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Abstract—The review article is devoted to high-temperature borosilicate molybdenum alloys reinforced with
titanium carbides MoSiBTiC. The article discusses phase diagrams, microstructure, production methods,
mechanical properties, resistance to oxidation of these alloys, and protective coatings. It is shown that the
long-term strength of MoSiBTiC alloys is superior at high temperatures to nickel heat-resistant alloys
(NHRA) of the latest generations. Borosilicate molybdenum alloys MoSiBTiC can replace nickel heat-resis-
tant alloys in many engineering fields, including in the production of cast parts for the hot section of aircraft

gas turbine engines.
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INTRODUCTION

Presently, it is becoming more and more obvious
that cast nickel heat-resistant alloys (NHRA) with
heat-shielding coatings have exhausted their potential
possibilities in relation to increasing the operating
temperature of single-crystal blades made of these
alloys. This circumstance served as the motivation for
writing a review article on new high-melting materials for
structural purposes based on the Mo—Si—B system.

When assessing the ability of heat-resistant metal
materials to withstand certain mechanical loads at
high temperatures, the concept of homologous tem-
perature © = T_/T,, is used, which characterizes the
property of the material. In this expression, 7, is melt-
ing point of the material and T is the temperature at
which the material retains its working capacity and
withstands long-term loads.

In modern gas turbine engines, homologous tem-
peratures of rotor blades of the first stage of a high-
pressure turbine reach 6 = T_/T,, = 0.85, i.e., 85% of
the melting point of the alloy 7,,, which corresponds
to the limiting temperature 7, > 1175°C. There are two
possibilities of lowering 0: either by more efficient cool-
ing of working blades [1] and thereby reducing 7 or by
manufacturing blades from new heat-resistant high-
melting materials with melting point 7;,, > 2000°C [2—4].
At the same time, such materials should have low rates
of high-temperature creep, high heat resistance, reli-
able protective coatings, and low density. The charac-

teristics of multicycle fatigue and crack resistance are
of great importance, as well as the development of a
cost-effective technology for production of parts from
new high-melting materials.

Since 2013, every three years, international confer-
ences are held on the search for and development of
high-temperature heat-resistant alloys that can
replace cast nickel alloys in the production of parts for
the hot-path GTE (Beyond Nickel-Based Superal-
loys) [5—7]. The third such conference was held in
June 2019 in Japan. There were reports on the follow-
ing topics:

1. Molybdenum Mo—Si and niobium Nb—Si alloys.

2. Cobalt alloys.

3. Eutectic composites (Cr—V—-Si, MoSi,/Mo;Si;,
V—Si—B, NiAl—(CrMo)).

4. High-entropy alloys.

5. Alternative alloys.

If we analyze the topics of reports at all confer-
ences, we can note that the largest number of reports
are devoted to the development of alloys based on
high-melting metals, in particular, molybdenum
alloys of the Mo—Si—B system, and to a lesser extent
niobium alloys of the Nb—Si system.

Currently, development and research of new
molybdenum alloys is not carried out in Russia and
therefore it is advisable to review the methods of
obtaining high-heat-resistant borosilicate molybde-
num alloys MoSiBTiC for structural purposes, their
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Fig. 1. Binary diagram of Mo—Si.
microstructure, phase composition, mechanical the formation ofthe microstructure during crystalliza-

properties up to temperatures of 1400°C, heat resis-
tance, and most importantly resistance to high-tem-
perature oxidation and protective coatings. These
issues are considered to a greater or lesser extent in this
article. Similar review articles devoted to high-tem-
perature composites based on the Nb—Si system were
published in the journals Materials Science [8] and
Metal Science and Heat Treatment [9]. Review articles
have also appeared in foreign periodicals, in particu-
lar, “Mo—Si—B Alloys for Ultra-High Temperature
Structural Application” by the authors Lemberg and
Ritchie [10] and “Research Trends of the Mo—Si—B
Alloys as Next Generation Ultra-High Temperature
Alloys” by a team of Korean authors [11]. The work
was carried out within the framework of the imple-
mentation of the complex scientific direction 9.4.2.
“Composites Based on High-Melting Metals, Rein-
forced with Intermetallic Compounds” (“Strategic
Directions for the Development of Materials and
Technologies for Their Processing for the Period up to
2030) [12].

PHASE DIAGRAMS OF Mo—-Si, Mo—Si—B,
AND Mo—-Si—B-TiC

At first, it is advisable to consider the structure of
the phase diagrams, on the basis of which the compo-
sitions of molybdenum alloys in the Mo—Si—B system
are selected and the phase stability of the microstruc-
ture of such alloys at high temperatures is estimated.
Figure 1 shows the well-known binary Mo—Si dia-
gram, and Fig. 2 shows the isothermal section in the
molybdenum corner of the Mo—Si—B ternary diagram
at a temperature of 1600°C constructed for the first
time by Novotny [13]. For a better understanding of
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tion of alloys, the projections of liquidus surfaces are
superimposed on the isothermal section [14]. Further,
we will be mainly interested in the oaMo—Mo;Si—
MosSiB, phase triangle (the MosSiB, phase is often
denoted as T,), sometimes called the Berczik triangle
[15, 16]. The chemical compositions of most of the
developed borosilicate molybdenum alloys for struc-
tural purposes lie within this triangle or near its
boundaries. Experimental results and thermodynamic
calculations [17] of the structure of Berczik triangle
indicate the presence in it of two double and one triple
phase region formed by eutectic reactions:

e <> oMo + MosSiB,,
e, <> MosSi + Mo,SiB,,
E < oMo + Mo,Si — MosSiB,.

Thus, most molybdenum alloys in the Mo—Si—B
system contain the three indicated phases—a solid
solution of molybdenum o:Mo and silicides Mo;Si and
T,, in which various alloying elements dissolve to one
degree or another to give alloys certain properties. The
chemical composition of the ternary eutectic F'is approx-
imately equal to Mo—(16—18) Si—(7—8) B (at %), its
phase composition consists of 50% oMo, 30% Mo,Si,
and 20% T,, and the temperature of the ternary eutec-
tic is ®1900—2000°C [18, 19]. The chemical composi-
tions of binary eutectics e, and e, are approximately equal
to Mo—8Si—14B (at %) and Mo—20Si—7B (at %),
respectively [20].

The evolution of the microstructure and reaction
during crystallization of alloys in the molybdenum
corner of the Mo—Si—B diagram was studied in detail
[21]. Fifty-nine alloys were analyzed in the vicinity of
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Fig. 2. Isothermal cross section of ternary diagram of Mo—Si—B at 1600°C (dashed lines with arrows are projections of liquidus lines).

the triple eutectic point aMo—Mo,;Si—T2. Experi-
mental results confirmed thermodynamically calcu-
lated positions of the liquidus projection. Particular
attention was paid to the primary crystallization of the
Mo;Si phase and the aMo—Mo;Si—T, ternary eutec-
tic, the refined composition of which was determined
as 17 at % Siand 7.5 at % B.

