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Abstract

Molybdenum disilicide polycrystals were deformed in constant strain rate tests in compression followed by analyses of the
deformed specimens by means of optical microscopy and scanning and transmission electron microscopy. The strain rate
sensitivity was measured by stress relaxation tests. Using a low strain rate of 2.5 x 107 s, it was possible for the first time to
achieve plastic flow at low-temperatures down to 495 °C and thus in the temperature range of the flow stress anomalies of
different slip systems in single crystals. In addition, in situ straining experiments in a high-voltage electron microscope were
performed to observe the deformation processes directly. The deformation is controlled by dislocation glide on the {01 1}<100)
and {110}<111) slip systems below 1000 °C, however, by visco-elastic grain boundary glide and decohesion above this

temperature. © 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

For many high-temperature structural applications,
materials are necessary combining excellent strength in
a wide range of temperatures and a good oxidation
resistance. Besides ceramics, some intermetallic com-
pounds, particularly aluminides and silicides, are very
promising candidates for these applications. Molybde-
num disilicide (MoSi,) has a very high melting tempera-
ture (2030 °C), a good oxidation resistance and a high
fracture toughness at high temperatures when it be-
comes ductile [1]. However, like other high-temperature
materials, MoSi, is very brittle at room temperature
and has a low creep resistance at temperatures of
ductility. To optimize structural materials based on
MoSi, an improved understanding of deformation pro-
cesses in the matrix material is necessary.

MoSi, crystallizes in a body-centred tetragonal struc-
ture (C11,) with a high c/a ratio of 2.45. The plastic
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deformation properties of MoSi, single crystals are
therefore extremely anisotropic. It exists a hard orienta-
tion with the deformation axis along the tetragonal ¢
axis [0 0 1]. Along this orientation, single crystals can
be deformed only above 900 °C [2] by glide of disloca-
tions with 1/2{3 3 1) Burgers vectors on {0 1 3} planes.
For single crystals with orientations away from [0 0 1],
i.e. along soft orientations, plastic flow is possible down
to temperatures below room temperature [2]. Different
operating slip systems were identified by different au-
thors [2,3]. The {110}{111) and {011}{100) sys-
tems are the easy slip systems for most orientations. All
these slip systems show an anomalous increase of the
flow stress with increasing temperature in different
ranges between 600 and 1100 °C [2].

Polycrystalline MoSi, was deformed at temperatures
above 818 °C by different authors [4—6]. It was the aim
of the present work to deform polycrystalline MoSi,
within a wide range of temperatures including lower
temperatures to reach the range of the flow stress
anomalies of slip in single crystals and to study the
structure of the deformed samples by different mi-
croscopy techniques. Besides, the deformation processes
at high temperatures were observed directly by in situ
straining experiments in a high-voltage (transmission)
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electron microscope (HVEM) using a special tensile
stage for high temperatures. Part of this work was
published before in Ref. [7].

2. Experimental

The material tested was produced in the Fraunhofer
Institute of Applied Materials Science, Dresden, by
reaction sintering of mechanically pre-treated elemental
powders followed by hot pressing at 1550 °C, yielding
a polycrystal of about 97.5% of the theoretical density.
The average grain size of 40 um was determined by
optical microscopy. The deformation tests were per-
formed in compression along the hot-pressing direction
in air in a digitally controlled single-screw testing ma-
chine at a constant strain rate of 2.5 x 10~7 s~'. Such
a low strain rate was chosen since, at high-tempera-
tures, the material quickly disintegrated at higher strain
rates. Temperature change and stress relaxation tests
were conducted during the compression tests. The
strain rate sensitivity r of the flow stress ¢ was deter-
mined by

r=do/dIné,,, = do/dIn( —q), )

from the slope of stress relaxation curves plotted as the
logarithm of the relaxation rate versus the stress o,
where £, is the plastic strain rate. Another parameter
expressing the strain rate sensitivity is the stress expo-
nent m according to

m = dIné,y,/dIng = din( — ¢)/dIng. ©)

Supplementary tests were carried out under load con-
trol with loading and unloading sequences at a high
stress rate of 50 N s~ ! between creep phases in the
loaded and unloaded conditions in order to separate
the elastic, anelastic and plastic contributions of the
strain as well as to determine the activation parameters
of the creep deformation.

