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High temperature deformation behaviour of
MoSi, and WSi, single crystals

K. KIMURA*, M. NAKAMURA, T. HIRANO
National Research Institute for Metals, Tsukuba Laboratory, Tsukuba, Ibaraki 305, Japan

High temperature deformation behaviour of MoSi, and WSi, single crystals, which both
oriented near <001)> and near {1 00>, have been studied by compression tests over the tem-
perature range of 1100 to 1500° C in a high vacuum of less than 6 x 107* Pa. At elevated
temperatures, several per cent compression deformation is possible in both MoSi, and WSi,.
Slips on {110} and {01 3} planes, the dislocation with the direction of Burgers vector (331)
and the stacking fault on {110} plane are observed in both deformed MoSi, and WSi,. In
MoSi,, the 0.2% offset stress of the sample oriented <001 is higher than that of the sample
oriented {1 00). The higher strength of the sample oriented {00 1) is related to the higher
CRSS for the main slip plane of it. The reverse orientation dependence of the strength in WSi,
is also correlated with the difference in CRSS on {110} and {01 3} planes, which shows the
opposite result to MoSi,. The higher CRSS on {11 0} plane in WSi, compared to that on

{01 3} may be caused by the formation of a large number of stacking faults on {11 0} plane.

1. Introduction

Recently, many investigations have been reported on
the transition metal silicides [1-14]. Most of this
research has been focused on the thin films on a silicon
substrate, which are used as gate contacts in integrated
circuits [1-10, 13, 14]. The high melting point and
excellent resistances to oxidation and corrosion of
refractory metal silicides mean that they are useful not
only for electronic materials, but also for materials at
temperatures higher than 1400° C [15]. In particular,
MoSi, is a promising material. Its melting point is
2020°C. In fact, MoSi, has already been used as a
coating material [15]. Recently, there have been a few
reports on the mechanical properties of MoSi, [16, 17].
However, the deformation mechanisms of it have not
yet been understood sufficiently. In this investigation,
WSi, as well as MoSi, is used, because the melting
point of WSi,, 2164° C, is higher than that of MoSi,
and the crystal structures of both silicides are the
same. High temperature compression tests of MoSi,
and WSi, were performed over the temperature range
1200 to 1500° C, in order to clarify the high tempera-
ture deformation mechanism. Mechanical properties
and dislocation substructures are discussed by com-
paring both silicides.

2. Experimental procedures

2.1. Sample preparation

Single crystals were grown by a floating zone method.
The procedure is the same as previously reported [18].
Raw materials for single crystal growth, with a stoi-
chiometric composition, were melted in argon-arc fur-
naces, using high purity Mo (99.99%), W (99.99%)
and Si (99.99%). The growth chamber of the floating

zone furnace was evacuated to less than 5 x 107*Pa.
The single crystals were then grown in high purity
argon gas at a flow rate of 21min~"'.
Monocrystalline MoSi, (oriented <001> and
{100>) and WSI, (oriented <00 1)) were grown at a
growth rate of 10mmh™', using seed crystals. The
grown crystals of MoSi, and WSi, were annealed in a

vacuum for Sh at 1300 and 1350° C, respectively.

2.2. Compression test

The crystal structure of MoSi, and WSi, is tetragonal
and belongs to the space group I4/mmm (C11,) and
is shown in Fig. 1. The lattice constants of both sili-
cides are quite similar: @ = 0.3202nm, ¢ = 0.7851 nm
for MoSi, and ¢ = 0.3211nm, ¢ = 0.7868 nm for
WSi,. The close packed direction is [0 0 1]. Compres-
sion tests were then carried out with the specimens
oriented near <001} and its vertical direction, near
(100>, as shown in Fig. 2. The compression test
specimens were cut from the annealed single crystals
by an electrical discharge machine.

Constant strain-rate compression tests were per-
formed using a Shimadzu Servopulser. Specimens
were set between sintered SiC jigs with boron nitride
as lubricant. Compression tests were carried out
to obtain the 0.2% offset stress and interrupted to
observe the substructure. The compression tests were
conducted in a vacuum of less than 6 x 107*Pa at
strain rates of 5 x 107*and 5 x 10 °sec™! over the
temperature ranges of 1100 to 1500°C (MoSi,) and
1200 to 1500° C (WSi,).

2.3. Transmission electron microscopy
Transmission electron microscopy was used to observe
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Figure 1 Unit cell of tetragonal MoSi, and WSi, (® molybdenum,
tungsten, ® silicon).

the substructures of the compression tested specimens.
The discs, 3mm in diameter and 1 mm in thickness,
were cut from those samples by the electrical discharge
machine. After reducing the thickness to approxi-
mately 100 um by grinding uniformly, the thickness at
the centre of the discs was reduced to about 30 um by
a dimple grinder. Finally, the discs were thinned by
ion-beam milling and subjected to transmission elec-
tron microscopy. A JEOL 200CX microscope was
used at accelerating voltage of 200kV.

