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Abstract—The elemental, phase, and structural state of Nb–Mo–C alloys with equiatomic metal contents
and 15, 20, 25, and 30 at % C are studied after electron-beam zone melting. In the alloy containing 15 at %,
a fine microstructure, which is typical of eutectic alloys, forms; as the carbon content increases, primary car-
bide crystals appear in the alloy structure. The main carbide phase in all alloys is found to be an NbC-based
carbide rather than an Nb2C-based carbide. The component distribution between the phases is studied as a
function of the average alloy composition. The results of short-time strength tests of alloy specimens at room
temperature and at 1500°C and also their high-temperature bending creep tests are presented. The 100-h
creep strength maximum for the alloys is shown to be 200–300 MPa at 1500°C (  = 200–300 MPa).
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INTRODUCTION
Searching for high-temperature materials for oper-

ating temperatures higher than 1300°C is one of the
challenging problems of modern materials science.
Niobium-based alloys have a high potential for
designing high-temperature structural materials due
to their high melting temperature, relatively low den-
sity, and quite high fracture toughness at room tem-
perature [1–3]. However, at temperatures higher than
1000°C, the strength of niobium-based alloys signifi-
cantly decreases [4]; therefore, the balance of such
properties of niobium alloys as high-temperature
strength, creep, and fracture toughness can be reached
only by hardening a niobium matrix. Various methods
of hardening are possible: the dissolution of alloying
elements (Ti, Al, Zr, V, Mo, Hf, W) in niobium [5–13]
or the introduction into a niobium matrix of hardening
phases, such as (Nb,Ti)C [14, 15], (Nb,Ti)B [16],
(Nb,Zr)C [17], Nb3Al [18, 19], Nb3Si, and Nb5Si3
[3‒6, 20, 21].

Silicide-hardening niobium alloys were studied in
[3, 4, 22]. These alloys were shown to withstand loads
up to 100–200 MPa at 1200–1300°C for a long time,
but these temperatures are likely to be limiting for the
alloys. In the structure of the alloys, dislocations were
detected near the interface of a niobium matrix and a

hardening silicide phase, which demonstrated plastic
deformation of both components at during steady-
state creep of the composite at 1300°C [3].

The influence of boron on the structure and
mechanical properties of composites based on nio-
bium alloys were studied in [16, 23]. Multiphase nio-
bium Nb–Ti–C–B composites containing an Ni-
based solid solution (Nbs.s) and boride ((Nb,Ti)B) and
carbide ((Nb,Ti)C) phases were prepared by arc melt-
ing. Phases (Nb,Ti)B), (Nb,Ti)C), and (Nbs.s) formed
a eutectic network around primary (Nbs.s) dendrites.
The boride and carbide phases substantially increase
the strength and hardness of the composites. A higher
boron content favors an increase in the hardness from
304 to 337 HV, in the compressive yield strength from
700 to 810 MPa, and the tensile ultimate strength from
535 to 710 MPa but decreases the fracture toughness
from 18.6 to 12.7 MPa m1/2 [16]. Alloying with tung-
sten led to a decrease in the primary (Nbs.s) dendrite
sizes and to coarsening boride (Nb,Ti,W)B precipi-
tates. The test results showed that the hardness and the
compressive strength of the composites also increased
with the tungsten content. The highest yield strength
at 1200°C (241 MPa) was achieved for a composite
containing 10 at % W.
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Ternary Nb–Zr–C alloys produced by arc melting
were studied in [17]. In an alloy with the equiatomic
contents of zirconium and carbon, the niobium con-
tent was varied from 40 to 90 at %. An increase in the
carbide phase content was found to increase the
strength of the alloys and to decrease the ductility at
low temperatures. The maximum yield strength at
1500°C (300 MPa) was reached for an alloy with
40 at % Nb. An alloy containing 80 at % Nb demon-
strated the optimum combination of the compressive
strength at 1500°C (~95 MPa) and the fracture tough-
ness at room temperature (~20 MPa m1/2).