1100°C

1

Fig. 1. Stress—strain curves at a strain rate of 2.5 x 10 =7 s~ ! until

the respective first stress relaxation tests.

The surfaces of deformed specimens were studied by
optical microscopy to estimate the degree of deforma-
tion by the distribution of slip traces and cracks and by
scanning electron microscopy (SEM) to determine the
orientation of slip traces with respect to the orientation
of the individual grains by electron back scattered
diffraction (EBSD). To obtain stress free surfaces
needed for useful EBSD the surfaces were etched by
argon ions (0.5 kV, 0.1 h) in perpendicular incidence.
By this procedure, stress free etching dimples were
generated for EBSD while the slip traces between the
dimples were conserved.

Thin foils for transmission electron microscopy were
prepared from the deformed specimens by cutting, pol-
ishing, dimpling and argon ion milling (4 kV, 20—60 h,
13°), both perpendicular to the loading axis and parallel
to it near the surface in order to obtain an area
transparent to the electron beam close to an outer
surface of the specimen. The dislocation structures in-
side the grains were studied by diffraction contrast
analysis in a HVEM. The chemical composition near
the grain boundaries was investigated by energy disper-
sive X-ray (EDX) analysis in a transmission electron
microscope (TEM) of higher resolution. In situ defor-
mation experiments were performed in a HVEM in a
special high-temperature straining stage [8].

3. Results
3.1. Compression tests

Plastic flow occurs at all selected temperatures from
495 to 1250 °C. Fig. 1 presents the stress—strain curves
up to the respective first stress relaxation test. Below
950 °C, work hardening occurs beyond the yield point
with a work hardening coefficient @ of about 13 GPa
between 600 and 800 °C. Above 950 °C, however,
softening takes place with ® =~ — 5 GPa between 1050
and 1150 °C. Fig. 2 shows the temperature dependence
of the upper yield points. The flow stress ¢ decreases
continuously with increasing temperature, but the slope
of the curve suggests three temperature ranges. (i) Be-
low about 750 °C, the temperature sensitivity Ag/AT
taken as an average slope amounts to about — 1 MPa
K~!' (ii) Between about 750 and 900 °C, a weak
plateau appears with a low temperature sensitivity. (iii)
At higher temperatures, the flow stress decreases
rapidly by —3 MPa K~! down to very low values so
that the temperature sensitivity becomes small again.
The temperature sensitivity was also determined from
the change of the flow stress after temperature change
tests as well as from the shift of stress relaxation curves
measured at different temperatures, as described below.
These data are collected in Fig. 3. It shows also a
decrease of the temperature sensitivity of the flow stress
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Fig. 2. Temperature dependence of the upper yield points of polycrys-
tals at a strain rate of 2.5 x 107 s —! (large open circles) compared
with the CRSS of single crystals for slip on {011}<100) (solid
squares and line) and {1 1 0}<1 1 1) (solid upwards triangles and line)
at 10 ~* s~ 1 after Ref. [2] as well as {1 10}<1 1 1) (solid downwards
triangles and line) at 10 > s — ! after Refs. [13,14]. The open squares
and triangles with dotted lines show the respective shear stresses
divided by an orientation factor of 0.4.
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Fig. 3. Temperature sensitivity of the flow stress versus temperature.
The data are calculated from the flow stress differences after temper-
ature change tests (circles) and from the shift of stress relaxation
curves taken at different temperatures (crosses).
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Fig. 4. Selected stress relaxation curves at different temperatures.

at increasing temperature with a minimum around
800 °C and a range of a high temperature sensitivity
between about 950 and 1150 °C.

