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Synthesis and Properties of In-situ MoSi. / W composites
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Abstract MoSi, / W composites were fabricated by vacuum hot press at 1600C under 30MPa for 3 hrs. The effects of
the amount of tungsten in the composites was explained in terms of the microstructure and mechanical properties.
Although tungsten was mainly substituted to Mo atoms forming a complete solid solution of (Mo.W),Si, (x=1,5, y=2,
3), the grain size of composites became smaller with the increase of tungsten added. Vickers hardness was increased
with the increase of tungsten content due to the solid-solution hardening. On the other hand, toughness of composites
decreased sharply by increasing the amount of tungsten. Optimum tungsten amount was determined to be a 10 vol%
of composite. Indentation fracture toughness was calculated to be 4.5 MPa Jm in this composites, compared with 2.7

MPa {m in pure MoSi,.

1. Introduction

Intermetallics are much interested in the use of next
generation high-temperature structural materials due
to the high melting temperature, low density and good
corrosion resistance. Among intermetallics, MoSi; is
one of best candidates for the application in high tem-
perature materials. It has a high melting temperature of
20307, a density of 6.31g/cm® and has an excellent
high temperature oxygen resistance due to the forma-
tion of a surface coating of SiO, upon reaction with oxy-
gen in the atmosphere.'”* An additional advantage of
MoSi, materials is that it is ductile at the operational
temperature,” as opposed to other competing structural
materials. However, Monolithic MoSi, is not acceptable
as a structural materials for engine applications be-
cause of its room temperature brittleness and low-tem-
perature strength. Regarding the environmental stabili-
ty, MoSi. exhibits an excellent resistance to oxidation,
equivalent to that of SiC. This is proved by the success-
ful utilization of MoSi; as heating elements capable of

operating in air, at the temperature of 1800°C. In par-
ticular, the best grade of MoSi. heating element, com-
mercially known “Kanthal Super” is able to be operated
up to 1900°C.*

MoSi; has been synthesized by various methods such
casting,
alloying, sintering, SHS (Self-propagating High temper-
ature Synthesis) and hot pressing.”'?

RHC (Reactive Hot Compaction) combines SHS with
the application of pressure

as conventional arc-melting, mechanical

in order to increase
densification." ' The powders are blended, cold com-
pacted, uniformly heated within a die to the reaction
temperature under pressure. The exothermic reaction
of the elemental powders initiates simultaneously at
several sites through the compact. The reaction rate
and product density depend on size and shape of reac-
tant powders, compact green density, heating rate, ap-
plied pressure and processing atmosphere. RHC has
been used previously by Doty et. al'*'® to develop MoSi.,
composites. These composites exhibited higher fracture
toughness than those synthesized using conventional
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techniques.

SHS was used by soviet researchers almost thirty
years ago.'” The advantages of this process are numer-
ous : high purity of products, low energy consumption,
wide range of possible products and formation of near
net shape structures.

In an attempt to improve mechanical properties of
the MoSi,, the reinforcement of MoSi; by compositing
with SiC,'®~% ZrQ, particles,” %" and Nb fibers shows
promising results.?

Efforts in the alloying of Molybdenum disilicide have
included both substitutional and interstitial additions.
Among the substitutional, tungsten and rhenium has
been studied the most extensively. Substitutional
alloying additions have been explored as a means of
providing better mechanical properties as well as oxida-
tion resistance on the basis of solid solution strengthen-
ing and altered crystal structure. Both Mo and W have
b.c.c. structures with lattice constants a. of 0.3147 and
0.3165 nm and atomic radius of 0.201 and 0.202 nm
respectively. Alloying MoSi, with W leads to complete
solid solution strengthening is expected. WSi; has a
high melting point (2160C)
resistance.

In this study, the monolithic MoSi; and MoSi; - W
composites were fabricated using reactive hot compac-

and good oxidation

tion in a vacuum atmosphere. The microstructure and
properties of these materials were comparatively char-
acterized and solid solution hardening effects of tung-
sten powder in the composites were evaluated.