The authors of [18, 19] showed that the mechanical
properties of niobium-based alloys at high tempera-
ture effectively increase when an alloy structure simul-
taneously contains niobium carbide and niobium alu-
minide. The high-temperature and room-temperature
strengths of as-cast and heat-treated (1100°C, 24 h)
alloy specimens increased when carbon and alumi-
num were added, and their ductility decreased due to
the formation of a primary brittle carbide. The maxi-
mum values σ0.2 = 383 MPa and σu = 424 MPa at
1000°C were reached for an Nb–25Ti–8C–15Al alloy
in compression tests.

Eutectic Mo–Nb–Re0.5–Ta–W–(TiC)x compos-
ites were developed using thermodynamic calculations
and were prepared by arc melting [20]. These compos-
ites consisted of a metallic matrix with a bcc structure
and multicomponent TiC-based carbide with an fcc
structure. When the TiC content in an alloy increases,
its microstructure is changed from hypoeutectic to
eutectic and, then, hypereutectic. The ultimate
strength of the composite increased correspondingly
to an increase in the TiC content. The Mo–Nb–
Re0.5–Ta–W–(TiC)x composite with a eutectic structure
has the highest compression strength (1943 ± 13 MPa)
and a yield strength 1496 ± 17 MPa at room tempera-
ture. The hardening mechanism was provided by the
existence of dispersed carbide particles.

The influence of alloying on the high-temperature
creep characteristics of alloys with solid-solution
(Nb–Mo–W system) and silicide (Nb–16Si–Mo–W
system) hardening at 1500°C was studied in [24]. The
creep resistance increased with the molybdenum and
tungsten contents in both the ternary alloys and the
silicide-hardening alloys. The Nb–16Si–5Mo–15W–
5Hf (at %) alloy demonstrates the lowest strain rate.
The parameters of the equation describing the process
of high-temperature creep, namely, exponent n = 2.4
and activation energy Q = 675 kJ/mol, were calculated
for this alloy. Taking into account this value of Q and
the available literature data on the activation energies
for molybdenum and tungsten in niobium, the authors
of [24] supposed that the creep in this alloy is con-
trolled by the diffusion rate of tungsten in the niobium
solid solution. Its 100-h compressive creep strength at
1500°C was 180 MPa. This result is record-breaking
for silicide-hardening niobium alloys. However, the
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alloy had a high density and a relatively low fracture
toughness, 10 MPa m1/2.

Titanium–carbide-hardened borosilicate molyb-
denum alloys (Mo–Si–B–Ti–C alloys) are also con-
sidered as promising high-temperature materials. A
detailed description of their structure and mechanical
properties in the temperature range 20–1500°C is
given in review [25]. The long-term strength of a
65Mo–5Si–10B–10Ti–10C (at %) alloy was studied
in [21] during tensile tests in the temperature range
1400–1600°C. The time to fracture of this alloy was
400 h at 1400°C, load 137 MPa, and an exponent n = 3.

The studies performed in [26] showed that the best
results for the short-time bending strength at room
temperature and at 1500°C and for the creep resis-
tance at 1500°C were obtained on an Nb–Mo–20C
(at %) alloy: the short-time bending strength were 330
and 900 MPa, respectively, and the 100-h creep
strength in the temperature range 1450–1500°C was
160–190 MPa. These high-temperature properties are
record-breaking.

Thus, in spite of the studies carried out over the
world, the search for materials characterized by a com-
bination of a high strength and fracture toughness at
room temperature and a low high-temperature creep
rate with a high strength at a high temperature remains
important. The analysis of the available literature data
shows the perspective of the approach, which enables
one to achieve the best strength characteristics of
alloys at high temperatures by hardening high-tem-
perature alloys with carbide phases. Nb–Mo–C alloys
have the highest characteristics of high-temperature
strength and creep resistance. The main hardening
phase in the alloys is a carbide, the composition and
structural features of which are determining for the
mechanical properties of the material. The purpose of
this work is to investigate the influence of the carbon
content in Nb–Mo–C alloys on their structure, phase
composition, and mechanical properties.

EXPERIMENTAL
We studied specimens of four compositions:

Nb42.5Mo42.5C15, Nb40Mo40C20, Nb37.5Mo37.5C25, and
Nb35Mo35C30 (at %).