Let us consider phase equilibria in alloys of the
Mo—Si—B system doped with titanium carbide TiC
and denoted in the literature as MoSiBTiC [22]. To
construct diagrams of the state of such high-tempera-
ture materials, a method of thermal analysis using
electromagnetic levitation was specially developed,
which excludes high-temperature chemical interac-
tion of the investigated melts with the crucible mate-
rial. In addition, the method made it possible to opti-
cally observe in situ the evolution of the microstruc-
ture during crystallization of the alloy [23].

Figure 3 shows the cooling curve of an alloy with
the composition 67.5Mo—5Si—10B—8.75Ti—8.75C
(at %). It has 5 inflection points a—e. Using thermal
analysis data and the results of in situ microstructural
studies, it was possible to construct a crystallization
path for this alloy. Table 1 implies that the formed
structure contains three phases—aMog, Mo,B, and
T,, one binary eutectic Moy + TiC, and two ternary
eutectics Moy + 7, + TiC and Moy + T, + Mo,C.

The obtained data were used to construct a quadru-
ple phase diagram of the Mo—Si—B—TiC alloy (Fig. 4).
The chemical composition of the alloy is indicated by
a dot * on the diagrams in Figs. 4a—4c. The investi-
gated alloy in the ternary diagram Mo—T,—TiC has the
composition 75.6Mo—8.9B (T,)—15.6TiC (at %) and
its position is also indicated in Fig. 4b.

In the ternary diagram, the composition of the
alloy under study is in the region where Mo is the first

INORGANIC MATERIALS: APPLIED RESEARCH  Vol. 12
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Fig. 3. Curve of cooling of alloy 67.5Mo—5Si—10B—
8.75Ti—8.75C (at %).

Table 1. Crystallization path of alloy 67.5Mo—5Si—10B—
8.75Ti, 8.75C (at %)

Inflection| Tempe- .
. R Reactions
points |rature, °C
1995 | Lig — Mo

b 1900 |Lig = Mo + TiC eutectic
Liq - Mo,B

c 1894 | 2
Lig + Mo,B - Mo + T,
Lig—T

d 1880 | . 2 . :
Lig —» Mo + T, + TiC eutectic

e 1720  |Liq = Mog + T, + Mo,C eutectic
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to be released. Thus, after separation of primary Mo at
the temperature of 1955°C (point a in Table 1), the
composition of the melt changes in the direction
toward the Mo/TiC interface and then to the point of
the binary eutectic at 1900°C Lig —» Mo, + TiC
(point b). It is necessary to note that, when developing
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this alloy, the authors used a partially quasi-binary
section Mo—TiC in the ternary diagram Mo—Ti—C
constructed by V.N. Eremenko and T.Ya. Velikanova
in 1985 [24]. It can be seen in Fig. 5 that the diagram
in this section has a eutectic form at the temperature of
2175°C and composition of 23TiC (at %), while the
authors of [ 12] determined the eutectic temperature as
1900°C in the quaternary diagram of Mo—Si—B—Ti—C.

In Fig. 4c, the initial composition of the alloy is
projected onto the basal plane of the Mo—Si—B diagram
and is located in the two-phase region of Mo—T.

As crystallization proceeds, the content of Mo in
the melt decreases owing to the eutectic reaction and
the composition of the melt shifts to the region of pri-
mary separation of the Mo, B phase, which reacts with
the melt to form two phases Mo and T,:

Lig + Mo,B - Mo + T, at the temperature of
1984°C (point c).

The T, phase can also be independently separated
from the melt. At the final stage, the remaining melt
crystallizes with formation of ternary eutectic struc-
tures:

Lig - Mo + T, + TiC at 1880°C (point d),
Lig — Mo + T2 + Mo,C at 1720°C (point e).

In this way, MoSiBTiC alloys have a more complex
phase composition than three-component MoSiB
alloy and after casting contain the following phases:
aMo + MosSiB, + TiC + Mo,C.

Before analyzing the specific properties of
MoSiBTiC alloys, it is advisable to characterize the
main properties of individual phases oMo, Mo;Si,
MosSiB, (T,), and MosSi; (T)).

Molybdenum is intensely oxidized above a tem-
perature of 500°C and MoO; oxide film easily volatil-
izes. The strength and ductility of BCC solid solution
oMo depends on impurities and alloying elements. It
is well known that the main solid-solution strengthen-
ing element of Mo is silicon, which segregates at dis-
location cores and grain boundaries and thus embrit-
tles molybdenum alloys. On the contrary, zirconium
and spinel MgAl,O, increase the plasticity of Mo.

Intermetallic Mo,Si has lower heat resistance than
molybdenum disilicide MoSi,, has Al5 cubic struc-
ture, is rather brittle, and has a large anisotropy of
elastic constants. It is susceptible to corrosion at
medium temperatures. When doped with aluminum,
the oxidation resistance increases.

Intermetallic MosSi; (T,) has high anisotropy of
the coefficient of linear thermal expansion (CLTE)
and therefore cracks upon cooling, has a tetragonal
lattice, and has low heat resistance. Boron increases
oxidation resistance. Above 1300°C, single crystals of
silicide MosSis; (T,) acquire plasticity upon compres-
sion.
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Table 2. Some properties of molybdenum silicides

Property Mo;Si Mo;Si; MoSi,
Content of Si, wt % 9.18 14.94 36.88
Melting point (7,), °C 2025 2180 2020
Heat of formation (H,g), kJ/mol 102.6 94.6 54.4
CLTE (o) 10~%, K~! (20—1070°C) 3.4-6.5 4.3-6.7 8.25-9.2
Resistance (p), 103 Q m 21.6 46.7 21.6
Thermo EMF (), 10° V/K —-1.0 2.0 -3.0
Young’s modulus(£), 102 Pa 30.90 £ 0.98 - 44.14 £ 0.49
Shear modulus(G), 10* Pa 96138 1029890 137293

Intermetallic MosSiB, (T,) has a body-centered
tetragonal lattice and possesses high heat resistance,
and there are limited data on mechanical properties,
in particular, high-temperature creep at 1300°C.

Some properties of molybdenum silicides are given
in Table 2 [25]. A more detailed description of the
properties of individual phases is given in the review
article by Lemberg and Ritchie [10].