Fig. 4 presents some typical stress relaxation curves
at different temperatures in a plot of the logarithm of
the relaxation rate versus the stress. Only the data of
the first relaxations after the yield point are plotted.
One way of determining the temperature sensitivity of
the flow stress Ag/AT consisted in taking the stress
differences at the beginning of relaxations at different
temperatures and dividing the stress difference by the
respective temperature difference, as discussed already
in connection with Fig. 3. The strain rate sensitivity r of
the flow stress can be calculated from Eq. (1). Fig. 5(a)
presents the initial values at the beginning of the relax-
ation curves, which correspond to the strain rate prior
to the relaxation tests, as a function of temperature.
Below 900 °C, the values scatter between 5 and 15
MPa depending on the strain and the plastic strain rate
before the stress relaxation tests. Above 900 °C, the
strain rate sensitivity shows a pronounced maximum
with values up to 50 MPa, in accordance with the
temperature sensitivity in Fig. 3. Strain rate sensitivities
r can also be determined at lower strain rates by
measuring the slope of the relaxation curves at lower
relaxation rates. The relaxation rates can be converted
into plastic strain rates considering that &,,, = —¢/S,
where S is the stiffness of the specimen and the parts of
the deformation machine within the strain gauge. Fig.
5(b) shows that r decreases with increasing plastic strain
rate. This behaviour originates from the bending of the
relaxation curves in Fig. 4 away from the stress axis
and is not consistent with usual obstacle mechanisms of
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Fig. 5. Strain rate sensitivities r of the flow stress in dependence of (a)
the relaxation temperature, and (b) of r on plastic strain rate.
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Fig. 6. Creep tests with loading and unloading cycles at different
temperatures. (a) Dependence of stress and strain on time, and (b)
elastic, anelastic and plastic contributions to the total strain at 900,

1000 and 1100 °C at 100 MPa.
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Fig. 7. Stress dependence of the steady-state creep rate at different
temperatures above 1000 °C.

the dislocation mobility. Therefore, the relaxation
curves are characterized here by an ‘inverse’ curvature.

Creep experiments were performed in two different
ways. In the first one, the specimen was cyclically
loaded at the high rate of 50 MPa s~ !, kept at a fixed
load for some time and then unloaded again down to a

low stress, as shown in Fig. 6(a). The stresses during
loading were chosen to 200, 100 or 50 MPa, i.c. stresses
at which the specimen does not deform plastically at
low-temperatures. These curves allow a separation of
the elastic contributions to the strain appearing instan-
taneously, the anelastic contributions, which recover
during the unloading phases, and the plastic contribu-
tions, which do not recover. The results of the tests at
900, 1000 and 1100 °C are presented in Fig. 6(b). The
elastic strain increases slightly with temperature, which
corresponds to a decrease of the elastic modulus from
about 320 GPa at 900 °C to about 260 GPa at
1100 °C. The anelastic strain increases strongly with
temperature. At 1100 °C, an irreversible plastic contri-
bution to the total strain appears although the stress is
still slightly lower than the flow stress at a strain rate of
25x 1077 s,

In a second type of creep tests, the stress was in-
creased stepwise at different temperatures and the creep
curves were recorded until a steady-state creep rate
occurred. These steady-state creep rates are plotted in
Fig. 7 as a function of stress. From the proportionality
of the creep rates and the stresses it follows that the
stress exponent of the strain rate m amounts to unity at
all temperatures above 1000 °C.

3.2. Microstructure

In the starting material, a grain boundary phase was
not detected in TEM lattice images taken in a 200 kV
microscope. However, the EDX measurements of Fig. 8
taken in the same microscope demonstrate that iron,
probably originating from the balls of the powder mills,
has segregated at the grain boundaries leading to a
reduction of the molybdenum content. These chemical
gradients in the neighbourhood of the grain boundaries
disappeared after high-temperature deformation.