3. Results and discussion

3.1. Single crystal preparation

The appearance of a WSi, single crystal grown by the
floating zone method is shown in Fig. 3. The shape of
MoSi, single crystals is also the same. The single crys-
tals used in this investigation were approximately
8 mm in diameter.

Very small dislocations were observed in both as-
grown silicides by transmission electron microscopy.
The single crystals grown by this floating zone method
are considered to be of good quality.

3.2. Compression test at elevated temperature
Stress—strain curves of MoSi, at a strain rate of
5 x 10*sec™" and in the temperature range of 1300
to 1500° C are shown in Fig. 4. The compression tests
were interrupted at the end of each curve. The 0.2%
offset stresses of M[00 1] are higher than those of
M[100] at all temperatures studied. The 0.2% offset
stress decreases with an increase in temperature, and
the tendency of a decrease in strength is similar in both
samples M[00 1] and M[100], irrespective of orien-
tation.

Results on WSi, at a strain rate of 5 x 107 sec
and at the same temperatures as Fig. 4 are shown in
Fig. 5. The 0.2% offset stresses of W[100] are higher
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Figure 2 Orientations of the samples used for compression test
(O MoSi,, ® WSi,).
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Figure 3 The appearance of WSi, single crystal grown by the float-
ing zone method.

than those of W[0 0 1]. This orientation dependence of
the strength in WSi, is the opposite to the case in
MoSi,. The 0.2% offset stress of W[00 1} decreases
with an increase in temperature, as well as in both
MJ[00 1] and M][100]. In sample W[1 0 0], however, the
extent of a decrease in strength with an increase in
temperature is very little.

Changes in the 0.2% offset stress of MoSi, single
crystal with temperature are shown in Fig. 6. As for
the sample MJ00 1], the data were not obtained below
1200°C because of pre-yield fracture. Orientation
dependence of the 0.2% offset stress is distinctly
observed: the 0.2% offset stress of sample M[00 1] is
higher than that of sample M[100]. The strength of
sample M[001] is twice that of sample M[100] at
1300° C and the strain rate of 5 x 107 *sec™'. Such an
orientation dependence of the strength, however,
reduces with an increase in temperature and almost
disappears at 1500°C.

The strain rate dependence of the strength was
examined on sample M[100]. There is a loss of
approximately 100 MPa in 0.2% offset stress with a
decrease in strain rate from 5 x 107*to 5 x 10 *sec™'
over the temperature range of 1100 to 1500°C.
Although the ductility was never measured quantitat-
ively, compressive deformation of more than 5% is
possible in sample M[100] at the strain rate of 5 x
10 *sec™" and 1500°C.

The results on WSi, are shown in Fig. 7. The aster-
isked plots refer to the data which were affected by
cracking. Almost the same strain rate dependence of
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Figure 4 Stress—strain curves of MoSi, at a strain rate of 5 x
10~*sec™! and in the temperature range of 1300 to 1500°C (—
MI[00 [], — M1 00]).
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Figure 5 Stress-strain curves of WSi, at a strain rate of 5 x
1077 sec™ ' and in the temperature range of 1300 to 1500°C (—
W00 1]. — WI[100).

the strength, as in sample M[100], is observed in
sample W[0 0 1]. However, the orientation dependence
of the strength in WS, is completely opposite to that
in MoSi,. The 0.2% offset stress of sample W{1 00] is
larger than that of sample W[00 1], contrary to the
case in MoSy,. Moreover, the extent of such an orien-
tation dependence of the strength increases with an
increase in temperature from 1200 to 1500°C. Duc-
tility of WS1, was considerably lower than that of
MoSi,. Results of slip trace analysis on the deformed
specimens are summarized in Table I. In both samples
M[100] and W[1 00}, the slip plane is {110}, which is
the close-packed plane in Cl11, structure. In sample
M[00 1], the main slip plane is {0 I 3}, although slip on
{110} plane is also observed. On the other hand, in
sample W[00 1], the slip plane is only {013}, and
small {110} slips are observed.

