb–C–In, see C–In–Nb
Nb–C–Ir, see C–Ir–Nb
Nb–C–Mg–O, see C–Mg–Nb–O
Nb–C–Mn, see C–Mn–Nb
Nb–C–Mo, see C–Mo–Nb
Nb–C–Mo–Ta, see C–Mo–Nb–Ta
Nb–C–Mo–U, see C–Mo–Nb–U
Nb–C–Mo–Zr, see C–Mo–Nb–Zr
Nb–C–N, see C–N–Nb
Nb–C–N–W, see C–N–Nb–W
Nb–C–Ni, see C–Nb–Ni
Nb–C–Ni–Ta, see C–Nb–Ni–Ta
Nb–C–Ni–V, see C–Nb–Ni–V
Nb–C–Ni–Zr, see C–Nb–Ni–Zr

Nb–C–O, see C–Nb–O
Nb–C–O–Si, see C–Nb–O–Si
Nb–C–O–W, see C–Nb–O–W
Nb–C–O–Zr, see C–Nb–O–Zr
Nb–C–Os, see C–Nb–Os
Nb–C–P, see C–Nb–P
Nb–C–Pd, see C–Nb–Pd
Nb–C–Pt, see C–Nb–Pt
Nb–C–Pu, see C–Nb–Pu
Nb–C–Re, see C–Nb–Re
Nb–C–Rh, see C–Nb–Rh
Nb–C–Ru, see C–Nb–Ru
Nb–C–S, see C–Nb–S
Nb–C–Si, see C–Nb–Si
Nb–C–Sn, see C–Nb–Sn
Nb–C–Ta, see C–Nb–Ta
Nb–C–Ta–Ti, see C–Nb–Ta–Ti
Nb–C–Ta–W, see C–Nb–Ta–W
Nb–C–Tc, see C–Nb–Tc
Nb–C–Th, see C–Nb–Th
Nb–C–Ti, see C–Nb–Ti
Nb–C–Ti–U, see C–Nb–Ti–U
Nb–C–Ti–V, see C–Nb–Ti–V
Nb–C–Ti–W, see C–Nb–Ti–W
Nb–C–U, see C–Nb–U
Nb–C–U–V, see C–Nb–U–V
Nb–C–U–Zr, see C–Nb–U–Zr
Nb–C–V, see C–Nb–V
Nb–C–W, see C–Nb–W
Nb–C–Zr, see C–Nb–Zr
Nb–Ca, 546
Nb–Ca–O, 577
Nb–Cd, 559
Nb–Ce, 546
Nb–Ce–O, 578
Nb–Cl, 570
Nb–Co, 553
Nb–Co–Mo, see Mo–Co–Nb
Nb–Co–N, 578
Nb–Co–Ta, see Ta–Co–Nb
Nb–Co–W, see W–Co–Nb
Nb–Cr, 551
Nb–Cr–Fe–Si, 578
Nb–Cr–Mo, see Mo–Cr–Nb
Nb–Cr–N–Ni, 579
Nb–Cr–Re, see Re–Cr–Nb
Nb–Cr–Si, 579
Nb–Cr–Ta–Ti, see Ta–Cr–Nb–Ti
Nb–Cr–Ta, see Ta–Cr–Nb
Nb–Cr–W, see W–Cr–Nb
Nb–Cs, 544
Nb–Cu, 558
Nb–Cu–Mo, see Mo–Cu–Nb
Nb–Cu–N, 579
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Nb–Cu–Ta, see Ta–Cu–Nb
Nb–D (2H), 543
Nb–Dy, 547
Nb–Er, 548
Nb–Eu, 547
Nb–F, 569
Nb–Fe, 552
Nb–Fe–Mo, see Mo–Fe–Nb
Nb–Fe–N, 579
Nb–Fe–Si, 580
Nb–Fe–Ta, see Ta–Fe–Nb
Nb–Fe–W, see W–Fe–Nb
Nb–Ga, 562
Nb–Ga–Ir, 580
Nb–Gd, 447
Nb–Ge, 563
Nb–H–Ir, 580
Nb–H–N–Ti, 580
Nb–H–N–Zr, 581
Nb–H–Ta, see Ta–H–Nb
Nb–H (see also Nb–D and Nb–T), 543
Nb–Hf, 550
Nb–Hf–Ir, 581
Nb–Hf–Mo, see Mo–Hf–Nb
Nb–Hf–N, 581
Nb–Hf–O, 581
Nb–Hf–Si, 581
Nb–Hf–Si–Ti, 582
Nb–Hg, 559
Nb–Ho, 547
Nb–I, 570
Nb–In, 562
Nb–Ir, 555
Nb–Ir–Ni, 582
Nb–Ir–O, 582
Nb–Ir–Rh, 582
Nb–Ir–S, 582
Nb–Ir–Si, 582
Nb–Ir–Ta, see Ta–Ir–Nb
Nb–Ir–Te, 582
Nb–Ir–Ti, 582
Nb–Ir–Zr, 582
Nb–K, 544
Nb–La, 546
Nb–Li, 543
Nb–Lu, 548
Nb–Mg, 545
Nb–Mg–O, 583
Nb–Mn, 551
Nb–Mo, see Mo–Nb
Nb–Mo–N, see Mo–N–Nb
Nb–Mo–Ni, see Mo–Nb–Ni
Nb–Mo–O, see Mo–Nb–O
Nb–Mo–P, see Mo–Nb–P

