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A B S T R A C T

Polycrystalline Mo(Si,Al)2 with C40 crystal structure was deformed in compression with a strain rate of 10−4 s−1

at 1300 ◦C. The specimens were deformed to a strain of 10%–15% and showed maximum stresses around 150
MPa prior to pronounced softening. No crack formation or significant increase in porosity could be observed.
Post-test microstructure analysis revealed that the material was inhomogeneously deformed on both inter-
and intragranular levels. Dynamic recrystallization occurred alongside low angle grain boundary formation in
highly deformed grains. Furthermore, complex intragranular deformation fields suggest that slip systems other
than

⟨

21̄1̄0
⟩

[0001] may be active during deformation.
1. Introduction

Electrification of industrial heating processes holds great promise
for reducing CO2 emissions as it allows the use of renewable and
sustainable energy sources instead of combustion of fossil fuels. A large
part of the emissions from fossil based heating arise during processes at
very high temperatures (>1000 ◦C) [1], and enabling electrification of
such processes is therefore critically important. However, the electrifi-
cation of high power heating processes will require up-scaling from the
kW range, for which most high temperature electric heating solutions
are developed, to MWs. In the case of indirect resistive heating, which is
a mature technology with large potential, high efficiency and low risk,
this translates to heating elements with larger dimensions. Increased
dimensions in turn increase the gravitational forces on the elements,
particularly in combination with horizontal element mounting associ-
ated with ensuring uniform temperature distributions in large furnaces.
It is therefore expected that, in addition to the traditionally life-limiting
oxidation resistance which has received significant attention [2–5],
the mechanical properties of the heating elements will have a larger
influence on the performance and design space compared to the case
in present applications.

In this study we address the lack of knowledge regarding mechani-
cal behaviour of one ceramic candidate material for heating elements in
high temperature industrial heating: Mo(Si,Al)2. It has a high melting
point, high resistivity, low density, resistance to pesting and excellent
corrosion resistance in both oxidizing and reducing environments [2–
5]. The latter is important for many industrial processes and clearly

∗ Corresponding author.
E-mail address: magnus.colliander@chalmers.se (M. Hörnqvist Colliander).

differentiates Mo(Si,Al)2 from the more traditional ceramic heating el-
ements made from MoSi2, and has led to the preferred use of Mo(Si,Al)2
heating elements in more demanding atmospheres.

Mo(Si,Al)2 possesses a hexagonal C40 crystal structure [2,6]. This is
a result of a significant amount of Al substituting for Si in MoSi2 leading
to a transition from the tetragonal C11b structure to C40 [6,7]. While
the oxidation of C40 Mo(Si,Al)2 has been extensively studied in recent
years [2–5], the knowledge regarding the high temperature mechanical
properties is still lacking. Studies of single crystals have shown that
there is only one active slip system,

⟨

21̄1̄0
⟩

(0001) [6], which is the
same system as observed in other C40 structured transition metal sili-
cides such as NbSi2, VSi2, CrSi2 and TaSi2 [8–12]. The ductile to brittle
transition temperature (DBTT) is high, around 1100 ◦C (0.6 𝑇 ∕𝑇𝑚) for
Mo(Si,Al)2 single crystals [6,12,13], presumably due to deformation
through the synchroshear mechanism [6]. The only available studies
of polycrystalline Mo(Si,Al)2 [13,14], which in turn is the only single
phase C40 silicide for which polycrystals have been tested, have shown
high temperature strength levels similar to C11b MoSi2, DBTT around
1250 ◦C and fracture strains exceeding 20% above the DBTT. The large
ductility of the polycrystalline material is interesting considering the
presence of a single active slip system below 1500 ◦C [6,12], which
does not allow fulfilment of the von Mises criterion.

Notably, no stress–strain curves or microstructure investigations
were reported in Refs. [13,14], and the specifics regarding the de-
formation behaviour of polycrystalline Mo(Si,Al)2 remains largely un-
known. In the present investigation we perform compression testing
vailable online 8 June 2022
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of Mo(Si,Al)2 polycrystals at 1300 ◦C, and report similar strength
levels as previous studies, but significant softening after yielding. We
perform detailed microstructural investigations of the undeformed and
deformed material and show that recovery occurs through formation
of low angle grain boundaries (LAGBs) and dynamic recrystallization
(DRX). Examination of the plastic strain distribution between and
within grains further suggests that there may be additional slip systems
activated due to the complex stress states encountered in the grains due
to strain compatibility in a deforming polycrystal.