2. Experimental Procedure

The samples used in this study were fabricated by re-
active hot compaction(RHC). The starting materials
for hot pressing are MoSi: (99.9% pure, -325mesh,
Johnson Mattey) and W powder (39.9% pure, 2-3zm,
Ceramic Co.). For comparison, the powders were mixed
in the specified proportions for 3 hours using a ball mill.
The powder was initially loaded in the dies appling low
pressure to maintain a sufficient open porosity. The
samples were then vacuum hot pressed at 300MPa in a
boron nitride coated graphite die. The powder compact-
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ed were the heated 1600°C at the rate 30'C/min. and
held at this temperature for three hour.

Specimens for microstructural characterization and
vickers indentation measurements were cutting by
EDM (Electro Discharge Machine), ground and polished
by 1m diamond suspension. The phase analysis of the
samples was carried out using a Philips ADP3720
diffractometer operated at 40kv and 30mA with Cu K.
radiation. The samples were examined by optical metal-
lography, SEM (Scanning Electron Microscopy, Jeol
6400) with an EDS (Energy Dispersive x-ray analysis
System)

Vickers microhardness indentations were made on
the surfaces of the samples polished to 1/m diamond
finish. The indentation loads spanned 7kg (68.6N) for
contact time of 15s, with a minimum of 4 indentations
per indent load per sample. The minimum indentation
loads were selected so as to achieve a minimum value 2
for the ratio of half penny crack radius(c) and half the
diagonal of the vickers impression, a requirement rec-
ommended in practice for toughness measurement by
indentation. The impression size and radical crack
length were carefully measured. The fracture tough-
ness (K¢) were calculated by using Anstis’ equations.’®
The Young’s modules of the composites were calculated
using literature values for MoSi.[440GPa) and WSi,
f471GPa) and assuming the rule of mixture behavior.
Table 1. Summarizes the processing parameters and the
nominal compositions of the alloys studied.

3. Results and Discussion

Phase analysis

In the MoSi; / WSi; system, x-ray diffraction analy-
sis also showed that single phase MoSi. - WSi; solid so-
lution was synthesis as a result of reactive hot compac-
tion.*” Fig. 1. shows the XRD patterns of MoSi. / W
composites for different additions of tungsten content.
MoSi; / W composites did not show the presence of any
unreacted tungsten in Fig. 1. Nevertheless, in the case
of the MoSi. / W system, the characteristic eutectic
alloy between the (Mo + W)Si, and (Mo - W)sSis was
observed. X -ray phase examination of the specimen

Table 1. Alloy designation and compositions of the alloys studied.

Alloy Designation Material Hot pressed Temperature(T) Holding Time
MWO Monolithic MoSi, 1600C 3hr.
MW1 MoSi; + 5vol.% W 1600TC 3hr.
MW2 MoSi; + 10vol.% W 1600TC 3hr.
MW3 MoSi; + 30vol.% W 1600C 3hr.
MW5 MoSi; + 50vol.% W 1600T 3hr.
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Fig. 1. X- ray diffraction patterns of MoSi. / W composites for
different additions of tungsten contents. {a) Monolithic MoSi,,
(b) MoSi; +5v0l.% W (c) MoSi. + 10vol.% W (d) MoSi. + 30vol.
% W (e) MoSi; + 50vol% W
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Fig. 2. X-ray diffraction patterns for the MW0, MW1, MW2,
MW3 and MW5 samples from 42 to 48 two theta.

suggests that the amount of (Mo - W);Si; formed in-
creased considerably with increasing of the tungsten
content. It is clearly shown that the amount of (Mo -
W):sSis formed increases considerably with increasing
of the tungsten content.

An X-ray diffraction peak of (Mo.W).Si, compos-
ites is demonstrated on the extended scale in Fig. 2. It

can be seen that peaks broadens with increasing tung-.

sten content. X~-ray analysis confirmed the formation
of both (Mo - W)Si; and (Mo - W);Sis solid solutions
by adding tungsten. It can bee seen that major peak
(103), obtained from the tetragonal crystal structure of
M o0Si,, shifted to the low angle side resulting from the
tungsten dissolution.