Nb–Mo–Re, see Re–Mo–Nb
Nb–Mo–Si, see Mo–Nb–Si
Nb–Mo–Si–W, see W–Mo–Nb–Si
Nb–Mo–Ta, see Ta–Mo–Nb
Nb–Mo–Ti, see Mo–Nb–Ti
Nb–Mo–U, see Mo–Nb–U
Nb–Mo–V, see Mo–Nb–V
Nb–Mo–W, see W–Mo–Nb
Nb–Mo–W–Zr, see W–Mo–Nb–Zr
Nb–Mo–Zr, see Mo–Nb–Zr
Nb–N, 565
Nb–N–Ni, 583
Nb–N–Si, 584
Nb–N–Ta, see Ta–N–Nb
Nb–N–Ti, 584
Nb–N–U, 584
Nb–N–W, see W–N–Nb
Nb–N–Zr, 585
Nb–Na, 543
Nb–Nd, 547
Nb–Ni, 556
Nb–Ni–Re, see Re–Nb–Ni
Nb–Ni–Ta, see Ta–Nb–Ni
Nb–Ni–W, see W–Nb–Ni
Nb–O, 567
Nb–O–Ta, see Ta–Nb–O
Nb–O–Th, 585
Nb–O–U, 585
Nb–O–W, see W–Nb–O
Nb–O–Y, 586
Nb–O–Zr, 586
Nb–Os, see Os–Nb
Nb–Os–Rh, see Os–Nb–Rh
Nb–Os–Ta, see Os–Nb–Ta
Nb–Os–W, see W–Nb–Os
Nb–P, 566
Nb–Pb, 565
Nb–Pd, 556
Nb–Pr, 547
Nb–Pt, 557
Nb–Pu, 549
Nb–Rb, 544
Nb–Re, see Re–Nb
Nb–Re–Ta, see Re–Nb–Ta
Nb–Re–V, see Re–Nb–V
Nb–Re–W, see W–Nb–Re
Nb–Re, see Re–Nb
Nb–Rh, 554
Nb–Ru, 552
Nb–S, 568
Nb–Sb, 566
Nb–Sc, 546
Nb–Se, 569
Nb–Si, 563
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Nb–Si–Ta, see Ta–Nb–Si
Nb–Si–Ti, 587
Nb–Si–U, 587
Nb–Si–V, 587
Nb–Si–W, see W–Nb–Si
Nb–Si–Zr, 588
Nb–Sm, 547
Nb–Sn, 564
Nb–T (3H), 543
Nb–Ta, see Ta–Nb
Nb–Ta–Ti, see Ta–Nb–Ti
Nb–Ta–V, see Ta–Nb–V
Nb–Ta–W, see W–Nb–Ta
Nb–Ta–Zr, see Ta–Nb–Zr
Nb–Tb, 547
Nb–Tc, 551
Nb–Te, 569
Nb–Th, 548
Nb–Ti, 549
Nb–Ti–W, see W–Nb–Ti
Nb–Tl, 562
Nb–Tm, 548
Nb–U, 549
Nb–V, 550
Nb–V–W, see W–Nb–V
Nb–W, see W–Nb
Nb–W–Zr, see W–Nb–Zr
Nb–Y, 546
Nb–Yb, 548
Nb–Zn, 559
Nb–Zr, 550
Nd–Os, see Os–Nd
Nd–Re, see Re–Nd
Nd–Ta, see Ta–Nd
Nd–W, see W–Nd
Ni–Os, see Os–Ni
Ni–Re, see Re–Ni
Ni–Re–Ta, see Re–Ni–Ta
Ni–Ta, see Ta–Ni
Ni–Ta–W, see W–Ni–Ta
Ni–W, see W–Ni
Np–Os, see Os–Np
Np–Re, see Re–Np

O
O–Os, see Os–O
O–Os–Re, see Re–O–Os
O–Pu–Ta, see Ta–O–Pu
O–Re, see Re–O
O–Si–W, see W–O–Si
O–Sr–Re, see Re–O–Sr
O–Sr–W, see W–O–Sr
O–Ta, see Ta–O