2. Materials and methods

2.1. Material

Polycrystalline Mo(Si,Al)2 was prepared by dry mixing of elemental
Mo (99.9% purity, Cerac Inc.), Si (99.99% purity, Wacker) and Al
(99.5% purity, GoodFellow) powders in a Mo-lined ball mill with Mo
balls. The powder mixture was heated to initiate a self-propagating re-
action in which Mo(Si,Al)2 (as well as small amounts of Mo5(Si,Al)3 and

l2O3) was formed. The reaction product was milled and compacted
o rods using a cold isostatic press (CIP, EPSI) operating at 2000 bar,
rior to sintering in H2 gas in a tube furnace (1 h at 1650 ◦C, ramp
ime from room temperature was 5 h). The as-sintered material had

density of 5.75 g/cm3 (96% of theoretical density). The chemical
omposition of the sintered rod, measured using inductively coupled
lasma mass spectrometry (ICP-MS), was 14.6 wt% Al, 20.1 wt% Si,
.1 wt% Al2O3, 63.2 wt% Mo and 0.04 wt% Fe. Polycrystalline MoSi2
grain size 4 μm, 97 vol. %, MoSi2 and small amounts of SiO2 and
o5Si3) was synthesized using the same procedure as described above

or Mo(Si,Al)2. This material was used for validation of the test method
s it allowed direct comparison with previously reported tests of similar
aterials.

.2. Materials characterization

The as-sintered rod was cut along the rod-axis, see Fig. 1(a), ground
sing SiC paper and polished using diamond suspension (down to
μm) and colloidal silica. The cross-section was characterized using

canning electron microscopy (SEM) imaging, energy-dispersive X-ray
pectroscopy (EDS), electron backscatter diffraction (EBSD) as well
s X-ray diffraction (XRD). For the SEM imaging and EDS, an FEI
uanta 200 FEG ESEM at an accelerating voltage was 20 kV was used.
he EBSD data was obtained using a Tescan GAIA3 system, with an
ccelerating voltage of 15 kV. AZtec software by Oxford Instruments
as used for both EDS and EBSD acquisition and analysis. The EBSD
ata were further analysed using the Channel 5 software by Oxford
nstruments. XRD was performed using a Bruker D8 Advance equipped
ith a Cu-anode. Thin foil sample for scanning transmission electron
icroscopy (STEM) was prepared by standard lift-out method using an

EI Versa 3D focused ion beam (FIB)-SEM instrument equipped with
n Omniprobe manipulator. STEM bight field (BF) characterization was
arried out using an FEI Titan 80–300 instrument operated at 300 keV.
BSD was also performed on the lift-out foil sample.

.3. Compression testing

The as-sintered Mo(Si,Al)2 rods were ground to a diameter of 8 mm
nd cut into 12 mm long cylindrical specimens for compression testing.
he specimens were tested with a strain rate of 10−4 s−1 at 1300 ◦C
sing a Gleeble 3800 thermomechanical simulator. Graphite foils and
i-paste were used between the specimen and the anvils to minimize

riction and ensure good electrical contact. As direct attachment of ther-
ocouples internally or at the surface was not possible, the temperature
as measured using a pyrometer. Al2O3 readily forms at the low vac-
um levels employed here (10−2 mbar), and the samples were therefore
2

ightly wrapped with a thin and flexible graphite foil. In this way, the E
Table 1
Chemical composition (at. %) and phase fractions (vol. %) in as-sintered material.