Since both MoSi; and W Si. have the tetragonal struc-
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Fig. 3. Comparison of relative intensity for WSi,(101) and MoSi;
(103) alloys.

ture with similar lattice constants, the X-ray diffrac-
tion peaks appear at close angles. From the x-ray dif-
fraction patterns, we determined the relative intensity
of WSi, major peak(101) /MoSi, major peak (103) for
the alloy. Fig. 3. compared of experimental relative in-
tensity for WSi; and MoSi: alloys. It can be seen from
Fig. 8. with increasing tungsten content, the relative in-
tensity sharply decreased. This is due to the stress dur-
ing solid-solutions or forming of second phase(Mo -
W) ;Sis.

Microstructure

The monolithic MoSi;, and MoSi: / W alloys were pre-
pared by reactive hot compaction (RHC) in the vacuum
atmosphere. The typical microstructure of the RHCed
samples are given in Fig. 4. Optical metallography was
relatively uniform in Fig. 4.(a). Fig. 4.(d) clearly
shows a microstructure containing two phase. one is a
MoSi; phase. The other one is a (Mo - W) ,Si, (x=1, 5
y=2, 3) phase. Polarized microscopy indicated that
dark phase increase with increasing tungsten content.
The grain size of the MW5 alloy is about 3~4um with
the mean grain size close to tungsten powder. It is note-
worthy that the grain size of (Mo - W),Si,(x=1.5,y=
2.3) is smaller than that in monolithic MoSi.. It is indi-
cated that alloying MoSi: with W cause an overall de-
crease in the self-diffusion rates. It was confirmed that
small white particles in the Fig. 4.(d) are silica particle
(originally present as a surface layer on the powders)
by EPMA. Presence of silica in MoSi, alloys can be a
problem in mechanical properties.

Fig. 5. shows a scanning electron micrograph of hot
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Fig. 4. Optical micrographs of specimen using reactive hot compaction in the vacuum atmosphere.
(a) Monolithic MoSi, (b) MoSi, + 10vol.% W (c) MoSi: + 30vol.% W (d) MoSi: + 50vol.% W

Fig. 5. Scanning electron micrograph of specimen using reactive hot compaction in the vacuum atmo-
sphere : (a) Monolithic MoSt: (b) MoSi,+ 10vol.% W (¢) MoSi: + 30vol.% W (d) MoSi: + 50vol.% W

pressed specimen MWO0, MW2 MW3 and MW5. As Fig.
5. indicated that the (Mo - W).Si,(x=1, 5, y=2, 3)
solid solution with W powder were inhomogeneous with
large variation in its composition. The variation in the
colour of grains signifies a variation in the composition
of the disilicide solid solution. As seen in the Fig. 5. (b,
¢, d), MoSi: and W reacted extensively during the pro-
cessing. Microstructure of the MoSi. / W composiles
showed less extensive grain growth in the alloy than in

monolithic MoSi.. This might suggest that substitutional
solid solution alloying with W influence either the grain
energles or grain boundary mobilities.

Fig. 6. shows a compositional profile by EPMA be-
tween bright phase and dark phase from MW5 alloy.
The reaction product was determined to be (Mo - W),
Si,{x=1, 5, y=2, 3). The formation of (Mo - W)Si;
during the reaction of MoSi,/W has been attributed to
the consuraption of Si to form (Mo - W) Si, renders the
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Fig. 6. Corresponding compositional profile by EPMA between
darken phase and bright phase.

materials Mo/W rich leading to the formation of (Mo *
W);sSis. EPMA results from this sample clearly shows
that the dark area contains more silicon and the bright
phase, more tungsten. A comparison of the two micro-
graphs reveals that the second phase tend to located at
the grain boundaries and triple points.

Mechanical properties

t is well known that the introduction of solute atoms
into solvent lattice produces a solid-solution hardening
due to the lattice misfit. Early studies® of the increase
in hardening resulting from solid-solution additions
showed that the hardness increase varies directly with
the difference in the size of the solute and solvent
atoms, or with the change in lattice parameter resulting
from the solute addition. The solute additions are to
raise the yield stress. Moreover, the improvement in me-
chanical properties was found to be dependent on a par-
ticle size, particle distribution, and volume fraction of
the reinforcements.