O–Ta–Th, see Ta–O–Th
O–Ta–U, see Ta–O–U
O–Ta–W, see W–O–Ta
O–Ta–Zr, see Ta–O–Zr
O–Th–W, see W–O–Th
O–U–W, see W–O–U
O–W, see W–O
O–W–Y, see W–O–Y
O–W–Y–Zr, see W–O–Y–Zr
O–W–Zr, see W–O–Zr
Os–Ag, 374
Os–Al, 375
Os–Am, 367
Os–As, 376
Os–Au, 374
Os–B, 375
Os–B–C–Th, see C–B–Os–Th
Os–B–Hf, 378
Os–B–Mo, 378
Os–B–W, see W–B–Os
Os–Be, 364
Os–Bi, 377
Os–Br, 378
Os–C, see C–Os
Os–C–Co–W, see C–Co–Os–W
Os–C–Hf, see C–Hf–Os
Os–C–Mo, see C–Mo–Os
Os–C–Nb, see C–Nb–Os
Os–C–Sc, see C–Os–Sc
Os–C–Si, see C–Os–Si
Os–C–Ta, see C–Os–Ta
Os–C–Th, see C–Os–Th
Os–C–Ti, see C–Os–Ti
Os–C–U, see C–Os–U
Os–C–V, see C–Os–V
Os–C–W, see C–Os–W
Os–C–Y, see C–Os–Y
Os–C–Zr, see C–Os–Zr
Os–Ca, 365
Os–Ce, 365
Os–Cl, 377
Os–Co, 372
Os–Co–Re–Ru, see Re–Co–Os–Ru
Os–Cr, 371
Os–Cr–W, see W–Cr–Os
Os–Cs, 364
Os–Cu, 374
Os–Dy, 366
Os–Er, 366
Os–F, 377
Os–Fe, 372
Os–Fe–Ir, 379
Os–Ga, 375
Os–Gd, 366
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Os–Ge, 376
Os–H, 364
Os–Hf, 368
Os–Hf–Ir, 379
Os–Hf–W, see W–Hf–Os
Os–Hg, 375
Os–Ho, 366
Os–I, 378
Os–In, 375
Os–Ir, 373
Os–Ir–Th, 379
Os–Ir–Ti, 379
Os–Ir–Zr, 380
Os–K, 364
Os–La, 364
Os–Li, 364
Os–Lu, 366
Os–Mg, 364
Os–Mn, 372
Os–Mo, 371
Os–Mo–Ta, 380
Os–Mo–W, see W–Mo–Os
Os–N, 376
Os–N–Zr, 380
Os–Na, 364
Os–Nb, 370
Os–Nb–Rh, 380
Os–Nb–Ta, 380
Os–Nb–W, see W–Nb–Os
Os–Nd, 365
Os–Ni, 373
Os–Np, 367
Os–O, 377
Os–O–Re, see Re–O–Os
Os–P, 376
Os–Pd, 374
Os–Pr, 365
Os–Pt, 374
Os–Pu, 367
Os–Rb, 364
Os–Re, see Re–Os
Os–Re–Ru, see Re–Os–Ru
Os–Re–Ta, see Re–Os–Ta
Os–Re–W, see W–Os–Re
Os–Rh, 373
Os–Ru, 372
Os–S, 377
Os–Sb, 377
Os–Sc, 365
Os–Se, 377
Os–Si, 376
Os–Sm, 366
Os–Sn, 376
Os–Ta, 370

Os–Ta–V, 380
Os–Ta–W, see W–Os–Ta
Os–Tb, 366
Os–Tc, 372
Os–Te, 377
Os–Th, 366
Os–Ti, 367
Os–Tm, 366
Os–U, 367
Os–V, 369
Os–V–W, see W–Os–V
Os–W, see W–Os
Os–Y, 365
Os–Yb, 366
Os–Zn, 375
Os–Zr, 368

P
P–Re, see Re–P
P–Ta, see Ta–P
P–W, see W–P
Pb–Ta, see Ta–Pb
Pb–W, see W–Pb
Pd–Re, see Re–Pd
Pd–Ta, see Ta–Pd
Pd–W, see W–Pd
Po–Ta, see Ta–Po
Po–W, see W–Po
Pr–Re, see Re–Pr
Pr–Ta, see Ta–Pr
Pr–W, see W–Pr
Pt–Re, see Re–Pt
Pt–Ta, see Ta–Pt
Pt–W, see W–Pt
Pu–Re, see Re–Pu
Pu–Ta, see Ta–Pu
Pu–W, see W–Pu