Phase Crystal structure Phase fraction Mo Si Al O

Mo(Si,Al)2 C40 (hexagonal) 94.2 32.4 36.6 28.8 2.3
Mo5(Si,Al)3 D8m (tetragonal) 3.0 57.2 32.6 7.3 2.8
Al2O3 D51 (hexagonal) 1.7 0.8 1.7 39.6 58.0
Pores – 1.1 – – – –

emissivity of the surface did not change during compression testing.
The constant emissivity, as well as the accuracy of the pyrometer, was
verified using dummy steel samples with both welded thermocouples
and graphite foil which were heated and held at different temperatures.
It was shown that the temperature measured by the pyrometer did
not deviate more than 4 ◦C above, or 8 ◦C below, the temperature
measured by the thermocouple. Compression of a MoSi2 sample at
300 ◦C was used to validate the set-up, and the results agreed well
ith literature reports for the same test conditions (temperature and

train rate) and grain size. The maximum stress was of 101 MPa at a
ominal strain of 7%, compared to 94 MPa and 5% reported by Mitra
t al. [15]. During testing the Mo(Si,Al)2 test specimens were heated
o 1300 ◦C at a rate of 50 ◦C min−1 and held for 30 s to stabilize
he temperature before deformation. Compression to a nominal strain
f 10%–15% was performed in stroke control, which provided the
ost stable control mode. The displacement was measured using the L-
auge, and the displacement signal will therefore contain contributions

rom compliance of the anvils and other parts of the system, apart
rom the deformation of the sample. Nevertheless, L-Gauge measures
he displacement closer to the sample compared to the stroke, hence,
he contribution from the system should be smaller compared to the
ase for the stroke signal.

. Results

.1. Microstructure of as-sintered material

The material consisted of three different phases, Mo(Si,Al)2 (C40
tructure), Mo5(Si,Al)3 (D8𝑚), and 𝛼-Al2O3, as well as pores. A back-
cattered electron (BSE) micrograph, an EBSD phase map and an XRD
iffractogram of the material are shown in Fig. 1. The chemical com-
osition (determined using EDS) and volume fraction of the phases can
e seen in Table 1. The O content in Mo(Si,Al)2 and Mo5(Si,Al)3 is
robably due nano-sized alumina particles dispersed in the two phases.
uch particles were found both in this study and have been reported
or a similar material by Ingemarsson et al. [2–4]. Small amounts of
o and Si, probably traces from the synthesis reaction and/or due to

arge interaction volume in SEM, have been found in Al2O3. The phase
ractions and porosity were determined from image analysis of BSE and
E images. Due to the low volume fractions of Mo5(Si,Al)3 and Al2O3,
he analysis is from now on limited to Mo(Si,Al)2, unless otherwise
tated.

The grain size was measured using EBSD, with grain boundaries
eing defined by a misorientation of 10◦. Some grains (which based on
ize, shape and EDS data are suggested to be Mo(Si, Al)2) were difficult
o index using EBSD even though the electron back-scattered patterns
EBSP), were clear and belonged to a hexagonal unit cell. Small areas
nside such grains were nevertheless indexed resulting in identification
f small, individual grains by the software algorithm (even when
sing reasonable minimum pixel number for grain definition), which
esulted in a bimodal grain size distribution with one peak close to
ero and another above 20 μm. The EBSD data was therefore cleaned
y manually removing such grains. Removing the small grains instead
f performing iterative expansion of indexed areas was chosen as the
atter also expanded the neighbouring grains into the unindexed area,
hich was judged to result in larger errors compared to removal of the
roblematic grains. The removed regions were coloured black in the

BSD maps. After cleaning, the average grain size was 23 μm.
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Fig. 1. (a) Cut of rod for microscopy study. Microstructure of the as-sintered Mo(Si,Al)2
sample: (b) BSE image, and (c) EBSD map (blue = Mo(Si,Al)2, yellow = Mo5(Si,Al)3 and
red = Al2O3, black = manually removed Mo(Si,Al)2, grey = non-indexed Mo5(Si,Al)3).
(d) XRD pattern. The slight shift in peak position in (d) is due to small differences in
chemical composition of Mo(Si,Al)2 being analysed and the Mo(Si,Al)2 material which
the XRD card was based on (PDF 00-057-0374). (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 2. (a) Stress–strain curves from the three compression tests. (b) Specimen 1 after
deformation. (c) Cross-section of specimen 1 where the square indicates the position
of the EBSD measurements.