METHODS TO OBTAIN MoSiBTiC ALLOYS

To obtain molybdenum alloys MoSiBTiC in labo-
ratory conditions, various methods are used, namely,
metallurgy of slits, directional crystallization,
mechanical alloying, powder metallurgy, and additive
technologies. However, a cost-effective industrial
technology for smelting and manufacturing of com-
plex parts from them has not yet been developed. The
most common are the simple metallurgical method of
smelting ingots by vacuum arc melting (VAM) with a
nonconsumable electrode and inclined casting [26].
For smelting, powders of molybdenum, silicon, and
boron are used, as well as alloying elements of high
purity and compressed powder of titanium carbide
TiC. Owing to the high melting temperature of the
alloys =2000°C and the tendency of boron to form seg-
regations during crystallization, unwanted borides
MoB and Mo,B can be released. Stirring of the melt in
the VAR method is absent and, as a result, there is a
significant chemical heterogeneity throughout the
thickness of the plate. Therefore, it is necessary to turn
the plate over several times and carry out repeated
recrystallization for a more uniform distribution of
alloying elements. Another disadvantage of the VAR
method is small weight of the ingots =100—200 g.
However, by simultaneously alloying several small
ingots by the induction method in an oxide crucible,
one can obtain an ingot weighing up to 3.5 kg with
polycrystalline structure [27].

Directional crystallization is used to obtain an ori-
ented compositional structure of molybdenum alloys.
The patent [28] describes the design of an installation
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for directional crystallization of high-melting Mo and
Nb alloys by the Bridgman—Stockbarger method in
“cold” crucibles. Directional crystallization is carried
out by pulling out a segmented water-cooled copper
crucible with melt from a high-frequency inductor.
Owing to electromagnetic levitation, the melt is in a
suspended state and slightly contacts the walls of the
crucible. For research purposes, small samples with
directed structure are obtained in laboratory facilities
by the floating zone method [29].

Directional crystallization of Mo—17.5Si—(8—10)B
molybdenum alloys, close in composition to the ter-
nary eutectic, was carried out by the floating zone
method with a growth rate of 60 mm/h [30]. At such
high crystallization rates, the criterion of a flat growth
front is violated and, therefore, there is no directional
orientation of the structure and, consequently, no
effect of compositional hardening.

At Plansee AG, industrial powder technology was
used to produce a molybdenum alloy of chemical
composition Mo—8.9Si—7.7B [31]. The alloy con-
tained three phases, Mo—T, — Mo,Si, and had good
chemical homogeneity and the same level of impuri-
ties as conventional industrial molybdenum alloys.

As one of the options for powder metallurgy,
mechanical alloying in attritors is often used to pre-
pare samples of the Mo—Si—B molybdenum alloy
additionally alloyed with Zr, La,0;, SiC, and ZrC. In
[32—34], the effect of zirconium on the microstruc-
ture, strength, and fracture resistance of samples
obtained by mechanical alloying followed by hot
pressing was studied. It is shown that alloying with zir-
conium increases the hardness, compressive strength,
and especially fracture resistance. Zirconium has a
refining effect and forms fine particles of ZrO, in the
bulk and along the boundaries of molybdenum grains.
During destruction, microcracks propagate along the
interfaces between oxide particles and molybdenum—
Zr0O,/Mo. In addition, mechanical alloying lowers by
150°C the transition temperature from brittle to duc-
tile fracture and at the same time slightly increases the
ductility at 954°C.
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The authors of [35, 36] investigated the heat resis-
tance of alloys of the Mo—Si—B system obtained by
mechanical alloying from powders followed by con-
solidation by hot pressing at temperatures of 800 and
1000°C. It is shown that, after hot pressing, the mate-
rial consists of three phases: solid solution oMo,
molybdenum silicide Mo;Si (A15), and molybdenum
borosilicide MosSiB, (T,). It was also established that
annealing at temperature of 800 and 1000°C for 2 h
leads to a decrease in the mass of the material due to
evaporation of the surface layer of the material of
molybdenum trioxide MoO;, and no mass change
after holding for more than 2 h is explained by the for-
mation of a protective film based on borosilicate glass.

The influence of rare earth elements, in particular,
lanthanum oxide La,0;, on the microstructure and
mechanical properties of Mo—12Si—8.5B alloys pre-
pared by mechanical alloying followed by hot pressing
was studied in detail in [37, 38]. These articles con-
firmed the previously obtained results on the effect of
nanosized La,0; particles on compressive strength
and fracture resistance.

The authors of [39] made an attempt by the
method of mechanical alloying to carry out additional
hardening of a multiphase alloy of composition Mo—
12Si—8.5B with whiskers of silicon carbide SiC. How-
ever, the expected increase in strength due to the con-
tribution of whiskers was not obtained because of arbi-
trary orientation of the whiskers.

Multistage powder technologies are not profitable
for mass production of complex parts such as GTE
blades. Therefore, great hopes are pinned on single-
stage technologies for manufacturing complex parts
from such alloys, for example, additive technologies.
Over the past two years, several articles have appeared
which describe the process of making powders of the
Mo—Si—B-TiC alloy followed by laser synthesis of
the resulting powders.

In [40], a method for producing powders in two
stages is described. At first, the alloy ingot is melted by
the VAM method and then controlled crushing is car-
ried out in high-energy planetary mills. The shape
change of the powder particles, their phase composi-
tion, and the size distribution of the powder particles
in the process of crushing were investigated. In addi-
tion, the influence of the crushing parameters on
compaction, microstructure, and mechanical proper-
ties of the alloy was studied. The phase composition of
the alloy was determined, which consisted of Mo solid
solution, MosSiB, silicide, and Mo,C and TiC car-
bides. Compared to cast alloy, the synthesized alloy
had a more uniform fine-grained structure, but a
lower Vickers hardness.

For the first time, for laser deposition, the suitabil-
ity of a powder close in composition to the ternary
eutectic Mo—13.5Si—7.5B and obtained by gas spray-
ing was determined [41, 42]. The composition of par-
ticles, size distribution, their sphericity, state of the

INORGANIC MATERIALS: APPLIED RESEARCH  Vol. 12

871

surface, and impurities were studied. The microstruc-
ture of the sample and its phase composition were
investigated: primary precipitates aMo, binary eutec-
tic Mo;Si + MosSiB,, and ternary eutectic Mo +
Mo;Si + MosSiB,. High porosity was observed.

An original method of using carbon nanotubes for
the in situ synthesis of TiC—Mo composite by laser
powder deposition is described in [43]. Carbon nano-
tubes treated in nitric acid were dispersed together
with MoTiAl powder with formation of heteroagglom-
eration under the impact of electrostatic attraction.
During laser spraying, carbon nanotubes react with
titanium atoms and are completely converted into TiC
carbide. Titanium carbide had two morphologies,
small-spherical and dendritic, and formed a tight con-
tact with the matrix. Composites obtained by this
method possessed increased hardness.