The optical microscopy of surfaces of specimens de-
formed below 1050 °C showed slip steps indicating
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Fig. 8. Intensity of X-ray peaks during an EDX analysis of the
undeformed material along a line across a grain boundary.
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(b)
Fig. 9. Optical micrograph of deformed MoSi,. Specimen deformed
at 1000, 980 and 960 °C (a) and one deformed at 495 °C (b).

dislocation glide at these temperatures. Above 1050 °C,
slip traces were not observed. Between 900 and
1000 °C, the slip traces appear on the surface of nearly
all grains. Fig. 9(a) presents an example showing grains
with two sets of crossing slip steps. At lower tempera-
tures the number of slip traces decreases, but even at
495 °C some traces appear, as demonstrated on the left
side of Fig. 9(b). At low-temperatures, only a single set
of traces is found on the individual grains. The slip
planes forming the slip traces were identified on speci-

mens of three different deformation temperatures by
indexing the specimen normal and the direction of 20
characteristic slip traces in the coordinates of the re-
spective grains by EBSD in the SEM. This yields the
indexes of the intersecting lines of the slip planes with
the surfaces. Possible slip planes of lowest indexes
containing the intersection lines were considered as the
activated slip planes. Most of the traces fitted consis-
tently to slip on {0 1 1} and {1 1 0} planes, independent
of the deformation temperature. In some specimens, the
dislocation structure was analysed in an HVEM. Fig.
10 presents a typical dislocation configuration. Groups
of parallel dislocations appear between spherical SiO,
inclusions and the grain boundaries. The Burgers vec-
tors were determined by contrast extinction using the
b-g =0 rule. The analysis showed that all dislocations
belonged to the {01 1}<100) slip system. According
to the flow stress data of single crystals [2], the traces
corresponding to {110} slip planes should originate
from dislocations with 1/2{1 11> Burgers vectors.
Thus, {011}{100> and {1 10}<111) should be the
relevant slip systems during the deformation of the
present MoSi, polycrystals.

At all temperatures, even at intermediate ones where
slip traces occur on nearly every grain, intergranular
cracks are observed. The density of cracks increases
with decreasing temperature, and below 700 °C addi-
tional transgranular cracks appear as shown in the
centre of Fig. 9(b). Above 1000 °C, the density and
width of intergranular cracks increase rapidly.

In contrast to the results of EDX in a TEM that the
starting material does not contain a pronounced grain
boundary phase, amorphous layers were observed in
the SEM and the HVEM during and after deformation
at high temperatures. Fig. 11 presents a micrograph
taken during an in situ straining experiment in the
HVEM at 1080 °C. The amorphous phase is imaged in
bright contrast using the so-called diffuse dark-field
technique. An intergranular crack proceeds via the

Fig. 10. HVEM micrograph of dislocations of a {01 1}<100) slip
system in MoSi, deformed at 1000 °C.
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Fig. 11. Micrograph of the amorphous phase along an intergranular
crack (R-R) produced during in situ deformation in an HVEM
imaged in bright contrast by the diffuse dark-field technique.

=0 Ky

Fig. 12. SEM micrograph of a specimen deformed at 1200 °C fol-
lowed by brittle fracture at room temperature.

formation and growth of voids in the amorphous phase
along the grain boundaries. A similar conclusion can
be drawn from Fig. 12 showing a SEM micrograph of
a specimen deformed at 1200 °C followed by brittle
fracture at room temperature. The structure of the
fracture surface reflects the different stages of the inter-
granular cracking. At A, the grain boundary layer is
broken in a brittle way at room temperature showing a
smooth face. At B, the decohesion has began at
1200 °C, but the bridges between the voids are frac-
tured only at room temperature. Finally, the area C
presents a look into an interior crack where the decohe-
sion was completed at high temperature so that the
former bridges between the voids are already rounded.

4. Discussion

From both the macroscopic temperature and strain
rate sensitivity of the flow stress and from the observa-

tion of the microstructures, two temperature ranges can
be distinguished with different deformation mecha-
nisms of the present reaction sintered polycrystalline
MoSi,. Up to 1050 °C, slip inside the grains is proved
by optical and SEM and will be the dominating defor-
mation mechanism. In the undeformed condition, the
material does not contain a pronounced grain
boundary phase. The increased iron concentration near
the grain boundaries may diffuse away at elevated
temperatures. However, during the exposition to high
temperatures and deformation, an amorphous grain
boundary phase forms. Possibly, processes of stress
corrosion are involved in the formation of this phase.
Below about 950 °C, the viscosity of this phase is high
enough to prevent remarkable grain boundary flow.
Thus, stresses can build up necessary to activate slip
inside the grains. Above 1000 °C, however, the viscos-
ity of the grain boundary phase decreases so that
deformation occurs by grain boundary flow before the
stress necessary for plastic flow is reached inside the
grains. This is accompanied with a rapid degradation
of the strength properties of the material. In the follow-
ing, the two temperature ranges are discussed sepa-
rately.