3.2. Deformation behaviour

Three polycrystalline Mo(Si,Al)2 specimens were successfully com-
pressed at 1300 ◦C and the engineering stress–strain curves are shown
in Fig. 2(a). Due to friction between the specimen and the anvils and
the inhomogeneous temperature distribution induced by the Gleeble
(heat conduction through the anvils leads to lower temperature closer
to the ends compared to the centre [16–18]), the specimens become
barrel-shaped during deformation, see Fig. 2(b) and (c). Note that the
pyrometer was centred on the sample gauge length to measure the
temperature where the plastic deformation is concentrated. Up to the
onset of plastic deformation the stress is expected to be reasonably
accurate, however, as the variation in cross-section along the sample
due to barrelling increases with plastic deformation, the stresses and
strains calculated from force and displacement become increasingly
inaccurate after yielding. The measured strains also contain errors
due to the origin of the displacement signal (the L-Gauge) and the
deformation of the graphite films, Ni paste and even WC-Co anvils,
which do deform to a certain degree at 1300 ◦C. The stresses and
strains in Fig. 2 should therefore be taken as qualitative rather than
quantitative.

The linear increase in stress seen in the first part of the stress–
strain curves in Fig. 2 corresponds to the elastic region of deformation.
3

However, due to the influence of compliance of parts other than the
tested specimen, the slope in the linear region does not correspond
to the Young’s modulus. The curves deviate from linearity at stresses
in the range 120–140 MPa, which indicates onset of plasticity. This
confirms that the material has been tested above its DBTT temperature,
which has been reported to be around 1250 ◦C for polycrystalline C40
Mo(Si,Al)2 [13,14]. After limited hardening the samples experience
a maximum in the stress response at around 4% strain, followed by
softening down to 20–40 MPa. The maximum stress values are observed
to be in the range of 148 and 168 MPa (average: 157 MPa). Hagihara
et al. [14] and Umakoshi et al. [13] reported a yield stress of about
156 MPa for polycrystalline Mo(Si,Al)2 at 1300 ◦C, which is very close
to the maximum stress reported in this study. While there were no
reports on how the yield stress was defined, the yield stress and the
maximum stress should be rather close due to the limited work hard-
ening seen in Fig. 2 and reported for polycrystalline MoSi2 compression
tested at the same temperature and strain rate [19]. The pronounced
stress decrease in case of Mo(Si,Al)2 in the present study, indicates
that extensive recovery and/or activation of additional deformation
mechanisms is taking place, in particular since the increasing area in
the specimen centre leads to an overestimation of the stresses calcu-
lated based on assumptions of homogeneous plastic deformation. Such
extent of softening was not observed by Mitra et al. for polycrystalline
MoSi2 [19] under the same deformation conditions. No compression
curves or discussion of the stress response regarding the polycrystalline
Mo(Si,Al)2 was provided in Refs. [13,14] so the present results cannot
be compared to these reports in more detail.

3.3. Microstructure of deformed specimen

After deformation, the specimen denoted 1 in Fig. 2 was selected for
microstructure analysis using EBSD. The specimen was cut along the
compression axis (which is the same as the rod axis in the as-sintered
material) and the cross-section was ground and polished similar to the
as-sintered material. From the centre region (indicated by the square
in Fig. 2(c)) two EBSD maps (having the size of 400 × 400 μm and
450 × 300 μm) were obtained for better statistics. In total, the two maps
contained 975 Mo(Si,Al)2 grains. All histograms and plots presented in
the following sections are based on these grains.

The microstructure of the tested specimen, in terms of an EBSD
phase map, is shown in Fig. 3(a). Fig. 3(b) indicates that the major
axis of ellipses fitted to the grains have become preferentially aligned
perpendicular to the loading direction compared to the as-sintered
material, where the angles are uniformly distributed. This suggests a
‘‘flattening’’ of the grains during compression, as would be expected
during plastic deformation. The amount of porosity increased only
slightly, from 1.1% in the undeformed material to 3.2% after com-
pression, and no cracking could be observed. This clearly shows that
polycrystalline Mo(Si,Al)2 readily deforms plastically in compression at
1300 ◦C, without extensive formation of defects.