Molybdenum alloy of composition Mo—8.5Si—
5.6B (at %), which had dendritic structure oMo, was
obtained by the laser method and two-phase mixture
MosSi; (T,) + MosSiB, (T,) was found in interden-
drite space instead of the expected two-phase mixture
Mo;Si + MosSiB, [44]. Such a nonequilibrium structure
was retained after annealing at 1200°C for 200 h. The
authors explain formation of a nonequilibrium structure
by strong supercooling of the melt during laser sintering.
Introduction of dispersed La,O; particles increased frac-

ture resistance of the alloy to 18 MPa m'/2.

CHEMICAL AND PHASE COMPOSITIONS
OF ALLOYS. MICROSTRUCTURE

Compared to nickel heat-resistant alloys, the alloy-
ing complex of molybdenum alloys MoSiBTiC is
much simpler and does not contain scarce and expen-
sive elements such as rhenium and ruthenium. The
chemical composition of MoSiBTiC alloys is pre-
sented in Table 3.

The following phases were found in the cast struc-
ture of the molybdenum alloy of generation I: solid
solution atMo, silicide MosSiB, (T,), and carbides
(Mo, Ti),C and (Ti, Mo)C, as well as two-component
and three-phase eutectic components Mo + (Ti,
Mo)C, Mo + (Ti, Mo)C + T,, Mo + (Mo, Ti),C + T,.
During high-temperature annealing at 1800°C for 24 h,
metastable carbide (Mo, Ti),C is decomposed into
oMo and (Ti, Mo)C, and after homogenization, the
number of phases is reduced to three at the following
ratio: oMo = 46%, T, = 36%, and (Ti, Mo)C = 18% [45].
In the same article, the orientation relation between
molybdenum and silicides T, as well as between
molybdenum and carbides (Ti, Mo)C is determined:

{110}y1,//(001),, (111),, //(11 1>T2 ,
{1 TO}Mo//{1 1 1}(Ti,M0)CX! <1 1 1>MO//<1 10>(T1,M0)CX .
Figure 6 shows the 3D SEM microstructure of the
first generation of MoSiBTiC molybdenum alloy,
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which illustrates the morphology and approximate
volume ratio of alloy phase components—oMo solid
solution, TiC carbides, and MosSiB, (T,) silicides.

The chemical and phase composition of the second
generation of MoSiBTiC alloys differs from the first
generation in the presence of chromium, a higher con-
tent of titanium and silicon, and the appearance of a
new silicide phase TisSi;. As a result of the optimiza-
tion of the composition of the second generation
alloys, they possess lower density and accordingly
higher specific strength. The second generation alloys
contain 4 phases—aMo, silicides Mo;SiB, (T,), a new
phase Ti;Si;, and TiC carbides. Formation of titanium
silicide TisSi; increased the resources of silicon in the
microstructure and as a consequence high-tempera-
ture heat resistance, and doping with chromium
increased the resistance to oxidation at temperature of
800°C owing to formation of a protective layer of chro-
mium oxide [46].

In alloyed systems Mo—Si—B—X, where X is TiC,
SiC, La,0;, Zr, combined hardening is realized: solid
phase hardening of oMo, intermetallic silicide
MosSiB, (T,), and rare earth metals dispersed with car-
bides or rare oxides. Alloyed multiphase MoSiBTiC
alloys are characterized by a varied structure of inter-
faces between different phases. Therefore, when ana-
lyzing the mechanical properties and studying the
mechanisms of destruction of alloys, it is important to
know the structure of the interfaces between the solid
solution of molybdenum, silicides, and various car-
bide phases. In [47], the atomic structure of stepwise
interface aMo—(Ti, Mo)C—(Mo, Ti),C was investi-
gated by direct resolution TEM and it was shown that
the interphase boundaries are consistent.
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Fig. 6. 3D SEM microstructure of alloy MoSiBTiC of I
generation.

MECHANICAL PROPERTIES
OF MoSiBTiC ALLOYS

Elastic Moduli and Short-Term Mechanical Properties

Borosilicate alloys of molybdenum hardened with
titanium carbides were developed as structural materi-
als with consistently high mechanical properties in a
wide temperature range. Presently, it has been reliably
established that the strength of alloys significantly
depends on the values of the elastic moduli, which are
used in computing the structural strength of various
parts. The elastic moduli of the Mo—8.9Si—7.7B alloy

Table 3. Systems of alloying of molybdenum alloys Mo—Si—B—TiC and NHRA

Chemical composition, at % Tes | s
No. Alloy Alloying system Phase composition mele ;
Mo|Si| B |Ti| C |Cr C |g/em
1 |[Mo I generation | Mo—Si—B—TiC 65| 5 (10|10] 10| — aMo + T, + (Ti,Mo)C 1920 | 8.8
2 | Mo Il generation| Mo—Si—B—TiC—Cr [ 36 | 14 | 6 |28 | 6 | 10 | aMo + T, + TisSi; + (Ti,Mo)C| 1920 | 7.1
Mono NHRA Ni—Al-Cr—Mo—W-—
== =1]=1= >
3 of generation V. | Ta—Co—Re—Ru Y 1370 1 29

Table 4. Elastic moduli of alloy Mo—12Si—8.5B in the range of 24—1200°

Temperature, 7, °C | Young’s modulus £, GPa | Shear modulus G, GPa | Volume modulus B, GPa | Poisson coefficient, v
24 325 125 252 0.285
300 313 121 248 0.289
600 298 115 241 0.294
900 284 109 241 0.304
1200 269 102 239 0.312
INORGANIC MATERIALS: APPLIED RESEARCH  Vol. 12 No. 4 2021
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Table 5. Temperature dependence of alloy Mo—8.9Si—7.7B

873

State Temperature, 7, °C Creep limit, 6, ,, MPa | Tensile strength, c,, MPa Elongation €, %
538 — 412 0
HIP 816 - 423 0
1093 — 424 0
1200 335 450 7.3
538 — 639 0
Extrusion 816 — 677 0
1093 666 722 21.5

were computed by the finite element method and
experimentally determined by the resonance method
[48]. The numerical values of these modules at differ-
ent temperatures are presented in Table 4.

The tensile strength properties of the Mo—8.9Si—
7.7B alloy in the temperature range of 538—1200°C in
vacuum are presented in Table 5 [49].