Fig. 7. shows the variation of the vickers hardness as
a function of reinforcement content of the composites.
For comparison, the hardness of the composites as pre-
dicted by a simple rule of mixtures is also plotted. It
should be noted that while the hardness values of Mono-
lithic MoSi,(4~5m) studied in this investigation is
960Hv. Indeed, previous studied® on monolithic MoSi.
have shown the hardness to be structure sensitive, with
slight increase with decreasing grain size. The results
also show that hardness of the (Mo - W) Si,(x=1,5,y
=2, 3) composites increase with increasing W content.
The hardness of the in-situ composites was a slightly
higher that than the other researcher."”

Fig. 8. shows the variation of the fracture toughness
as a function of reinforcement content for the in-situ

1400

1300

1200

1100

Vickers Hardness Number

1000

goo U | | L | 1]
0 10 20 30 40 50

Amounts of tungsten content(vol.%)

Fig. 7. Variation of the microvickers hardness as a function of
reinforcement content of the composites at room temperature.
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Fig. 8. Variation of the fracture toughness as a function of rein-
forcement content for the in-situ processed.

processed. Unlike the hardness, the indentation fracture
toughness is not proportionally related with the content.
Toughness increases with a increasing the tungsten
content up to 10 vol.%, whereas further increasing
tungsten decreases fracture toughness. In fact, the
grain size of MoSi, showed little effect on the toughness
of composites. This reason for this may be: the fracture
toughness is controlled by a number of factors, and can-
not be improved by only reducing the grain size. It
found that toughness was optimized at 10vol.% content
tungsten powder. At this level, indentation fracture
toughness was increased from 2.7MPa J/m in the mono-
lithic MoSi, to approximately 4.5MPaJ/m in the MoSi.
composites. This value is similar to previous studies®
on W particle - reinforced MoSi. composites. In the
case of MW5 (MoSi;+50vol. % W), there are lots of sec-
ond phase formation of (Mo - W);Si; phase. The forma-
tion of an Me;Si;(Me=Mo - W) interface reaction



Dae-Kyu Jang and R. Abbaschian : Syn thesis and properties of in~situ MoSi, / W composites 943

Fig. 9. Crack propagation modes by vicker’s indentation with a
load 7kg. (a) MoSi; + 10vol.% W (b) MoSi, + 50vol.% W.

layer by silicon diffusion into the metal is detrimental to
the composites’s mechanical propertics. This may pro-
vide a means to improve the high-temperature creep
resistance.

Fig. 9. show the micrographs of indentation cracks in
materials in MW 2 and MW5. In the case of MW2 (MoSi;
+10vol.% W), microcracking showed a little around
the vickers indenter. On the other hand, MW5 alloy
showed lots of extensive micro cracking around the
vickers indenter. The morphology of these cracks re-
flect that this propagations were controlled by different
mechanism. As seen in the Fig. 5., the presence of the
(Mo - W):Si; and pores weakens the grain boundary.
The silica particles present inside grains and at grain
boundaries apparently did not interfere with crack
propagation. In this studies, more silica particles were
found by EPMA in the composites. Under the given con-
ditions, the toughening effect obtained from MW2 sam-
ples was found much significant than that obtained
from MW5.

4. Conclusion

The following conclusions can be drawn from the
present investigation. The solid - solution hardening of
MoSi, alloy is necessary to understand the reaction that
occur in various composition based on MoSi.. The
synthesis of in-situ MoSi, / W alloy did not show the
presence of any unreacted tungsten. Microstructure

and X-ray analysis showed that the MoSi, / W alloys
formed solid solutions. The vickers hardness increased
largely by the addition of most soluble elements. Never-
theless, the toughening effects of composites decreased
largely by the increasing of tungsten. Indentation frac-
ture toughness of alloy was almost twice greater than
pure MoSi.. It was shown that toughness was optimized
at a 10vol% content of tungsten powder. At this tung-
sten level, indentation fracture toughness was in-
creased from 2.7MPa Jm in the monolithic MoSi; to ap-
proximately 4.5MPa ym in the composites. Porosity in
one of the two component materials at the interface
could lead to a low fracture toughness of the interfacial
region due to the crack propagation along the weak
path.
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