4.1. Low-temperature range

For the first time, polycrystalline MoSi, without ad-
ditions has been plastically deformed below about
800 °C. Otherwise, low temperatures deformation of
MoSi, materials even down to room temperature was
recently achieved in the quaternery alloy MoSi,—1at.%
Re-2at.% Al [9]. The softening results from the addi-
tion of Al, as shown previously for single crystals [10].
It was shown by transmission electron microscopy and
the analysis of slip steps on the surface that
{011}<100) and {110}{111) slip systems were ac-
tivated during deformation at temperatures below
about 1000 °C. The fact that the slip traces on the
surfaces can be resolved by optical microscopy points
to planar glide, i.e. many dislocations glide on a single
or closely spaced planes. This agrees with the observa-
tion of localized dislocation sources operating in single
crystals at about 1000 °C, emitting a great number of
dislocations on the same slip plane [11]. It can be
shown by the method of Groves and Kelly [12] that the
von Mises criterion necessary for general slip in a
polycrystal is not satisfied by the observed two types of
slip systems. Thus, intergranular cracks are generated
between grains in orientations, which do not allow slip
transfer of all strain components. Due to these cracks,
the critical shear stresses for glide of dislocations of
1/2<3 3 1) Burgers vectors, which would lead to the
five independent slip systems, are not transmitted to
grains in hard orientations. Accordingly, these disloca-
tions are not activated in polycrystals.



L. Junker et al. / Materials Science and Engineering A328 (2002) 181189 187

Fig. 2 compares the temperature dependence of the
flow stress of polycrystals with the critical resolved
shear stresses (CRSS) of the relevant slip systems in
single crystals. The large open circles represent the
upper yield points of polycrystals, the curves with solid
symbols and lines, the CRSS after Ref. [2] for the
{011}<100) and {110}<11 1) slip systems and after
Refs. [13,14] for the {1 10}<{111) system. Since the
strain rates are different in the different experiments
(2.5 x 10=7 s~ ! in the present study, 10 =% s~ ! in Ref.
[2] and 10~° s~ ! in Refs. [13,14]), the comparison is
only of qualitative nature. The curves with small open
symbols and dotted lines represent the CRSS of single
crystals divided by an orientation factor of m,=0.4.
This orientation factor may correspond to the situation
of slip occurring in grains with a favourable orientation
for the two easy systems better than the Taylor factor.
The figure demonstrates that the position of the plateau
of the flow stress of polycrystals corresponds well to the
flow stress anomaly range of the {011}<100) slip
system after Ref. [2] and the {1 1 0}{1 1 1) system after
Refs. [13,14] but not to the latter system after Ref. [2].
The flow stress value of the polycrystalline material
between about 800 and 1000 °C is slightly higher than
the average of the single crystal CRSS data divided by
mg = 0.4. Thus, in the range where polycrystal deforma-
tion is controlled by glide of dislocations, the flow stress
can roughly be explained by the CRSS of single crys-
tals. The flow stress anomaly of the easy slip systems in
single crystals is expressed as the plateau in the poly-
crystal data. The origin of the flow stress anomaly in
MoSi, is discussed elsewhere [14—17].