The graph (Fig. 7) shows the average values of the
ultimate strength oy, yield 6,,, and elongation € of
samples of the same alloy at various temperatures up
to 1600°C. Samples 15 and 3 mm in diameter fractured
in a brittle manner below 1100°C, and at 1200°C,
elongation at fracture was 5%. Consequently, the brit-
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Fig. 7. Temperature dependence of strength of molybde-
num alloy and NHRA: (a) molybdenum alloy Mo—8.9Si—
7.7B; (b) NHRA; (1) tensile strength; (2) elongation;
(3) tensile strength of Mo—8.9Si—7.7B.
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tle—ductile fracture transition temperature is in the
range of 1150—1200°C. Increase in temperature
beyond the upper limit causes significant elongation
with simultaneous decrease in the ultimate strength
and yield strength [50].

For comparison, Fig. 7b shows the graphs of tem-
perature dependence of strength and plasticity of
NHRA single crystals in [001] orientation and Mo—
8.95i—7.7V molybdenum alloy. It can be seen that
above 1150°C, the molybdenum alloy is stronger than
NHRA single crystals.

Long-Term Strength and Creep

The long-term strength of MoSiBTiC alloys at high
temperatures, in particular, high-temperature creep
under tension, was investigated in more detail [5]1—
54]. Figure 8 presents the creep curves of 65Mo—5Si—
10V=10TiC molybdenum alloy of the first generation
in coordinates of creep strain—time € = f(T) at tem-
peratures of 1400, 1500, and 1600°C in vacuum [51].

Table 6 shows numerical values of the long-term
strength of some cast heat-resistant alloys based on
nickel, niobium, and molybdenum. Analysis of the
data in the table allows making the following conclu-
sions:

(1) Molybdenum alloys have a simple alloying sys-
tem and do not contain heavy and expensive alloying
elements such as rhenium and ruthenium.

(2) The density of molybdenum alloys is equal to
that of NHRA of the last generation, but higher than
the density of VKNA and alloys of Nb—Si system.

(3) At high temperatures, the heat resistance of
molybdenum alloys significantly surpasses the known
NHRA with satisfactory long-term ductility. A clear
advantage of molybdenum alloys in comparison with
single crystals of NHRA of the last generation follows
from consideration of the Larsen—Miller parametric
dependence (Fig. 9). At large values of the Larsen—
Miller parameters LMP (high temperatures and long
service lives), the heat resistance of polycrystalline
molybdenum alloys significantly exceeds that of sin-
gle-crystal NHRA VZhM-4. Unfortunately, in the
region of low LMP values, i.e., at medium tempera-
tures, there are no experimental data for molybdenum
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Fig. 8. Creep curves of alloy 65Mo—5Si—10B—10TiC at temperatures of 1400 (a), 1500 (b), and 1600°C (c¢) and stresses in the

range of 100—300 MPa.

alloys. Therefore, we will use the conditional assump-
tion that, in the range of temperatures of 538—1200°C
and the ultimate strength of alloy of =412—450 MPa
(see Table 5), the fatigue life of the alloy is 0.1 h [55].
Then Larsen—Miller curve for the molybdenum alloy
can be extrapolated to small values of the parameters
LMP (see the last four points on the graph in Fig. 9).
It can be seen that the curves intersect: to the right of
the intersection point, the heat resistance of
MoSiBTiC molybdenum alloy exceeds that for single
crystals of NHRA VZhM-4 and to the left of the inter-
section point, on the contrary, NHRA single crystals
have a higher heat resistance.

For a phenomenological description of the process
of high-temperature creep of the alloy, we used the
known dependence of the minimum creep rate € on
stresses ¢ and temperature T:

_0

¢ = Aoc"e *7,
where the power exponent » = 3 and activation energy
at the minimum creep rate is Q = 550 kJ/mol. In Table 7,

these values are compared with the published data for
pure Mo and molybdenum alloys after tests for creep

under tension and compression and with a constant
strain rate, as well as data on self-diffusion of molyb-
denum. It can be seen that there is a very large scatter
in the creep activation energy of 318—740 kJ/mol
depending on the composition of alloys, type of test-
ing, and the temperature range. The value of the acti-
vation energy of 550 kJ/mol determined in this article
coincides with the data for tension and compression of
560 kJ/mol (see rows 6 and 7 in Table 7) and exceeds
the activation energy of self-diffusion of molybdenum,
which is equal to 460 kJ/mol.

As for the constant #n, the table values change in a
smaller range of 2—5.5 and the article gives the value
n = 3. Presently, it is believed that » has no definite
physical meaning, although it was previously associ-
ated with the dislocation mechanism of the stationary
stage of creep due to viscous motion of dislocations.

The minimum creep rate determined in the article
should not be interpreted as a stationary creep rate, at
which there is a dynamic equilibrium between strain
hardening and thermal softening (constant dislocation
substructure).

During high-temperature creep of MoSiBTiC
molybdenum alloys, formation and growth of defor-

Table 6. Comparative heat-resistant properties of Ni, Nb, and Mo alloys

T
Grade ) Density, . Long-term strength 6;, MPa,
No. of alloy Alloying system Structure o/em’ Tertr °C where T'is temperature, °C;
Tistime, h
Ni—Al-Cr—Mo—W-Ta— .

1 |VZhM-4 Co— Re—Ru Single crystal | 8.9 1370 | 5100° = 170; 600" = 120; o100” = 55

2 | BKHA-1B | Ni—Al-Cr—Mo—W-Ti Single crystal | 7.94 ~1370 | 5}20 =55

3 |Nb—Si Nb—Si—Hf—Al-Cr—Mo-Ti | Directed 7.5 1750 | 6%’ =100

1350 _ 170y, <1400 _ 147, 1100 _
4 [Mo-Si |Mo—Si—B-TiC Equiaxial | 8.8-8.9 | 1900 |9750 = 170; G4o0 = 137; G199 = 400
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Fig. 9. Larsen—M iller curves of NHRA VZhM-4 monocrys-
tals and molybdenum alloy 65Mo—5Si—10B—10TiC of I gen-
eration.

mation pores, which are the source of nucleation of
microcracks and their subsequent consolidation into a
main crack, were found. In this article, an unusual
experimental result was obtained, which consists in
the fact that the long-term ductility of molybdenum
alloys increases with a decrease in the applied stress,
while it can reach 70%, as follows from Fig. 10. As a
rule, an inverse relationship takes place in cast nickel
heat-resistant alloys: long-term ductility increases
with growth of stress.