Further effects of plastic deformation can be seen in the increased
intragranular lattice rotations, visualized by increased grain orientation
spread (GOS, the average misorientation between each pixel in the
grain and the average orientation of the grain) after deformation,
compare Figs. 4(a) and (b), and in the histogram of the logarithm
of the GOS shown in Fig. 4(c). Since lattice rotation is produced by
geometrically necessary dislocations (GNDs), the increased GOS values
indicate increasing GND densities. Also observed from the EBSD maps
is that the microstructure has become finer due to deformation, which
is confirmed in the grain size distribution shown in Fig. 4(d). Further-
more, the large grains in the deformed material have higher GOS values
than the smaller grains, while the GOS is similar for all grain sizes in
the undeformed material (Fig. 4(e)). The presence of small undeformed
grains after compression suggests that dynamic recrystallization (DRX),
is operating under the present deformation conditions, which could be
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Fig. 3. (a) EBSD phase map of deformed specimen; (b) Histogram showing the relative frequency of the tilt of major grain axis of ellipses fitted to the grains relative the loading
direction; (c) A deformed specimen showing the definition of the tilt angle with respect to the compression axis. The grey ellipses in (b) schematically show the tilt of each bin.
Fig. 4. GOS maps of (a) as-sintered material, and (b) deformed specimen. (c) and (d) Histograms of the logarithm of the relative frequency of GOS and grain size, respectively.
(e) Average of the logarithm of GOS as a function of grain size.
expected to contribute to the pronounced stress decrease observed after
the peak stress.

The deformation was not homogeneous within the grains, which can
be seen from the grain reference orientation deviation map (GROD, the
misorientation of each pixel relative to the average grain orientation)
in Fig. 5(a). Fig. 5(b), shows the GROD map of the as-sintered material
for comparison. Several grains in the deformed structure show large
internal variations (corresponding to large GROD values in Fig. 4(b))
and a number of grains contain very sharp GROD gradients, as exem-
plified by the grain in the red square in Fig. 5(a). The kernel average
misorientation (KAM, pixels in map are colour-coded based on the
misorientation between the pixel and its neighbours) map in Fig. 5(c)
reveals that this is due to the formation of narrow internal boundaries.
In general, three different types of grains are observed in the KAM map:
(1) grains with very low deformation (homogeneously blue-coloured in
both the KAM and GROD maps), (2) grains in which the GROD angle
4

varies throughout the grain (colour gradients in the GROD map and
‘‘speckled’’ colouring in KAM map), and (3) grains with distinct, often
straight internal boundaries indicated by locally high KAM values.

A number of the grains having lines with high KAM values and/or
large spread in GROD angle were analysed at higher resolution. One
example is shown in Fig. 5(d). As indicated by the very sharp line in this
map, the misorientation profile associated with the red line (i.e. line
2) showed a steep change in orientation (about 3◦) when crossing the
line, Fig. 5(e). It is believed that the line indicates a low angle grain
boundary (LAGB). The misorientation of other LAGBs was in the range
of about 1◦–5◦. No LAGBs were present in the as-sintered material and
they are therefore a result of the deformation. The majority of the lines
are oriented in such a way that the angle between the LAGB trace
and the loading direction is large. Furthermore, the lines often, but
not always, appear to be oriented parallel to the normal of the basal
plane of the crystal (i.e. the [0001] 𝑐-axis), see Fig. 5(f). Large gradients
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Fig. 5. (a) and (b) GROD maps of the deformed and as-sintered material, respectively. The green line present in the lower left corner of (b) is due to a scratch in the specimen
from polishing. The GROD colour-bar is valid for both images. (c) KAM map of deformed specimen with a number of low angle grain boundaries indicated by arrows. (d) KAM and
GROD angle map of the grain marked with a rectangle in (c). (e) Misorientation along the lines shown in (d). (f) The crystal orientation of the selected grain. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web version of this article.)
in the GROD values are often observed along directions normal to the
[0001] direction, compare line 1 and 2 in Fig. 5(e). Due to the apparent
alignment of the LAGBs with the [0001] direction, the largest GROD
gradients occur normal to the LAGB traces in the maps. Line profiles
showed that if no LAGB is present in the grain, the change in GROD
angle (relative to the first pixel in the line) was up to 6◦. However,
the majority of the grains analysed had lower GROD misorientations,
around 2◦–3◦.