The flow stress of polycrystals does not follow the
flow stress minima of the easy slip systems of single
crystals at decreasing temperature. The higher stresses
may have two reasons. First, polycrystals will have a
higher concentration of impurities than single crystals.
These impurities may give rise to an increasing contri-
bution to the flow stress by solution hardening at
decreasing temperatures. This is corroborated by differ-
ent values of the strain rate sensitivity ». Fig. 5(a) shows
constant strain rate sensitivities of about 10 MPa below
about 900 °C while single crystals have very low or
even negative values in the anomaly range [13,14]. r
values of 10 MPa at 900 °C yield activation volumes
V =kT/(mg) of the order of magnitude of 4 x 10~ %’
m? (k is the Boltzmann constant). These volumes corre-
spond to impurity concentrations in the 100-ppm range.
It may be iron diffused into the grains from the grain
boundaries. The second reason for the high stresses at
low temperatures may consist in the formation of pile-
ups of dislocations near the grain boundaries if only a
single slip system of lowest CRSS can be activated in
each grain so that slip transfer across the boundaries
mostly becomes impossible. These stresses are finally
relieved by an increasing amount of crack formation at
decreasing temperatures.

An experimental activation energy Q can be calcu-
lated from the temperature sensitivity of Fig. 3 and the
strain rate sensitivity of Fig. 5(a) according to

kT?*Ac
r AT|,

The activation energy decreases from about 4.6 eV at
680 °C down to about 2.6 eV at 830 °C. For a single
thermally activated process, Q should increase with
increasing temperature. In single crystals, the activation
energy amounts to about 2 eV in the range of the
normal low-temperature increase of the flow stress, i.e.,
below 500 °C [13]. In the range of the flow stress
anomaly between 500 and 1000 °C, the activation en-
ergy according to Eq. (3) is meaningless. From the high
values of the flow stress, the decreasing values of Q
with increasing temperature and from the higher values
of r and Q in polycrystals with respect to single crystals
it may be concluded that different processes contribute
to the flow stress of polycrystals in addition to those
operating in the easy slip systems of single crystals. As
discussed above, these processes may originate from a
higher impurity concentration.

0= — 3)

4.2. High temperatures

Above 1000 °C, the microstructure observations of
missing slip steps on the surface of the grains as well as
fracture surfaces and in situ straining experiments in
the HVEM showing flow of a grain boundary phase
suggest that at these temperatures the deformation of
polycrystals does not take place within the grains but
by viscous processes in the grain boundary phase form-
ing during high-temperature deformation. This conclu-
sion is supported by the macroscopic deformation data,
i.e. by an increasing amount of anelastic deformation
(Fig. 6(b)), by a rapid decrease of the yield stress with
increasing temperature below the stress levels corre-
sponding to the easy slip systems in single crystals (Fig.
2), by softening after the upper yield point (Fig. 1) and
by very large values of both the temperature and the
strain rate sensitivity of the flow stress (Figs. 3 and
5(a)).

The steady-state creep data of Fig. 7 can be inter-
preted in terms of a creep law

. Au 0 \(o\"
Ess _”Doexp<ﬂ><ﬂ> s (4)

where A is a constant, y is the shear modulus, and D,
is the pre-exponential factor of the diffusion coefficient
and Q an effective activation energy. Since in the
present data m =1, u cancels in Eq. (4). The stress
exponent of m =1 does not agree with values deter-
mined from stress relaxation tests by Eq. (2) decreasing
from about 10 at 1000 °C down to about 2.5 above
1150 °C [7]. The reason may be that anelasticity con-
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tributes to the strain rate during the relaxation tests
with varying stress, while Eq. (2) is based on plastic
deformation, only. Besides, damage processes con-
tribute to the deformation, as discussed below. Stress
exponents greater than unity were also observed in
Refs. [4,18,19]. The activation energy Q was determined
from the data of Fig. 7 by plotting In(é,T) versus 1/7.
The activation energy increases from 2.7 eV at a creep
stress of about 10 MPa to 3.9 eV at 41 MPa. These
values are in the range of previous literature data
[4,18,20]. An increasing energy at increasing stress indi-
cates again that the controlling process may change.
Activation energies can also be determined from the
temperature sensitivity of Fig. 3 and the strain rate
sensitivity of Fig. 5(a) according to Eq. (3), as described
for the low-temperature range. While below 1000 °C,
these activation energies have reasonable values, they
amount to more than 10 eV in the high-temperature
range. The reason is certainly again connected with the
damage processes occurring at the higher strain rates of
the constant strain rate tests. If the deformation occurs
inside the grains, the activation energy of creep should
be equal to the diffusion energy of the slowly moving
component of the material. Very little is known about
the diffusion coefficients in MoSi,. Silicon vacancies are
mobile so that they start to anneal out at 240 K [21].
Formation energies were only calculated [22]. Accord-
ing to that, they should be very high for the molybde-
num and silicon vacancies (12 and 5.8 e¢V). Thus, in the
high-temperature range, the creep deformation of the
present material is certainly not controlled by bulk
diffusion processes.
In the case of linear flow