The initial materials were a PM99.95 molybdenum
powder produced by AO POLEMA, an NbP-3 nio-
bium powder, and N220 carbon black. The powders
were carefully mixed and compacted at room tempera-
ture (pressure was ~100 MPa). The formed compacts
were sintered in vacuum at ~1900°C for 20 min and
then remelted on an electron-beam zone melting
setup. In melting, a zone passed four times along the
specimen length at a speed of 4 mm/min. As a result of
zone melting, we prepared ingots 10–14 mm in diam-
eter and 80–100 mm. Specimens for studying the
structure and phase composition and for mechanical
tests were cut from the ingots on an EDM machine. A
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Fig. 1. Microstructure of the cross sections of the ingots of alloys with a carbon content (at %) of (a, e) 15, (b, f) 20, (c, g) 25, and
(d, h) 30.
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microstructure was studied on the specimens cut per-
pendicular to the long ingot axis. 2 × 2 × 20-mm spec-
imens for bending strength tests were cut along the
long ingot axis. Metallographic sections were prepared
using an SiC-based abrasive paper with grain size
number up to P2500 and the synthetic diamond pow-
ders from ASM 10/7 to ASM 1/0.

The structure and the phase composition of the
specimens were analyzed using scanning electron
microscopy (SEM; Tescan VEGA-II XMU, CamScan
MV230) and X-ray diffraction (XRD; DRON-3M,
20 keV, incident-beam-monochromatized MoKα
radiation). Electron-probe microanalysis (EPMA)
was carried out using an INCA Energy 450 energy dis-
persive spectrometer with a semiconductor Si(Li)
INCA X-sight detector. All images of the microstruc-
ture of the alloys presented in this work were taken
using backscattered electrons.

The volume fractions of the phases were deter-
mined by the Glagolev method using microstructure
images taken with backscattered electrons [27]. The
measurements were carried out using the ImageJ
v1.53c program [28]. The fields of view were from 38 ×
38 to 152 × 152 μm for a specimen containing 15 at %
C and from 152 × 152 to 305 × 305 μm for specimens
containing 20–30 at % C. The total number of analysis
points on each field of view was 484.

Short-time strength and creep test were carried out
at temperatures of 20–1500°C according to the three-
point bending scheme in the vacuum chamber of an
Instron machine in a high-purity argon atmosphere.
To ensure the required rigidity of supports during
high-temperature tests, the supports were made of
RU
special high-temperature ceramics based on refractory
metal carbides.

RESULTS AND DISCUSSION
Structure of Alloys

Figure 1 shows SEM (backscattered electrons)
images of the microstructure of the Nb–Mo–C alloys
with various carbon contents. All these alloys con-
tained a eutectic two-phase structural component
formed by a metallic matrix and a carbide phase. The
specimens of the alloys containing 20, 25, and 30 at % C
also had primary carbide dendrite crystals.

Thus, the structures of all ternary Nb–Mo–C
alloys are represented by a binary metal–carbide
eutectic. It should be noted that all alloys have a quite
high homogeneity of the distributions of the phases
and structural components over the cross section of
the specimens. Deviations from the structure charac-
teristic of the main part of a specimen can be observed
only at a distance of 500–1000 μm from the external
specimen surface (Fig. 2). All SEM and XRD studies
were carried out in the central regions of the speci-
mens.

The structure of the alloy with 15 at % C com-
pletely consists of eutectic colonies, which are repre-
sented by fine mixtures of carbide particles and a
metallic matrix. As follows from microstructure
images, the carbide particles in the eutectic colonies
are likely to have a needle-like shape. It should be
noted that the carbide mixture has a quite high disper-
sion: in all specimens, the characteristic periods of alter-
nating the phases comprising the eutectic were 1 μm,
SSIAN METALLURGY (METALLY)  Vol. 2022  No. 5
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Fig. 2. General appearance of an alloy specimen contain-
ing 20 at % C.

2 mm
and individual crystallites in the eutectic colonies have
transverse sizes of 200–500 nm.

