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Abstract

MoSi2 single crystals in the soft �201� orientation and polycrystals were deformed in constant strain rate tests in compression
between 300 and 1200°C for single crystals, and between 495 and 1250°C for polycrystals. Stress relaxation and temperature
change tests were performed to determine the activation parameters of the deformation. In addition to conventional transmission
electron microscopy in a high-voltage electron microscope, in situ straining experiments were carried out in this instrument to
observe the deformation processes directly. A new model is proposed to interpret the flow stress anomaly in MoSi2 single crystals.
In polycrystals, the deformation is controlled by dislocation glide below about 1050°C, however, by decohesion of a grain
boundary phase above this temperature. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

Materials based on molybdenum disilicide are prospec-
tive candidates for structural applications at high temper-
atures, particularly as a matrix of composites (see, e.g.
Ref. [1]). To understand the strength properties of these
complex materials, the microprocesses of the deforma-
tion of the polycrystalline MoSi2 matrix and even those
of single crystals should be known. For both materials,
the present study comprises the results of macroscopic
deformation tests, of transmission electron microscopy in
a high-voltage electron microscope (HVEM) and of in
situ straining experiments inside the latter, which allow
the direct observation of the microprocesses. The in situ
experiments were performed in a special tensile stage for
temperatures up to more than 1000°C [2]. Preliminary
results were published in Refs [3,4].

2. Macroscopic deformation tests

MoSi2 single crystals grown by the floating zone
technique were deformed in compression along a soft

�201� orientation at a strain rate of 10−5 s−1. For the
polycrystals produced by reaction sintering and hot-
pressing, a strain rate of 2.5×10−7 s−1 was chosen since
this material disintegrates at higher strain rates and high
temperatures. Fig. 1a presents the temperature depen-
dence of the upper yield points of both materials. The
single crystals show three temperature ranges: a normal
decrease between 300 and 500°C, presenting smooth
deformation curves, an anomalous increase between 500
and 1000°C where jerky flow occurs, and a high-temper-
ature decrease above 1000°C with smooth deformation
again. Polycrystals show a continuous decrease of the
flow stress but the slope of the curve suggests three ranges,
too. Between 495 and 1000°C, there is a slight decrease
of −1 MPa K−1 at an average, with a weak shoulder
between about 750 and 900°C. Between 1050 and 1150°C,
the flow stress decreases rapidly by −3 MPa K−1. Above
that temperature it decreases weakly to reach a very small
value at 1250°C.

The strain rate sensitivity r of the flow stress � was
determined from the initial slope of stress relaxation (SR)
curves plotted as ln(−�� ) versus � according to r=��/
� ln �� =��/� ln(−�� ). In addition, a few data are from
strain rate cycling (SRC) tests. In Fig. 1b, the single
crystals show a strong decrease of r with increasing
temperature in the low-temperature range. There
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are very small or even negative values (in the SRC tests)
in the range of the anomaly, and increasing values in the
high-temperature range. Negative values cannot be ob-
served by SR experiments. In the anomaly range, the
relaxation curves show an inverse curvature, i.e. r in-
creases with decreasing �� or �. The polycrystals exhibit
almost constant values of r between 495 and 850°C and
a strong increase above that range.

3. Observation of the microstructure

Fig. 2 presents micrographs of single crystal specimens
deformed in the low-temperature and the anomaly range.
In these ranges, most dislocations have 1/2�111� Burgers
vectors and move on {110} planes. At low temperatures
(Fig. 2a), they are relatively straight and oriented close
to the 30, 60° and edge characters with respect to the
Burgers vector direction. 60° dislocations along �111�
are dominating. Screw dislocations are almost missing.

In the anomaly range, the dislocations are straight
again (Fig. 2b). In contrast to the deformation in the
low-temperature range, 60° dislocations along �110�
become dominating with increasing temperature. Thus,
the increase in the flow stress in the anomaly range is

accompanied with a transition of the predominance of
60° dislocations from �111� to �110� directions, which
are not identical crystallographically. The straight shape
of the dislocations oriented along �110� 60° or �331� 90°
is preserved also during their motion, as demonstrated
in Fig. 3 taken during in situ deformation in an HVEM.
The dislocations are created in localized sources emitting
a large number of dislocations on the same plane. They
move either in an unstable or a viscous way.

In the high-temperature range, the microstructure
contains also single dislocations and prismatic loops with
�100� Burgers vectors. This range, in which recovery
plays some role, will not be discussed here.

Below about 1050°C, polycrystals deform by slip, too.
Fig. 4a and b show optical micrographs of slip steps on
the specimen surface. The results of indexing the slip
steps by electron back-scattered diffraction (EBSD) and
of transmission electron microscopy are consistent with
{110}�111� and {011}�100� as the most prominent slip
systems. While at higher temperatures, many grains
deform on two sets of intersecting slip planes, fewer
grains were observed to deform at 600 and 495°C
showing only a single set of slip steps. Cracks may appear
at all temperatures. The density of cracks increases with
the number of slip steps decreasing. Above about 1050°C,
slip steps do not form. Instead, the material deforms
along a grain boundary phase, with intergranular cracks
appearing by grain boundary decohesion parallel to the
loading direction. The viscous failure of the grain
boundary phase has been proven by in situ straining
experiments in the HVEM, too.