R
Ra–W, see W–Ra
Rb–Ta, see Ta–Rb
Rb–W, see W–Rb
Re–Ag, 335
Re–Al, 336
Re–As, 337
Re–Au, 335
Re–B, 335
Re–B–Ce, 340
Re–B–Cr, 341
Re–B–Dy, 341
Re–B–Er, 341
Re–B–Fe–Y, 341
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Re–B–Gd, 341
Re–B–Hf, 341
Re–B–Ho, 342
Re–B–La, 342
Re–B–Lu, 342
Re–B–Mo, 342
Re–B–N, 342
Re–B–Nb, 342
Re–B–Nd, 342
Re–B–Pr, 343
Re–B–Sc, 343
Re–B–Sm, 343
Re–B–Ta, 343
Re–B–Tb, 343
Re–B–Th, 343
Re–B–Ti, 343
Re–B–Tm, 344
Re–B–U, 345
Re–B–W, see W–B–Re
Re–B–Y, 345
Re–B–Yb, 345
Re–B–Zr, 345
Re–Be, 326
Re–Bi, 338
Re–Br, 340
Re–C, see C–Re
Re–C–Co–W, see C–Co–Re–W
Re–C–Cr, see C–Cr–Re
Re–C–Cr–Mo–Ti, see C–Cr–Mo–Re–Ti
Re–C–Cr–Ti, see C–Cr–Re–Ti
Re–C–Hf, see C–Hf–Re
Re–C–Mo, see C–Mo–Re
Re–C–Nb, see C–Nb–Re
Re–C–Si, see C–Re–Si
Re–C–Ta, see C–Re–Ta
Re–C–Tc, see C–Re–Tc
Re–C–Th, see C–Re–Th
Re–C–Ti, see C–Re–Ti
Re–C–U, see C–Re–U
Re–C–U–Zr, see C–Re–U–Zr
Re–C–V, see C–Re–V
Re–C–W, see C–Re–W
Re–C–Y, see C–Re–Y
Re–C–Zr, see C–Re–Zr
Re–Ca–O, 345
Re–Ce, 327
Re–Ce–O, 345
Re–Cl, 340
Re–Co, 333
Re–Co–Os–Ru, 345
Re–Cr, 331
Re–Cr–Nb, 345
Re–Cr–W, see W–Cr–Re
Re–Cu, 335

Re–Dy, 327
Re–Er, 328
Re–Eu, 327
Re–F, 339
Re–Fe, 332
Re–Ga, 336
Re–Gd, 327
Re–Ge, 337
Re–H, 325
Re–Hf, 330
Re–Hf–Mo–O, 345
Re–Hf–N, 345
Re–Hf–O, 345
Re–Hg, 335
Re–Ho, 328
Re–I, 340
Re–In, 336
Re–Ir, 333
Re–K, 326
Re–La, 326
Re–Li, 326
Re–Lu, 326
Re–Mg, 326
Re–Mn, 332
Re–Mo, 332
Re–Mo–N, 345
Re–Mo–Nb, 345
Re–Mo–Ni, 345
Re–Mo–O, 346
Re–Mo–Si, 346
Re–Mo–Si–W, see W–Mo–Re–Si
Re–Mo–Ta, 346
Re–Mo–V, 346
Re–Mo–W, see W–Mo–Re
Re–N, 338
Re–N–Si, 346
Re–N–Zr, 347
Re–Nb, 331
Re–Nb–Ni, 346
Re–Nb–Ta, 347
Re–Nb–V, 347
Re–Nb–W, see W–Nb–Re
Re–Nd, 327
Re–Ni, 334
Re–Ni–Ta, 347
Re–Np, 329
Re–O, 338
Re–O–Os, 347
Re–O–Sr, 347
Re–Os, 333
Re–Os–Ru, 347
Re–Os–Ta, 347
Re–Os–W, see W–Os–Re
Re–P, 338
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Re–Pd, 334
Re–Pr, 327
Re–Pt, 334
Re–Pu, 329
Re–Rh, 333
Re–Ru, 332
Re–S, 339
Re–Sb, 338
Re–Sc, 326
Re–Se, 339
Re–Si, 337
Re–Si–Ta, 347
Re–Si–W, see W–Re–Si
Re–Sm, 327
Re–Sn, 337
Re–Ta, 331
Re–Ta–W, see W–Re–Ta
Re–Tb, 327
Re–Tc, 332
Re–Te, 339
Re–Th, 328
Re–Ti, 329
Re–Tm, 328
Re–U, 328
Re–V, 330
Re–V–W, see W–Re–V
Re–W, see W–Re
Re–Y, 327
Re–Yb, 328
Re–Zn, 335
Re–Zr, 329
Rh–Ta, see Ta–Rh
Rh–W, see W–Rh
Ru–Ta, see Ta–Ru
Ru–W, see W–Ru