The main peculiarity of the microstructure of the
alloy with 15 at % C is the absence of excess crystals of
carbides or a metal-based solid solution, which
demonstrates exact correlation between the alloy com-
position and the binary eutectic point. The regions in
the image of the structure of this specimen, within
which local coarsening of carbide crystals is observed
and the metallic phase is free from carbide particles
(Fig. 1a), are eutectic colony junctions. This local
change in the structure is most likely to be related to
the differences of the solid phase growth conditions in
at the final stage of solidification of the remaining
small volumes of liquid phase and the existence of
solidification centers in the form of existing eutectic
colonies, the distance between which at this stage
becomes comparable with the characteristic sizes of
individual crystallites.

The structure of the alloys with 20, 25, and 30 at %
C contained primary carbides (Fig. 1), the volume
fraction increased from ~20 to ~60 vol % with the car-
bon content. It is difficult to exactly estimate the vol-
ume fraction of the carbide phase in the eutectic struc-
tural component of the alloys due to the high disper-
sion of carbide particles. Nevertheless, the measured
fraction of carbides in the eutectic was ~25 vol % (22–
29 vol %) for all alloys. No marked dependence of the
carbide fraction in the eutectic on the average alloy
composition was observed.

Attention should also be paid to the structural
component in the form of the metallic matrix regions
bordering primary carbides (Figs. 1f–1h). These
regions are free from eutectic carbide precipitates. As
follows from the morphology of these regions, the
cause of their formation is partial precipitation of
eutectic carbide on a primary carbide in the regions
adjacent to primary carbides during eutectic solidifi-
cation. The volume fraction of this structural compo-
nent (8 to 12 vol %) is obviously to be related to the
volume fraction and morphology of the primary car-
bides in the alloy.

Table 1 gives data on the component distribution
over phases for all alloys. Since it is difficult to esti-
mate the carbon content by energy dispersive X-ray
spectral analysis reliably and quantitatively, the ratio
of signals from metallic components was analyzed for
RUSSIAN METALLURGY (METALLY)  Vol. 2022  No.

Table 1. Component distribution over the phases in Nb–Mo

Parameter RNb = 100CNb/(CNb + CMo).

Phase
Valu

15 at % C

Carbide-based solid solution 89.0

Metal-based solid solution 43.1

Eutectic 53.8
various phases in this work. For this purpose, we intro-
duced parameter RNb, which is the percentage ratio of

the atomic niobium content in a phase to the sum of
the atomic niobium and molybdenum contents in this
phase.

The carbide phase in all the alloys was found to be
significantly enriched in niobium as compared to the
average alloy composition, while the molybdenum
content in the metallic phase (solid solution) is higher
than that of niobium. The average alloy composition
influences the ratio of the molybdenum to niobium
contents in the specimens. As the average carbon con-
tent in the alloy increases, both phases (carbide and
metallic ones) are enriched in molybdenum (Table 1).
This phenomenon does not contradict the balance of
the components, since one of the phases contains
excess niobium (carbide phase), and the other, excess
molybdenum (metallic phase). Thus, in spite of an
increase in the molybdenum content in both phases,
the total balance of the components is retained due to
the change in the ratio of their contents in the alloy
(increase in the amount of the carbide phase with the
average carbon content). For example, in the case of
the highest increase in the molybdenum content in the
phases (i.e., in the specimen with 30 at % C), the high-
est volume fraction of the carbide phase, in which a
significant excess of niobium is retained, is also
detected.

Figure 3 shows the X-ray diffraction patterns of the
alloys. According to XRD data, the main phases in all
 5

–C alloys with various carbon contents

e of RNb, %, in phases of alloy specimens

20 at % C 25 at % C 30 at % C

87.0 84.2 83.9

33.2 26.2 20.9

44.3 39.4 35.6
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Fig. 3. X-ray diffraction patterns of alloys with various carbon contents.
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the specimens are solid solutions: a bcc molybdenum-
based (Mo, Nb) solution and a cubic niobium mono-
carbide-based (NbCcub) solution (Fig. 3). The pres-

ence of NbCcub-based rather than Nb2C-based carbide

is relatively unexpected.

The existence of lines in the angular range 2θ =
10–14 deg is related to the influence of auxiliary mate-
rials, in which specimens were fixed.