g =né, ®)

where viscosity values 7 can be calculated from the
steady-state creep data of Fig. 7. The values of zy
increase from 1.4 x 10'3 Pa s at 1250°C to 4 x 10'* Pa
s at 1100 °C. The viscous processes occur in the grain
boundary phase. Since the strain rates in the grain
boundary phase are higher than the total strain rate,
the » values may be considered lower limits of the
viscosity of the grain boundary phase. Its drastic de-
crease should be responsible for the strong decrease of
the flow stress in the high-temperature range. Also, the
activation energy of creep determined above should
correspond to processes in the grain boundary phase.

The grain boundary deformation is accompanied by
grain boundary decohesion since voids are formed
along the grain boundaries as demonstrated by Figs. 11
and 12. It may therefore be responsible for the soften-
ing observed at high temperatures. Power law creep
including cavitation may be described by adding a
damage parameter p to Eq. (4) (Ref. [23] extended to
greater densities of cavitating facets in Ref. [24]). At
constant temperature, the equation may then read as

. Bag™
&= ,

l—p
where B is a constant. The damage parameter may
evolve with strain according to Ref. [25]

p=(ela). ()

where ¢ is the fracture strain and y an adjustable
parameter. The assumption of a definite fracture strain
corresponds to the fact that the material loses its inter-
nal coherence at some per cent of strain even under
compression. For linear evolution of p (y = 1), which is
consistent with the stress—strain curves at small strains,
and m=1, Eqgs. (6) and (7) yield for the softening
O = — g,/¢, where g, is the stress at zero strain, which
approximately equals the upper yield stress. The experi-
mental value of ® =~ — 5 GPa requires & = 6% for the
curve at 1100 °C, which is a very realistic value of the
fracture strain. The damage can be regarded as a
reduction of the load carrying specimen cross-section
owing to the generated cracks. The microstructure of
deformed specimens was studied at strains between 1
and 2%, which corresponds to a reduction of the load
carrying cross-section by about 25%, or, at an average
grain size of 40 pm, to a crack width of about 10 um.
Such values were observed in the SEM studies. Thus,
the softening of the material during deformation above
1000 °C by grain boundary decohesion can well be
interpreted by the usual concepts of damage mechanics.
With increasing temperature, these damage processes
become more and more important during deformation
at a constant strain rate, even at the very low one of
2.5x 1077 s~ ' This may explain the large differences
between the activation parameters measured during
creep at low stresses and strains, where damage pro-
cesses are not important, and deformation at a constant
(mostly higher) strain rate with increasing damage at
increasing temperatures.

(6)

5. Conclusions

For the first time, polycrystalline MoSi, was de-
formed down to 495 °C. Below about 1000 °C, the
deformation occurs by glide of dislocations on
{110}<111) and {011}<{100) slip systems.

A plateau in the flow stress versus temperature curve
can be assigned to the anomalous temperature depen-
dence of the CRSS of the respective slip systems in
single crystals. The difference between the flow stress of
the polycrystalline material and the single crystal data
divided by the orientation factor at low-temperatures as
well as the different values of the activation volume and
the activation energy can be explained by a higher
impurity content of the polycrystals.

As the von Mises criterion is not satisfied by the two
types of slip systems, the deformation cannot be homo-
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geneous and microcracks are formed, most pronounced
at the lowest temperatures as intergranular and trans-
granular cracks.

Above 1000 °C, the viscosity of a forming grain
boundary phase becomes so low that deformation oc-
curs by grain boundary slide and decohesion. The stress
exponent is then equal to unity. The softening which is
observed after the upper yield point can be explained
by usual concepts of damage mechanics.
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