S
S–Ta, see Ta–S
S–W, see W–S
Sb–Ta, see Ta–Sb
Sb–W, see W–Sb
Sc–Ta, see Ta–Sc
Sc–W, see W–Sc
Se–Ta, see Ta–Se
Se–W, see W–Se
Si–Ta, see Ta–Si
Si–Ta–Ti, see Ta–Si–Ti
Si–Ta–Ti–W, see W–Si–Ta–Ti
Si–Ta–W, see W–Si–Ta
Si–Ta–Zr, see Ta–Si–Zr
Si–Ta–V, see Ta–Si–V

Si–W, see W–Si
Sm–Ta, see Ta–Sm
Sm–W, see W–Sm
Sn–Ta, see Ta–Sn
Sn–W, see W–Sn
Sr–W, see W–Sr

T
T (3H)–Ta, see Ta–T
Ta–Ag, 412
Ta–Al, 414
Ta–Al–B, 421
Ta–Al–B–N, 421
Ta–Al–C, see C–Al–Ta
Ta–Al–C–Ti, see C–Al–Ta–Ti
Ta–Al–C–V, see C–Al–Ta–V
Ta–Al–Ir, 421
Ta–Al–N, 421
Ta–Al–Nb, 421
Ta–Al–O, 422
Ta–As, 417
Ta–As–Mo, 422
Ta–Au, 412
Ta–B, 413
Ta–B–C, see C–B–Ta
Ta–B–C–N, see C–B–N–Ta
Ta–B–C–Si, see C–B–Si–Ta
Ta–B–Ce, 422
Ta–B–Co, 422
Ta–B–Cr, 423
Ta–B–Fe, 423
Ta–B–Ge, 423
Ta–B–Hf, 423
Ta–B–La, 423
Ta–B–Mo, 424
Ta–B–Mo–Si, 424
Ta–B–N, 424
Ta–B–N–O, 424
Ta–B–Nb, 425
Ta–B–Nb–Ni, 425
Ta–B–Nb–Ru, 425
Ta–B–Ni, 425
Ta–B–O, 425
Ta–B–Re, see Re–B–Ta
Ta–B–Si, 425
Ta–B–Si–Ti, 425
Ta–B–Si–W, see W–B–Si–Ta
Ta–B–Si–Zr, 426
Ta–B–Ti, 426
Ta–B–W, see W–B–Ta
Ta–B–Zr, 426
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Ta–Be, 399
Ta–Be–C, see C–Be–Ta
Ta–Be–O, 426
Ta–Bi, 417
Ta–Bi–Pb, 426
Ta–Bi–U, 426
Ta–Br, 420
Ta–C, see C–Ta
Ta–C–Co, see C–Co–Ta
Ta–C–Co–Hf, see C–Co–Hf–Ta
Ta–C–Co–Nb, see C–Co–Nb–Ta
Ta–C–Co–Ti, see C–Co–Ta–Ti
Ta–C–Co–V, see C–Co–Ta–V
Ta–C–Co–Zr, see C–Co–Ta–Zr
Ta–C–Cr, see C–Cr–Ta
Ta–C–Fe, see C–Fe–Ta
Ta–C–Ga, see C–Ga–Ta
Ta–C–Hf, see C–Hf–Ta
Ta–C–Hf–U, see C–Hf–Ta–U
Ta–C–Ir, see C–Ir–Ta
Ta–C–Mg–O, see C–Mg–O–Ta
Ta–C–Mo, see C–Mo–Ta
Ta–C–Mo–Nb, see C–Mo–Nb–Ta
Ta–C–Mo–Si, see C–Mo–Si–Ta
Ta–C–Mo–V, see C–Mo–Ta–V
Ta–C–N, see C–N–Ta
Ta–C–N–U, see C–N–Ta–U
Ta–C–Nb, see C–Nb–Ta
Ta–C–Nb–Ni, see C–Nb–Ni–Ta
Ta–C–Nb–Ti, see C–Nb–Ta–Ti
Ta–C–Nb–W, see C–Nb–Ta–W
Ta–C–Ni, see C–Ni–Ta
Ta–C–O, see C–O–Ta
Ta–C–O–U, see C–O–Ta–U
Ta–C–O–W, see C–O–Ta–W
Ta–C–O–Zr, see C–O–Ta–Zr
Ta–C–Os, see C–Os–Ta
Ta–C–Pd, see C–Pd–Ta
Ta–C–Pt, see C–Pt–Ta
Ta–C–Pu, see C–Pu–Ta
Ta–C–Re, see C–Re–Ta
Ta–C–Rh, see C–Rh–Ta
Ta–C–Ru, see C–Ru–Ta
Ta–C–S, see C–S–Ta
Ta–C–Si, see C–Si–Ta
Ta–C–Tc, see C–Ta–Tc
Ta–C–Th, see C–Ta–Th
Ta–C–Ti, see C–Ta–Ti
Ta–C–Ti–U, see C–Ta–Ti–U
Ta–C–Ti–W, see C–Ta–Ti–W
Ta–C–U, see C–Ta–U
Ta–C–U–V, see C–Ta–U–V
Ta–C–U–Zr, see C–Ta–U–Zr