As for the atomic mechanisms of creep and fracture
of molybdenum alloys at ultrahigh temperatures of
1300—1600°C, presently there are no sufficiently con-
vincing experimental data confirming a particular pro-
posed mechanism. The authors of article [56] propose
two mechanisms of creep of molybdenum alloys.
Since formation of porosity is observed, it is reason-
able to assume that grain-boundary diffusion plays a
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Fig. 10. The influence of the applied stress on creep frac-
ture strain.

role in the ultra-high-temperature creep of the
MoSiBTiC alloy; however, the power exponent n = 3
indicates that creep occurs not only according to
Coble mechanism. The high values of long-term plas-
ticity can be explained by interfacial slip along the
Mo/T, and Mo/(Ti, Mo)C interfaces as well as by the

dynamic return and recrystallization of molybdenum.

FRACTURE VISCOSITY

Analysis of short-term mechanical properties
implies that molybdenum alloys MoSiBTiC are brittle

Table 7. Values of exponent # and activation energy Q of creep of molybdenum alloys Mo—Si—B*

No. Year Alloy Type of test | Temperature, °C | Exponent, #|Q, kJ/mol
1 1979 | Mo Stretching 2000—-2500 — 214
2 2001 |Mo—9.4Si—13.8B *k 1400—1450 2.8 740

3 2007 | Mo ok 1340—1540 5.0 234246
4 2007 |Mo—8.9Si—7.7B Compression 1050—1315 2.0 444
5 2010 | Mo—3Si—1.3B Stretching 1000—1300 5.5 360
6 2014 | M0o—9Si—8B—2Zr Mo—9Si—8B—4Zr Stretching 1100—1250 3.0 228
7 2014 | Mo—12.5Si—8.5B—27.5Ti M0o—9Si—8B—29Ti | Compression 1200—1300 3—4 ggg
8 2014 |Mo—17.5 Si—8B Compression 1093—1400 3.4-4.4 391
2016 | Mo—17.5Si—10B Compression 1093—1400 3—4.5 318
10 1979 | Mo Self-diffusion 1087—2500 — 460

* References to literature sources can be found in article [50].
** Constant strain rate tensile tests.
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Fig. 11. Dependence of coefficient of fracture viscosity K
at 20°C on volume fraction of molybdenum.

up to a temperature of 1100°C. For the analysis of the
mechanical properties of brittle alloys, an important
engineering characteristic is crack resistance or frac-
ture resistance. In the review article “Mo—Si—B
Alloys for Ultra-High Temperature Structural Appli-
cation” by Lemberg and Ritchie [10], a table is given
in which more than 50 values of fracture toughness
parameters are listed for alloys of the system Mo—Si—
B, tested by three- or four-point bending or stretching
of compact specimens with chevron notches. The val-
ues of the parameter K, vary within a wide range from

4.1 to 35 MPa m'/? in the temperature range of 25—

(@)

-

1400°C. This indicates a significant dependence of the
parameter K, on numerous factors such as the chemi-
cal and phase composition of alloys, their production
technology, heat treatment, shape and geometric
dimensions of samples and notches, test methods, and
computation techniques.

A team of Japanese authors led by Professor Kiyo-
suki Yoshimi investigated the effect of microstructure
on fracture resistance at room temperature of MoSiB
alloys additionally doped with titanium carbides TiC
or zirconium carbides ZrC [57, 58]. Alloys of three
dissimilar compositions with different content of
phase components (Mo, T, phases, titanium and zir-
conium carbides) were obtained by the standard VAM
method followed by annealing at 1800°C for 24 h. The
tests were carried out by the method of four- or three-
point bending of specimens with chevron cut. The
fracture resistance was computed either by standard
methods according to ASTM C1421-10 or by the
Irwin criterion. For the alloy doped with titanium car-
bide TiC, the maximum value of fracture resistance
according to Irwin was K, = 15.2 MPa m'/2, and for
the alloy doped with zirconium carbide, K, = 20.3
MPa m'/2. The results of these articles allowed making
the following conclusions. Firstly, the fracture resis-
tance at room temperature increases in proportion to
the increase in the volume fraction of plastic molybde-
num in the alloy, as can be seen in Fig. 11. On the con-
trary, a high volumetric content of the brittle T, phase
in the alloy causes a decrease in K.

Secondly, the nature of the topological connectivity
of phases is of great importance. Solid solution cxMo
increases the fracture resistance K, if it is a topologically
simply connected matrix, as shown in Fig. 12a, where
particles of the brittle hardening T, phase are dis-
persed in a plastic solid solution of molybdenum. Oth-
erwise, when the brittle T, phase is a simply connected

Viscous phase

(b)

Fragile phase

Fig. 12. Structure diagram of alloy Mo—Si—B—TiC: (a) plastic Mo, in which fragile T, phase is dispersed; (b) fragile T, phase,

in which particles of Mo are dispersed.
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Fig. 13. Kinetic curves of oxidation of alloys Mo—12Si—xB at temperature of 1000°C.

matrix in which plastic particles of Mo are dispersed
(see Fig. 12b), the latter does not have a positive effect
on the increase in fracture resistance.

Various mechanisms of the influence of titanium
and zirconium carbides on fracture processes are con-
sidered, in particular, stopping of microcracks,
branching of cracks, and delamination of interphase
surfaces [59, 60].

A similar character of crack resistance was
observed by the authors of [61, 62] in composite mate-
rials based on the Si—B—C—Mo system consisting of
alternating layers of high-temperature ceramic com-
pounds and molybdenum obtained by spark plasma
sintering.

OXIDATION RESISTANCE
OF ALLOYS Mo—Si—B-TiC

Oxidation resistance is one of the most important
properties of structural alloys designed for high tem-
perature service. Oxidation of molybdenum begins at
temperature of about 300°C, and at temperatures
above 700°C, oxidation occurs with formation of vol-
atile oxide MoO; in the form of white smoke and pro-
ceeds so quickly that the practical use of molybdenum
products under conditions of increased temperature is
impossible without protective coatings [63, 64]. Com-
mercial alloys have nearly the same low oxidation
resistance as pure molybdenum.

The increase in oxidation resistance of molybde-
num alloys is carried out by methods well known in
materials science, namely, by macroalloying with such
elements as Ti, B, Cr, and Zr, by microalloying mainly
with rare earth elements (REM), and by creating and
applying protective coatings.

First, let us consider the effect of macroalloying on
heat resistance of MoSiB molybdenum alloys. To
increase the resistance to oxidation, boron doping is

INORGANIC MATERIALS: APPLIED RESEARCH  Vol. 12

used, which together with Si contributes to the forma-
tion of a protective glassy layer. The effect of boron
content on the oxidation resistance of Mo—Si—xB
alloys, where x =5, 8.5, 17 at % (Fig. 13), was investi-
gated in [65]. The alloy with the lowest boron content
had the greatest weight loss at the initial stage of oxi-
dation. Studies of the microstructure together with the
analysis of oxidation curves showed that, at high boron
content, the viscosity of borosilicate scale significantly
decreases, and at the stage of stable oxidation, a con-
tinuous protective glassy coating is formed. It is known
that addition of La,O; particles to the alloy has a pos-
itive effect on resistance to oxidation. In this case, lan-
thanum oxides act as a blocking phase and can prevent
penetration of gas bubbles of MoO; oxide through the
glass silicate layer.