The ratio of the line intensities of individual phases
in the X-ray diffraction patterns corresponds in many
respects to JCDPS powder data; however, there are
also deviations from the well-known data (JCDPS
PDF nos. 38-1664, 74-5548, 42-1120, 35-0789). This
fact demonstrates the existence of a crystallographic
texture in the alloys, which can be explained by the
well-known peculiarities of solidification during zone
melting. However, the general character of changes in
the X-ray diffraction patterns of the alloys with
increasing carbon content is quite regular. The inten-
sities of the lines corresponding to the metal-based
solid solution decrease as the average carbon content
in the alloy increases; the reverse situation is charac-
teristic of the carbide lines. This result completely
agrees with the data obtained on the volume fractions
of the phases in the alloys. In addition, we should also
note a general tendency observed in the measured
X-ray diffraction patterns to a shift of almost all peaks
toward higher angles as the carbon content in the alloy
increases. This fact also agrees well with the above data
on an increase in the molybdenum contents in both
phases as the average carbon content increases. How-
ever, it should be remembered that, in the three-com-
ponent system, the lattice parameter for each phase is
determined by both the ratio of the metal contents and
the carbon content. Although, as follows from the
well-known data (for example, JCPDS 74-5548,
89-2868), the carbon content influences the lattice
parameter of the phases more weakly than the ratio of
RU
the molybdenum to niobium contents, we cannot
eliminate its influence or separate its contribution to
the changes in the lattice parameters of the phases at
this stage.

We now estimate the presence of cubic niobium
monocarbide instead of an Nb2C-based phase, the

formation of which seems to be more likely with allow-
ance for the Mo–C and Nb–C phase diagrams: in
these binary systems, the metal-based solid solution is
in equilibrium with M2C rather than MC carbide. We

advance the following two hypotheses of the NbC-
based phase formation in the alloys:

(i) nucleation as a more refractory phase during
primary solidification and conservation in a metasta-
ble state due to marked cooling rates during zone
melting,

(ii) structural peculiarities of the ternary Nb–Mo–
C diagram.

The first hypothesis is thought to be less probable.
It is in conflict with the fact that, according to XRD
data, the cubic NbC-based phase is the main carbide
phase even in the specimen with 15 at % C, i.e., in the
specimen where solidification started from the eutec-
tic decomposition of liquid rather than from the for-
mation of primary carbide crystals. Thus, the forma-
tion of the NbC phase is most likely to be related to the
peculiarities of the Nb–Mo–C diagram in the com-
position region under study. As follows from the
experimental data, the formation of binary M–MC
eutectics is characteristic of this composition region.
The volume fractions of carbides additionally support
this hypothesis. Clearly, if an M2C-based carbide with

about 33 at % carbon formed in a sample with 30 at %
carbon, the volume fraction of the formed carbide
would be about 90 vol %. However, the experimentally
determined volume fraction of carbide the alloy was
<70 vol %. Moreover, the obtained experimental data
on the volume fractions of the phases enable us to eval-
SSIAN METALLURGY (METALLY)  Vol. 2022  No. 5
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Table 2. Experimental and calculated volume fractions of carbide phase in alloy specimens with various carbon contents

Characteristic
Value of characteristic for alloy specimens

15 at % C 20 at % C 25 at % C 30 at % C

Fraction of primary carbides, vol % 0 21 38 60

Total carbide fraction, vol %: experiment ~25 42 49 67

calculation for 42 at % C in NbC 29 40 52 65

calculation for 43 at % C in NbC 28 39 50 63

Fig. 4. Short-time strength of alloys with various carbon
contents at room temperature and at 1500°C.
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uate the carbon content in the MC carbide formed in
the alloys. The fractions of phases in the alloys with 15,
20, 25, and 30 at % calculated by the lever rule give the
best coincidence with the experimental data when the
calculations were carried out at a carbon content of
42–43 at % in the carbide (Table 2). It should be noted
that cubic NbC-based carbides are characterized by a
wide homogeneity range in carbon content and the
lower boundary of their regions in carbon content is a
level of about 42 at %.