Ta–C–V, see C–Ta–V
Ta–C–V–W, see C–Ta–V–W
Ta–C–W, see C–Ta–W
Ta–C–Zr, see C–Ta–Zr
Ta–Ca–O, 428
Ta–Ce, 400
Ta–Ce–O, 428
Ta–Cl, 420
Ta–Co, 407
Ta–Co–Ir, 428
Ta–Co–Mo, 428
Ta–Co–N, 429
Ta–Co–Nb, 429
Ta–Co–W, see W–Co–Ta
Ta–Cr, 405
Ta–Cr–Mo, 429
Ta–Cr–Mo–Si, 429
Ta–Cr–N, 429
Ta–Cr–Nb, 429
Ta–Cr–Nb–Ti, 429
Ta–Cr–Si, 430
Ta–Cr–Si–Ti, 430
Ta–Cr–W, see W–Cr–Ta
Ta–Cs, 399
Ta–Cu, 412
Ta–Cu–N, 430
Ta–Cu–Nb, 430
Ta–D (2H), 398
Ta–Dy, 401
Ta–Er, 402
Ta–Eu, 401
Ta–F, 420
Ta–Fe, 406
Ta–Fe–Mo, 430
Ta–Fe–N, 430
Ta–Fe–Nb, 430
Ta–Fe–Pu, 430
Ta–Fe–W, see W–Fe–Ta
Ta–Ga, 415
Ta–Gd, 401
Ta–Ge, 416
Ta–H (see also Ta–D and Ta–T), 398
Ta–H–Ir, 430
Ta–H–Mo, 430
Ta–H–Nb, 430
Ta–Hf, 404
Ta–Hf–N, 431
Ta–Hf–O, 431
Ta–Hf–W, see W–Hf–Ta
Ta–Hg, 413
Ta–Ho, 402
Ta–I, 420
Ta–In, 415
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Ta–Ir, 409
Ta–Ir–Nb, 431
Ta–Ir–Ni, 431
Ta–Ir–Pt, 431
Ta–Ir–Si, 431
Ta–Ir–Te, 431
Ta–K, 399
Ta–K–Na, 459
Ta–La, 425
Ta–Li, 423
Ta–Lu, 428
Ta–Mg, 425
Ta–Mg–O, 459
Ta–Mg–Pu, 459
Ta–Mg–Th, 459
Ta–Mg–U, 459
Ta–Mn, 430
Ta–Mn–N, 459
Ta–Mo, 430
Ta–Mo–N, 459
Ta–Mo–Nb, 459
Ta–Mo–Ni, 459
Ta–Mo–O, 460
Ta–Mo–Os, see Os–Mo–Ta
Ta–Mo–Re, see Re–Mo–Ta
Ta–Mo–Ru, 460
Ta–Mo–Si, 460
Ta–Mo–Si–Ti, 460
Ta–Mo–Si–W, see W–Mo–Si–Ta
Ta–Mo–Ti, 461
Ta–Mo–W, see W–Mo–Ta
Ta–N, 442
Ta–N–Nb, 461
Ta–N–Ni, 461
Ta–N–O–U, 461
Ta–N–Si, 461
Ta–N–Ti, 461
Ta–N–Zr, 462
Ta–Na, 424
Ta–Nb, 430
Ta–Nb–Ni, 462
Ta–Nb–O, 462
Ta–Nb–Os, see Os–Nb–Ta
Ta–Nb–Re, see Re–Nb–Ta
Ta–Nb–Si, 462
Ta–Nb–Ti, 462
Ta–Nb–V, 462
Ta–Nb–W, see W–Nb–Ta
Ta–Nb–Zr, 462
Ta–Nd, 426
Ta–Ni, 435
Ta–Ni–Re, see Re–Ni–Ta
Ta–Ni–W, see W–Ni–Ta
Ta–O, 443