The first generation MoSiBTiC alloys possess high
mechanical properties, but have low resistance to oxi-
dation owing to the low silicon concentration of =5 at %.
Therefore, modernization of this alloy primarily con-
sisted in increasing the heat resistance without deteri-
orating the mechanical properties. This was done,
firstly, by optimizing the chemical and phase compo-
sition of the alloy and, secondly, by alloying with chro-
mium to improve the heat resistance at medium tem-
peratures.

Obviously, in order to increase the heat resistance,
it is necessary to decrease the Mo content and to
increase the concentrations of silicon and titanium. In
[66, 67], an alloy of the composition 38Mo—17Si—
5B—20Ti—10TiC was investigated, in which the con-
centration of Ti was increased, and therefore it con-
tained a new phase TisSi; along with silicides MosSiB,
and Mo;Si as well as TiC carbides. The authors stud-
ied the nature of oxidation at 1100 and 1300°C in an
atmosphere of a mixture of oxygen and argon gases at
the partial pressure ratio pg, / Par = 0.25. Under these
conditions, the formed oxide layer consisted of crys-
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talline TiO, and amorphous SiO,. Microstructure
studies showed that T, and TisSi; interlayers serve as
barriers to the oxidation process. It was found that the
oxidation resistance is improved by applying high-
temperature deformation. Figure 14 shows curves of
oxidation at 1100 and 1300°C of thermally treated
samples before and after deformation.

An increase in heat resistance is facilitated by alloy-
ing alloys with zirconium borides ZrB,, which are
widely used in ceramic composites SiC to increase
oxidation resistance, increasing the stability and resis-
tance of the glassy SiO, layer. Studies [68] showed that
the fluidity of borosilicate glass is controlled by the
presence of zirconium boride ZrB,. At the initial stage
of oxidation, zirconium boride promotes rapid spread-
ing of the Si0, oxide layer over the entire surface and
subsequent passivation at the next stage. Zirconium,
as the most important glass-forming element,
improves the passivation of vitreous scale and reduces
the oxygen diffusion coefficient by increasing the vis-
cosity.

The results of a detailed study of the effect of 2 at %
zirconium on the microstructure, hardness, and iso-
thermal and nonisothermal heat resistance of alloys
76Mo—14Si—10B (at %) and 79.5Mo—12Si-8.5B (at %)
obtained by arc melting and spark plasma sintering are
presented in article [69]. The alloys contained three
phases: Mo, MosSiB,, and Mo;Si; and as a result of
the refining action of zirconium, dispersed particles of
the ZrO, phase were found in the structure. In the
course of isothermal oxidation in the temperature
range of 800—1300°C, a sharp initial decrease in the
mass of the samples due to the evaporation of volatile
oxides of MoO; was found. Oxides B,0O; + SiO,,
MoO,, and Mo were found in the scale of all alloys,
and zirconium oxides ZrO,, ZrSiO,, and Zr(MoQ,),
were additionally found in Zr-containing alloys. The
greatest decrease in weight loss of the samples is
observed during oxidation of Zr-containing alloys at
800°C owing to transformation of MoOj into the non-
volatile Zr(MoQO,), phase.

Alloying with tungsten favorably affects the oxida-
tion resistance of MoSiB alloys in the temperature
range of 1000—1300°C, and the effectiveness of the
impact increases with growth of temperature [70]. It
was found that, in the uncoated alloy, a significant
weight loss was observed upon exposure at 1000°C,
which was associated with the presence of WO; oxide,
which destroys the borosilicate layer. However, at
1300°C, nonvolatile oxide WO, promotes formation of
a continuous borosilicate layer. Low resistance to oxi-
dation at lower temperatures was associated with unfa-
vorable oxidation of Mo and W in combination with
slow growth of the borosilicate layer.

The increase in high-temperature heat resistance
by changing the chemical and phase composition of
MoSiB alloys has a limited scope. A more radical way
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Fig. 14. Curves of oxidation at 1100 and 1300°C of ther-
mally processed samples before and after deformation.

is to develop compositions and methods for applying
protective coatings to form a boron silicate layer.

There is extensive literature devoted to the develop-
ment of protective coatings and methods of their
application to molybdenum and its alloys. The review
article “Silicide Coatings on Molybdenum: Prepara-
tion, Structure, Properties” [71] describes the current
state of research on the structure and properties of sil-
icide coatings, as well as methods of their formation,
including diffusion siliciding of molybdenum from
powder media. This article analyzes the latest articles
related to the study of heat resistance of molybdenum
alloys of the Mo—Si—B and Mo—Si—B—TiC systems,
as well as silicide protective coatings in oxidizing envi-
ronments and their ability to passivate the surface
owing to the formation of oxide films. The quality of
this film, its continuity, density, low oxygen diffusion
coefficient, and self-healing ability determine the pro-
tective properties of silicide coatings.

The method of applying such coatings is also essen-
tial. When forming silicide coatings on high-melting
metals, thermochemical methods are most often used,
among which gas-phase siliciding can be distin-
guished.

On Mo—3Si—1B alloys, protective coatings are
applied by batch cementation—chemical gas deposi-
tion using powder mixtures of various compositions.
For example, in [72], powder mixtures of the following
composition are used: 35Si—1B (wt %) or 20Si—1B
(wt %), filler powder Al,O5, halogen activator NaF or
NH,CI. Sometimes a layer of pure molybdenum is
preliminarily applied to the surface of the alloy. Batch
cementation (Si—B) is carried out in corundum tubu-
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Fig. 15. Microstructure of the coating on substrate of Mo—
3Si—1B after pack cementation: (a) 1000°C for 12 h;
(b) 1100°C for 48 h [73].
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Fig. 16. Change in mass of alloy samples with coating and
without it during isothermal oxidation at temperature of
1400°C [73].

lar furnaces at temperature of 1000—1100°C for 12—48 h
in an argon atmosphere. After cementation, annealing
is carried out in the temperature range of 1200—
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1400°C for 30—10 h to form the required coating
microstructure. Aluminoborosilicate coatings applied
by batch cementation to the surface of Mo—3Si—1B
alloys protect not only from high-temperature oxida-
tion but also from the effects of water vapor, hot cor-
rosion, and thermocyclic oxidation, as well as from the
effects of surface fluxes.