3.3. Transmission electron microscopy

Dark field transmission electron images of the samples
M[001], deformed by 0.4% at 1300°C and S x
10~ *sec™', and M[1 0 0], deformed by 3.8% at 1400°C
and5 x 107 *sec”', are shown in Figs 8 and 9, respec-
tively. In both samples, a great number of dislocations
are introduced by the compressive deformation at the
elevated temperatures. Almost all dislocations have a
Burgers vector with the direction of (33 1) in both
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Figure 6 Changes 1n the 0.2% offset stresses of MoSi, single crystal
with temperature (O M[00 1], strain rate 5 x 10 "*sec™', a
M[100], strain rate S x 10 *sec™!': o M[100], strain rate § x
10 “sec ')
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Figure 7 Changes in the 0.2% offset stresses of WSi, single crystal
with temperature (O W[0Q (], strain rate 5 x 10 %sec™'; @
W00 1), strain rate 5 x 167 °sec™; & W[100}, strain rate
5 x 1073 sec™*; * crack).

samples. Then, it is ascertained that the slips occur
along (331) direction on both {110} and {013}
planes, which is the same as reported by Umakoshi
et al. [16]. The dislocation density of sample M[00 1]
(Fig. 8), which shows higher 0.2% offset stress, 1s
higher than that of M[100] (Fig. 9). Moreover, the
fringe contrast due to stacking fault is observed only
in sample M[100] (Fig. 9).

Bright field images, taken from the identical area of
the same sample as Fig. 9, using three different reflec-
tions(a)g = 103,(b)g = TT0and(c)g = 006, are
shown in Fig. 10. The fringe contrast of the stacking
fault, which is visible in (a) g = 103, is invisible in
both (b) g = 110 and (¢) g = 006. Therefore, the
stacking fault is formed on a {1 10} plane, which is the
close-packed plane of Cl11, structure.

The dark field image of sample W[00 1], deformed
by 1.6% at 1400°C and 5 x 10 %sec™', and the
bright field image of sample W[100], deformed by
0.3% at 1500°C and § x 10 %sec™', are shown m
Figs 11 and 12, respectively. A large number of dis-
locations are introduced, especially in sample W[0 0 1].
The dislocation density in sample W[00 1] is much
higher than those in both MoSi, (Figs 8 and 9).
Almost all dislocations have a Burgers vector with the
direction of {33 1}, similar to that of MoSi,. A large
amount of fringe contrast due to stacking fault are
observed in both W[00 I] and W[100], and the quan-
tities of the stacking fault are significantly larger than
that in MoSi, (Fig. 9). Those stacking faults are also
formed on {110} planes similar to those of MoSi,.

3.4. Stacking fault in C11, structure

A characteristic pomnt in the deformed microstruc-
tures is the formation of stacking faults on the {110}
plane, as mentioned above. In this section, the for-

TABLE I Slip planes of the samples obtained by slip trace
analysis

Sample Slip plane

MoSi, M[00 1] {013}, {110}
M[100] {110}

Wi, W00 1) {013}
W[1060] {110}
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Figure 8 Dark field transmission electron image of the sample
M[00 1] deformed by 0.4% at 1300°C and 5 x 10 *sec™".

mation of a stacking fault in MoSi, and WSi, is
discussed.

A close-packed plane of MoSi, and WSi, is {110}
and the atom configuration of this plane is shown in
Fig. 13a. A molybdenum or tungsten atom is located
at the centre of a hexagonal cell which consists of
silicon atoms. The stacking order of {110} planes is
ABABAB in the same way as hc p metal, as shown in
Fig. 13b.

It has been reported that in C11, type MoSi, phase
transition to f-MoSi, takes place above 1900°C
[19]. f-MoSi, is hexagonal, and belongs to the space
group P6,22 (C40) with ¢ = 0.4642nm and ¢ =
0.6529 nm. On the contrary, low temperature phases

Figure 9 Dark field transmission electron image of the sample
M[100] deformed by 3.8% at 1400°C and 5 x [0~ *sec™'.

of MoSi, and WSi,, which are the same hexagonal
structure as f~-MoSi,, have been reported below about
550° C, though they are restricted to thin films on the
silicon substrate [1, 4-9, 13, 14]. The atomic configura-
tion on the close-packed plane of C40 structure is the
same as that of C11, structure. The difference between
Cl1l1, and C40 structures is only the stacking order:
ABABAB in C11, and ABCABC in C40, as shown in
Figs 13b and 13c, respectively. Therefore, C11, and
C40 are considered to be crystallographically and
thermodynamically similar to each other, although it
is not always clear which is the stable low temperature
phase. The stacking order of the C40 structure is easily
obtained from C11, structure by slip along the {111}

Figure 10 Bright field transmission electron images taken from the identical area of the sample M[100] deformed by 3.8% at 1400°C and
5 x 10 *sec ', using three different reflections (a) ¢ = 103, (b)g = TT0 and (c) g = 006.
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Figure 11 Dark field transmission electron image of the sample
WI[00 [] deformed by 1.6% at 1400°C and 5 x 107" sec™'.

direction on the close-packed plane of {110}. Then,
the stacking order of ABC is formed locally at the
stacking fault.