Ta–O–Pu, 463
Ta–O–Th, 463
Ta–O–U, 463
Ta–O–W, see W–O–Ta
Ta–O–Zr, 463
Ta–Os, see Os–Ta
Ta–Os–Re, see Re–Os–Ta
Ta–Os–V, see Os–Ta–V
Ta–Os–W, see W–Os–Ta
Ta–P, 442
Ta–Pb, 441
Ta–Pd, 436
Ta–Po, 444
Ta–Pr, 426
Ta–Pt, 437
Ta–Pu, 428
Ta–Rb, 424
Ta–Re, see Re–Ta
Ta–Re–Si, see Re–Si–Ta
Ta–Re–W, see W–Re–Ta
Ta–Rh, 433
Ta–Ru, 431
Ta–S, 444
Ta–Sb, 442
Ta–Sc, 425
Ta–Se, 444
Ta–Si, 441
Ta–Si–Ti, 464
Ta–Si–Ti–W, see W–Si–Ta–Ti
Ta–Si–V, 464
Ta–Si–W, see W–Si–Ta
Ta–Si–Zr, 464
Ta–Sm, 426
Ta–Sn, 441
Ta–T (3H)
Ta–Tb, 427
Ta–Tc, 431
Ta–Te, 444
Ta–Th, 428
Ta–Ti, 429
Ta–Ti–W, see W–Ta–Ti
Ta–Tl, 440
Ta–Tm, 427
Ta–U, 428
Ta–V, 430
Ta–V–W, see W–Ta–V
Ta–W–Zr, see W–Ta–Zr
Ta–W, see W–Ta
Ta–Y, 425
Ta–Yb, 427
Ta–Zn, 438
Ta–Zr, 429
Tb–W, see W–Tb
Tc–W, see W–Tc
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Te–W, see W–Te
Th–W, see W–Th
Ti–W, see W–Ti
Tl–W, see W–Tl
Tm–W, see W–Tm

U
U–W, see W–U

V
V–W, see W–V

W
W–Ag, 261
W–Al, 263
W–Al–B–N, 269
W–Al–C, see C–Al–W
W–Al–Mo–Ni, 269
W–Al–O, 269
W–As, 266
W–Au, 261
W–B, 262
W–B–Bi, 270
W–B–C, see C–B–W
W–B–C–Hf, see C–B–Hf–W
W–B–C–La–Si, see C–B–La–Si–W
W–B–C–N, see C–B–N–W
W–B–C–Si, see C–B–Si–W
W–B–Ce, 270
W–B–Co, 270
W–B–Co–Ti, 270
W–B–Cr, 270
W–B–Cr–Ti, 271
W–B–Dy, 271
W–B–Er, 271
W–B–Fe, 271
W–B–Gd, 271
W–B–Hf, 272
W–B–Ho, 272
W–B–In, 272
W–B–Ir, 272
W–B–La, 272
W–B–Lu, 273
W–B–Mn, 273
W–B–Mo, 273
W–B–N, 273
W–B–N–O, 274
W–B–Nb, 274
W–B–Nb–Si, 274
W–B–Ni, 274
W–B–Ni–Ti, 274

W–B–O–Zr, 274
W–B–Os, 274
W–B–P, 275
W–B–Pd, 275
W–B–Pr, 275
W–B–Re, 275
W–B–Ru, 275
W–B–Sc, 275
W–B–Si, 275
W–B–Si–Ta, 276
W–B–Si–Ti, 276
W–B–Si–V, 276
W–B–Si–Zr, 276
W–B–Sn, 276
W–B–Ta, 276
W–B–Tb, 276
W–B–Th, 276
W–B–Ti, 277
W–B–Tm, 277
W–B–U, 277
W–B–Y, 277
W–B–Yb, 278
W–B–Zr, 278
W–Ba, 252
W–Be, 251
W–Be–O, 278
W–Bi, 266
W–Bi–Pb, 278
W–Br, 268
W–C, see C–W
W–C–Co, see C–Co–W
W–C–Co–Fe–Ni, see C–Co–Fe–Ni–W
W–C–Co–Ni, see C–Co–Ni–W
W–C–Co–Os, see C–Co–Os–W
W–C–Co–Re, see C–Co–Re–W
W–C–Co–Ru, see C–Co–Ru–W
W–C–Co–Ti, see C–Co–Ti–W
W–C–Cr, see C–Cr–W
W–C–Cr–Fe, see C–Cr–Fe–W
W–C–Cr–O, see C–Cr–O–W
W–C–Fe, see C–Fe–W
W–C–Fe–Ni, see C–Fe–Ni–W
W–C–Hf, see C–Hf–W
W–C–Hf–Ni, see C–Hf–Ni–W
W–C–Hf–Ti, see C–Hf–Ti–W
W–C–Hf–V, see C–Hf–V–W
W–C–Ir, see C–Ir–W
W–C–Mg–O, see C–Mg–O–W
W–C–Mn, see C–Mn–W
W–C–Mo, see C–Mo–W
W–C–Mo–Zr, see C–Mo–Zr–W
W–C–N, see C–N–W
W–C–N–Nb, see C–N–Nb–W
W–C–N–Ti, see C–N–Ti–W
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W–C–Nb, see C–Nb–W
W–C–Nb–O, see C–Nb–O–W
W–C–Nb–Ta, see C–Nb–Ta–W
W–C–Nb–Ti, see C–Nb–Ti–W
W–C–Ni, see C–Ni–W
W–C–Ni–Zr, see C–Ni–W–Zr
W–C–O, see C–O–W
W–C–O–Ta, see C–O–Ta–W
W–C–O–Ti, see C–O–Ti–W
W–C–O–V, see C–O–V–W
W–C–O–Zr, see C–O–W–Zr
W–C–Os, see C–Os–W
W–C–Pd, see C–Pd–W
W–C–Pt, see C–Pt–W
W–C–Pu, see C–Pu–W
W–C–Pu–U, see C–Pu–U–W
W–C–Re, see C–Re–W
W–C–Rh, see C–Rh–W
W–C–Ru, see C–Ru–W
W–C–Si, see C–Si–W
W–C–Ta, see C–Ta–W
W–C–Ta–Ti, see C–Ta–Ti–W
W–C–Ta–V, see C–Ta–V–W
W–C–Tc, see C–Tc–W
W–C–Th, see C–Th–W
W–C–Ti, see C–Ti–W
W–C–U, see C–U–W
W–C–U–Zr, see C–U–W–Zr
W–C–V, see C–V–W
W–C–Zr, see C–W–Zr
W–Ca, 252
W–Ca–O, 280
W–Cd, 261
W–Cd–Bi–Pb–Sn, 280
W–Ce, 252
W–Ce–O, 280
W–Cl, 268
W–Co, 258
W–Co–Mo, 280
W–Co–Nb, 280
W–Co–Ta, 281
W–Cr, 256
W–Cr–Mo, 281
W–Cr–Mo–Si, 281
W–Cr–N, 281
W–Cr–Nb, 281
W–Cr–Os, 282
W–Cr–Re, 282
W–Cr–Si–Ti, 282
W–Cr–Ta, 282
W–Cs, 251
W–Cu, 261
W–Dy, 253
W–Er, 253