A series of articles by South Korean authors is devoted
to the study of oxidation kinetics of Mo—3Si—1B alloys
with protective coatings obtained by batch cementation
with other compositions of powder mixtures [73—75].
Batch cementation of the Mo—3Si—1B alloy was carried
out in a mixture of powders of the following composition,
wt %: 30 Si; 65 Al,O;; 5 activator NaF [73].

Figure 15 shows the microstructure of the coating
after alloy cementation in two modes: 1000°C for 12 h
and 1100°C for 48 h. In the first mode, the outer layer of
molybdenum disilicide MoSi, has a thickness of =18 um.
In the second mode, this layer grows to =58 um, then
an interlayer of molybdenum boride MW with a thick-
ness of 6.5 wm is formed, and next the substrate of the
Mo—3Si—1B alloy follows.

Kinetic curves of isothermal oxidation of the Mo—
3Si—1B alloy with the deposited coating according to
the second regime and the alloy without the coating
are shown in Fig. 16. The protective effect of the coat-
ing is clearly manifested in the oxidation process at
temperature of 1400°C for 40 h, mainly owing to the
presence of an intermediate MoB layer between the
surface layer of MoSi, and the substrate.

It is important to note the self-healing property of
silicide protective coatings on molybdenum alloys of
the Mo—Si—B system at high temperatures. Owing to
the peculiarities of the transformation characteristics
in the Mo—Si—B system, cracks and scratches on the
outer MoSi, layer can self-heal by B atoms from the
MoB sublayer, leading to the restoration of the charac-
teristics. Self-healing methods for microcracks in
matrices are widely used in polymer composite mate-
rials in order to increase resistance to shock loads and
crack resistance [73].

The same group of authors investigated the heat
resistance at temperatures of 800 and 1300°C of this
alloy with coatings obtained by batch cementation
(Si + Al) of other powder compositions: 10Si—10Al—
SNH,CI (wt %) [76]. Figure 17 shows kinetic curves of
oxidation at the indicated temperatures.

As can be seen, the mass of uncoated specimens
sharply decreased by =62% after oxidation at 1300°C
in 5 h, while the mass of specimens with a coating after
oxidation at 800 and 1300°C for 48 h of testing hardly
changed; it even slightly increased owing to the forma-
tion of a surface film of Al,O;, which prevented the
evaporation of the volatile oxide MoO;.

Figure 18 shows a diagram of the structure of protec-
tive coatings obtained by batch cementation (Si + Al)
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Fig. 17. Change in mass of samples of alloy Mo—3Si—1B with coating and without it during isothermal oxidation at temperatures

of 800 and 1300°C [75].
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Fig. 18. Diagram of the formation of the structure of protective coatings obtained by batch cementation (Si + Al) after oxidation

of alloy at 800 and 1300°C [75].

before and after oxidation of the alloy at 800 and
1300°C.

In the protective coating obtained by batch cemen-
tation (Si + Al), the aluminum-rich Mo,;Alg phase was
formed in the two-phase layer and the protective Mo
(Si, Al), layer was formed on the outer surface. In an
oxidizing atmosphere at 800 and 1300°C, the rate of
diffusion of Al atoms will be higher than that of Si
atoms and therefore heat-resistant oxide Al,O; will be
formed on the surface. As noted earlier, after batch
cementing (Si + B), the heat-resistant oxide of molyb-
denum disilicide MoSi, is formed on the outer surface
of the protective coating of the same Mo—3Si—1B
alloy (see Fig. 15).

CONCLUSIONS

Comparative analysis of level of properties of heat-
resistant molybdenum alloys MoSiBTiC and single

INORGANIC MATERIALS: APPLIED RESEARCH  Vol. 12

crystals of nickel heat-resistant alloys of the latest gen-
erations allows us to make the following conclusions.

The alloying complex of molybdenum alloys is
more economical in comparison with nickel alloys for
casting monocrystalline blades and does not contain
heavy and expensive elements such as rhenium and
ruthenium. In terms of density, these alloys do not dif-
fer. The solidus temperature of MoSiBTiC alloys is
equal to =2000°C and is 650°C higher than that of the
cast NHRA.

Heat-resistant nickel alloys are melted in vacuum
induction furnaces and single-crystal blades are pro-
duced by precision casting in directional crystalliza-
tion units. MoSiBTiC alloys with polycrystalline
structure are made by VAM or powder metallurgy
methods.

Young’s modulus £ of MoSiBTiC alloys varies
within 325—270 GPa in the temperature range of 24—
1200°C, which significantly exceeds the change in
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Young’s modulus of 140—90 GPa of single crystals of
nickel alloys in [001] orientation at the same tempera-
tures.

Table 5 and Fig. 8b imply that the tensile strength
of samples of molybdenum alloy of composition Mo—
8.9Si—7.7B is significantly inferior to the strength of
single crystals [001] of NHRA up to temperature of
1150°C, and above this temperature, the dependence
isinverse. These data refer to the ternary system. It can
be assumed that carbide hardening will slightly increase
the strength of MoSiBTiC alloys, but the quality ratio
will remain the same. Up to the brittle—ductile transi-
tion temperature, molybdenum alloy does not exhibit
ductility. It is pertinent to note that a similar tempera-
ture dependence of strength is observed upon in situ
tension of Nb—Si composites: up to 1150°C, NHRA
single crystals are much stronger than composites, and
in the range 1150—1400°C, composites are two times
stronger than single crystals [77].

According to some estimates [78], the fracture
resistance of materials for static parts of gas turbine
engines should be at least 15 MPa m'/2, and for rotor
parts, at least 20 MPa m!/2. The data given in the arti-
cle for the molybdenum alloy MoSiBTiC fit into this
interval K, = 15-20 MPa m'/.

As for 100-hour long-term strength of MoSiBTiC

.. 1100
alloys, at temperature of 1100°C, it is equal to G,y =

400 MPa and is more than two times higher than the
high-temperature strength of single crystals of NHRA

01580 = 170 MPa. At higher temperatures, the advan-

tage of MoSiBTiC alloys is even greater. However, at
temperatures below 950—1000°C, MoSiBTiC molyb-
denum alloys are inferior to NHRA single crystals in
long-term and short-term strength.

Long-term performance of molybdenum heat-
resistant alloys in oxidizing environments at increased
temperatures is possible only when creating and using
protective coatings. For molybdenum alloys, coatings
must operate not only at temperatures above 1200°C
but also at average temperatures of =800°C. The cur-
rently developed methods of batch cementing make it
possible to apply aluminoborosilicate coatings, which
are able to protect MoSiBTiC alloys from oxidation at
temperatures of 800 and 1300°C for up to 50 h. A fea-
ture of such coatings is the ability to self-heal emerging
microcracks and restore protective characteristics.
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