4. Discussion

The flow stresses of the {110}1/2�111� slip system in
single crystals following from Fig. 1a are lower than
those determined previously [5]. Besides, the stress versus
temperature curve is shifted to lower temperatures. Both
can be due to the lower strain rate in the present study.
Between 300 and 500°C, the flow stress shows its normal
decrease. At 300°C, the activation volume calculated
from the strain rate sensitivity data in Fig. 1b by
V=kT/(msr) is about 10 b3. Here, k is the Boltzmann
constant, T, the absolute temperature, ms, the orientation
factor, and b, the absolute value of the Burgers vector.
This activation volume as well as the straight shape of
the dislocations, particularly the 60° dislocations in
�111� orientation are consistent with the Peierls mecha-
nism controlling the dislocation mobility. However, an
activation volume of about 100 b3 at 500°C, i.e. at the
high-temperature end of this range, points also to other
glide obstacles, perhaps impurities.

The anomalous increase of the flow stress above 500°C
should be initiated by an additional friction mechanism.
It has been argued in [6,7] that this mechanism consists

Fig. 1. Temperature dependence of deformation data of MoSi2 single
crystals along a �201� orientation (open circles) and of polycrystals
(solid squares). (a) (Engineering) flow stress � at the upper yield
point. (b) Strain rate sensitivity r determined from SR (squares and
circles) and from SRC tests (crosses).
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Fig. 2. Dislocation structures in MoSi2 single crystals deformed along [201] taken in an HVEM. (a) 300°C, plastic strain 0.37%, beam direction
(BD)� [11� 0] perpendicular to (11� 0) slip plane, Burgers vector b��111� �, g�(110). (b) At first 500°C, then 850°C, 1.5%, BD� [010], b��111�,
g�(200). Arrows mark the projections of the indicated directions onto the image plane.

in the diffusion-controlled formation of point defect
atmospheres around the dislocations. This model ex-
plains well the unstable mode of dislocation motion in
macroscopic experiments, the coexistence of unstable
and viscous dislocation motion, the low or even nega-
tive strain rate sensitivity of the flow stress, and the
inverse curvature of the stress relaxation curves. How-
ever, unlike NiAl or TiAl, for instance, where at high

temperatures the viscously moving (ordinary) disloca-
tions are smoothly bent, the dislocations in MoSi2 are
straight and in crystallographic orientations. As de-
scribed in Section 3 and in accordance with [5], the
predominance of 60° dislocations along �111� in the
low-temperature range changes to such along �110�
within the anomaly range. Thus, the occurrence of the
anomaly is certainly related to changes in the core
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structure of the dislocations. Here, it is suggested that in
the anomaly range, the dislocations undergo a climb
dissociation according to

1/2[111](11� 0)�1/6[331](11� 0)+1/6[33� 1](1� 16)

+1/6[3� 31](11� 6) (1)

similar to the climb dissociation suggested for disloca-
tions with �110� Burgers vectors in NiAl [8]. The
dissociation according to Eq. (1) does not contradict the
weak beam images of Fig. 1 in Ref. [9] and of Fig. 7 in
Ref. [5], which resolve two partials of different contrast,
but it does not agree with Fig. 10b in Ref. [10]. Calcu-

lations using anisotropic elasticity show that the dissoci-
ation according to Eq. (1) is accompanied by a 3% gain
in energy. The faults between the partial dislocations are
antiphase boundaries. They have high energies [11] so
that the dissociation width should be small. The latter
two partials cannot glide on the {110} glide plane of the
total dislocation. Thus, the dissociation as well as the
motion of the whole dislocation requires conservative
climb in the dislocation core, which is possible solely at
sufficiently high temperatures. The latter partials are
pure edge components for the 60° dislocations along
[110], which may explain that these dislocations experi-
ence the greatest glide resistance leading to their domi-
nance in the dislocation structure in the anomaly range.
The dynamics of the dislocation motion should be similar
to that of the model of atmosphere formation explaining
also the other experimental results described above. As
in other materials, the dislocation mobility controlling
the thermal contribution of the flow stress influences also
the dislocation generation so that, finally, the flow stress
in the anomaly range includes also a large athermal
component.

The deformation of polycrystals at about 850°C is
characterized by multiple slip of easy slip systems.
However, these systems do not yield the five independent
slip systems necessary for continuous slip after the von
Mises criterion. According to Ref. [5], several easy slip
systems show a maximum of the critical resolved shear
stress of about 300 MPa at about 850°C, i.e. twice the
value of the �111�{110} system corresponding to Fig. 1a.
Thus, considering an average orientation factor of about
0.4, the single crystal data may explain the flow stress of
the polycrystals at 850°C, with the shoulder in the flow
stress versus temperature curve of Fig. 1a demonstrating
the flow stress anomaly. In contrast to single crystals,
below 850°C, the strain rate sensitivity of polycrystals in
Fig. 1b is almost independent of temperature. It corre-
sponds to activation volumes somewhat smaller than 200
b3. This value may be due to a larger amount of
impurities in the polycrystals, mainly iron from ball
milling. The impurity contribution to the flow stress will
show a continuous increase at decreasing temperature
but not the minimum of the single crystal data at about
500°C. In addition, the very high flow stress at low
temperatures may be caused by the blocking of the
narrow slip bands at the grain boundaries, finally initiat-
ing cracks. At high temperatures, MoSi2 polycrystals
deform by the deformation and decohesion of a grain
boundary phase, which can be described by a reduction
of the effective cross section and a rheological Burgers
model.
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Fig. 3. Stages of a video recording of viscous motion of dislocations
with b=1/2[11� 1] on (110) during deformation along [201] at 1000°C
inside an HVEM.
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Fig. 4. Optical micrographs of deformed MoSi2 polycrystals. (a) 495°C, plastic strain 0.2%; and (b) 1000°C, 0.5%.
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