W–Eu, 253
W–F, 268
W–Fe, 257
W–Fe–Mo, 282
W–Fe–Nb, 282
W–Fe–Ta, 283
W–Ga, 263
W–Gd, 253
W–Ge, 264
W–H, 250
W–Hf, 255
W–Hf–N, 283
W–Hf–O, 283
W–Hf–Os, 283
W–Hf–Ta, 283
W–Hg, 261
W–Ho, 253
W–I, 269
W–In, 264
W–Ir, 259
W–K, 251
W–K–Na, 283
W–La, 252
W–La–O, 284
W–Li, 251
W–Lu, 254
W–Mg, 252
W–Mg–O, 284
W–Mn, 256
W–Mo, 256
W–Mo–N, 284
W–Mo–Nb, 284
W–Mo–Nb–Si, 285
W–Mo–Nb–Zr, 285
W–Mo–Ni, 285
W–Mo–O, 285
W–Mo–Os, 285
W–Mo–Re, 286
W–Mo–Re–Si, 286
W–Mo–S, 286
W–Mo–Si, 286
W–Mo–Si–Ta, 286
W–Mo–Si–Ti, 286
W–Mo–Si–V, 287
W–Mo–Ta, 287
W–Mo–Ti, 287
W–Mo–V, 287
W–Mo–Zr, 287
W–N, 287
W–N–Nb, 287
W–N–Si, 287
W–N–Ti, 287
W–N–U, 287
W–N–Zr, 288
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W–Na, 251
W–Nb, 256, 285
W–Nb–Ni, 288
W–Nb–O, 288
W–Nb–Os, 288
W–Nb–Re, 289
W–Nb–Si, 289
W–Nb–Ta, 289
W–Nb–Ti, 289
W–Nb–V, 289
W–Nb–Zr, 289
W–Nd, 253
W–Nd–O, 289
W–Ni, 260
W–Ni–Ta, 290
W–O, 266
W–O–Si, 290
W – O–Sr, 290
W–O–Ta, 290
W–O–Th, 291
W–O–U, 291
W–O–Y, 291
W–O–Y–Zr, 291
W–O–Zr, 292
W–Os, 266
W–Os–Re, 292
W–Os–Ta, 292
W–Os–V, 292
W–P, 266
W–Pb, 265
W–Pd, 260
W–Po, 268
W–Pr, 253
W–Pt, 260
W–Pu, 255

W–Ra, 252
W–Rb, 251
W–Re, 257
W–Re–Si, 292
W–Re–Ta, 293
W–Re–V, 293
W–Rh, 259
W–Ru, 258
W–S, 267
W–Sb, 266
W–Sc, 252
W–Se, 268
W–Si, 264
W–Si–Ta, 293
W–Si–Ta–Ti, 293
W–Sm, 253
W–Sn, 264
W–Sr, 252
W–Ta, 256
W–Ta–Ti, 293
W–Ta–V, 293
W–Ta–Zr, 293
W–Tb, 253
W–Tc, 256
W–Te, 268
W–Th, 254
W–Ti, 255
W–Tl, 264
W–Tm, 254
W–U, 254
W–V, 256
W–Y, 252
W–Yb, 254
W–Zn, 261
W–Zr, 255
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