The lever rule for these calculations was used along
the line of the equiatomic metal content in the ternary
Nb–Mo–C diagram. In spite of the fact that this line
is not a conode, the lever ratio along this line corre-
sponds to the lever ratio also along the true conodes
due to the similarity of the triangles formed by the
conode, the constant carbon content lines, and the
equiatomic metal content line on which the alloy
compositions lie.

Thus, the XRD data of the existence of an MC-
based carbide agree well with the results of studying
the microstructure.

Mechanical Properties of the Alloys
Changes in the structural state of the alloys influ-

ence both their low- and high-temperature mechani-
cal properties. A decrease in the short-time strength
when the carbon content increases and, correspond-
ingly, the fraction of metallic phase decreases deterio-
rate the capability of the latter to stress relaxation due
to dislocations accumulated at carbide boundaries,
making the alloys more brittle. The alloy specimens
with 15 at % C have the maximum short-time strength
at room temperature and at 1500°C (Fig. 4), namely,
400 and 1050 MPa, respectively. When the carbon
content increased, these values smoothly decreased to
280 and 780 MPa, respectively, in the alloy with 30 at
% C. The relatively low short-time strengths are likely
be related to the existence of coarse primary
(Nb,Mo)C carbide precipitates.

The dependence of the creep rate on the stress and
temperature of the alloys is well described in this tem-

perature range by the expression  = kσnexpQ/(kT),
which is characteristic of dislocation creep (Q is the
activation energy). As was shown earlier for eutectic
Nb–Si alloys, the creep rate at exponent n close to 1 is

ε
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determined by the rate of active dislocation climb
along the matrix–solid particle interface in a matrix
phase. At n > 1, conservative dislocation motion in a
hardening phase contributes to the total strain [3]. As
is seen from the data in Fig. 5, n is in the range 0.82–
2.25 for all alloys. This fact implies that dislocations in
carbide particles contribute to the total strain of a
specimen at 1500°C.

The alloy specimens with 15 at % C also demon-
strate the best high-temperature properties. The 100-h

creep strength has record-breaking values:  (inter-
section point of creep line and horizontal line in a
plot) is 210–300 MPa.

CONCLUSIONS

(1) The elemental, phase, and structural state of a
series of Nb–Mo–C alloys with an equiatomic metal
content and 15, 20, 25, and 30 at % C were studied.
The structure of the alloys consists of a molybdenum-
based solid solution matrix and a reinforcing niobium
carbide–based solid solution. The structural state of
all alloys corresponds to the binary eutectic in the ter-
nary Nb–Mo–C system; here, an alloy with 15 at % is
eutectic and alloys containing 20 at % or more are
hypereutectic.

(2) The main phases in all alloys are a molybde-
num-based bcc solid solution and an NbC-based

σ1500

100
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Fig. 5. Creep strain rate  of alloys with various carbon contents vs. stress σ at 1500°C.
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cubic carbide. The formation of cubic carbide stable
and reproducible in all specimens is most likely to
reflect the corresponding configuration of the phase
diagram in the alloy composition region under study.
The hypotheses about the relation of the carbide stoi-
chiometry with the nucleation of primary crystals and
their metastability seem to be a less probable explana-
tion of the observed phenomena.

(3) The molybdenum content in both phases
increases with the carbon content in an alloy. EPMA
data agree with XRD data, which also demonstrate an
increase in the molybdenum content in both phases
with the average carbon content in the alloy.

(4) When the temperature increases from room
temperature to 1500°C, the short-time strength of all
alloys increases by a factor of 2.5–3 and reaches about
1000 MPa at 1500°C. This fact indicates a high poten-
tial of the high-temperature strength and also an insuf-
ficient toughness of the metallic matrix at room tem-
perature.

(5) Creep tests demonstrated a low reproducibility
of results, which makes it impossible to compare alloys
with each other reliably. Nevertheless, the data
obtained in this work allow us to estimate the level of
100-h strength at 1500°C for the alloys at 200–
300 MPa in spite of the significant increase in the duc-
tility of the matrix at high temperatures. This is very
RU
high value, which demonstrates the prospects of using
Nb–Mo–C alloys as high-temperature materials.
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