3.5. Critical resolved shear stress

The highest Schmid factors for the slip systems of
{013}<331>inM[001]and {110}<331)in M[100]
are 0.454 for (013)[331] in M[00 1] and 0.418 for
(110[331] in M[100], respectively. By using these
values, the critical resolved shear stresses (CRSS) for
{110}¢331) and {013}<331) of MoSi, are cal-

Figure 12 Bright field transmission electron image of the sample
WI[100] deformed by 0.3% at 1500°C and 5 x 10 sec™'.

Figure 13 (a) The atom configuration of {110} plane, which is a
close-packed one, of MoSi,. (b) The stacking order of a close-
packed plane in tetragonal (C11,) MoSi, and WSi,. (c) The stacking
order of a close-packed plane in hexagonal (C40) MoSi, and WSi,.
(O molybdenum, tungsten, O silicon, O A, B, > Q).

culated, and shown in Fig. 14. The data reported by
Umakoshi er al. are also plotted in the same figure.
The CRSS on {013} is much higher than that on
{110}. The main slip planes of samples M[00 1] and
M[100] are {013} and {1 10}, respectively, as shown
in Table I. Therefore, the higher strength and dis-
location density of sample M[00 1] are in agreement
with the higher CRSS for main slip plane of it.

CRSS of WSi, are shown in Fig. 15. CRSS on
{110} is much higher than that on {0 1 3}, contrary to
MoSi,. The difference in CRSS corresponds to the
orientation dependence of the 0.2% offset stress.
Higher CRSS on {110} should be correlated to the
formation of a large number of stacking faults on the
{110} plane. Tt is considered that, therefore, the dif-
ferences in orientation dependence on the strength of
MoSi, and WS, at elevated temperatures may be
essentially correlated with the difference in the forma-
tion of stacking faults. Further research is, of course,
needed to clarify these points.

4. Summary
The deformation behaviours of MoSi, and WSi, single
crystals, which are oriented both near {00 1) and near
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Figure 14 Changes in CRSS for {110} (33 1) and {013} (331)of
MoSi, with temperature (© {110} (331>, 5 x 107%sec™': a
(013} <3315, 5 x 107%sec™'; @ {110} {331, 5 x 10> sec™";
@ {110} (331>, Umakoshier al.; A {013} (331, Umakoshi ez al.).
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Figure 15 Changes in CRSS for {110} (331> and {013} (331} of
WS, with temperature (a {013} {331),5 x 107*sec™!; @ {110}
{3313,5 x 107 sec™; 4 {013} (331>, 5 x 10™%sec™?).

{100, have been studied by compression tests using
astrainrate of 5 x 107*and 5 x 10~ °sec™' over the
temperature range of 1100 to 1500°C in a high vac-
uum of less than 6 x 107*Pa.

At elevated temperatures above 1000° C, several per
cent compression deformation is possible in both
MoSi, and WSi,, though the ductility of WSi, is rela-
tively inferior to that of MoSi,. With an increase in
temperature, the 0.2% offset stresses of the samples
M[001], M[100] and W[001] decreased. Only in
sample W1 0 0], however, is the extent of the decrease
in strength with an increase in temperature very small.
In MoSi,, the 0.2% offset stress of sample M{00 1] is
higher than that of sample M[100]. For WSi,, on the
other hand, the orientation dependence of the strength
is opposed to that for MoSi,, the 0.2% offset stress of
sample W[100] is higher than that of sample W[0 0 1].

Slips on the {110} plane, which is a close-packed
plane, and on the {013} plane are observed. The
dislocations with the direction of Burgers vector
{331), and the stacking fault on the {110} plane are
introduced by high temperature deformation in both
MoSi, and WSi,. In MoSi,, the dislocation density of
the sample M[00 1], which shows higher strength, is
higher than that of sample M[100]. The amount of
stacking faults in WSi, is significantly greater than for
MoSi,.

In MoSi,, CRSS on {013} plane is much higher
than that on {110} plane. The higher 0.2% offset
stress and the dislocation density of the sample
MJ[00 1] are correlated with the higher CRSS for main
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slip plane, {110}, of it. The reverse orientation depen-
dences of strength and dislocation density in WSi, are
also correlated with the difference in CRSS on {11 0}
and {0 13} planes, which shows the opposite result to
MoSi,. Finally, it is considered that the higher CRSS
on {110} plane in WSi, might be caused by the forma-
tion of a large number of stacking faults.
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