However, since the EBSD data only shows a two-dimensional cross-
section of the material, a detailed investigation of the orientation of the
LAGBs with respect to the crystallographic orientation is not possible
using this method. Hence, a thin foil sample perpendicular to the LAGB
trace was prepared using FIB. The location and the orientation of
the lift-out is shown in Fig. 6(a). The LAGB is running, with a small
curvature, from the top (the surface plane in 6(a)) to the bottom of
the liftout, see KAM map in Fig. 6(b). In addition to the change in
crystal orientation attributed to the LAGB itself, the orientation also
varies in the region close to the LAGB, which can bee seen in the GROD
map in Fig. 6(c). Fig. 6(d) shows a STEM BF image corresponding to
Fig. 6(b) and (c). The LAGB appears very sharp, and the grain interior
contains multiple individual dislocations. Interestingly, a second curved
boundary associated with the other side of the region with a GROD
gradient appears to be present indicated by white arrows in Fig. 6(c)
and (d), but this is less well defined and not visible in the KAM
map. We also note the presence of several nano-scale Al2O3 particles
inside the grains, as previously mentioned, and a larger particle which
is only visible in the STEM image as it is located on the back side
of the thin foil when oriented for EBSD. Both the small and large
5

Fig. 6. (a) Location of the thin foil lift-out. (b) KAM and (c) GROD maps of the thin
foil. The schematic unit cells in (a) and (b) visually show the crystal orientations with
the respect to the image plane. (d) STEM BF image showing the LAGB and dislocations
in the grain interior. The Al2O3 particles in (d) are not visible in (b) and (c) because
of the shallow interaction depth of EBSD.

particles appear to have an effect on the plastic deformation, as a
large number of dislocations are seen in their vicinity. This indicates a
potential particle strengthening contribution from the presence of the
intragranular Al O particles, which could also act to limit recovery.
2 3



Materials Science & Engineering A 849 (2022) 143387A. Edgren et al.
Fig. 7. A grain oriented with the [0001] close to the loading direction, with
misorientation profiles of the four lines indicated in GROD angle map.

Fig. 7 shows an example of a grain without LAGB, where the GROD
distribution is considerably more complex. Again, the largest gradients
are observed perpendicular to the [0001] direction, but the lattice
rotation is concentrated in two opposing ‘‘corners’’ of the grain. The
particular grain was oriented in with the [0001] axis almost parallel
to the loading direction, and hence has a very low Schmid factor
(0.01) for the

⟨

21̄1̄0
⟩

(0001) slip system. The areas having large GROD
gradients indicate regions with relatively high GND density, and pore
formation (and later crack initiation) is likely to be associated with such
concentrations. However, as mentioned above, only a modest increase
in the volume fraction of pores, from around 1 vol. % to approximately
3 vol. %, was observed, and no cracks were detected at the strain levels
in the present study.

4. Discussion

The EBSD investigation in the present study shows that the material
has not been deformed homogeneously. Some grains were much more
deformed than others, as revealed by the KAM, GOS and GROD maps
in Figs. 4 and 5. Similar phenomenon has been reported by Mitra
et al., in the case of polycrystalline MoSi2 with the C11b structure [19],
where it was argued that grains which had slip systems with a low
critical resolved shear stress favourably oriented with respect to the
loading axis were more prone to deform than other grains. In the
case of uniaxially compressed Mo(Si,Al)2 single crystals only one slip
system,

⟨

21̄1̄0
⟩

(0001), has been found. Furthermore, Inui et al. [6] have
shown that the deformation is very orientation dependent and that
single crystals loaded along the [0001] or

{

12̄10
}

direction fracture
without any plastic deformation at all, even at temperatures as high
as 1500 ◦C [6]. In the present investigation the majority of the grains
with low Schmid factor for

⟨

21̄1̄0
⟩

(0001) slip had low deformation
(GOS value), which agrees with previous reports. However, some grains
oriented with the [0001] axis close to (less than 10◦ away from)
the loading direction, were indeed plastically deformed despite the
Schmid factor being close to zero. This would suggest that the elastic
interactions with surrounding grains impose a stress state with a signif-
icant shear component on the

⟨

21̄1̄0
⟩

(0001) slip system (as discussed
before), or that additional slip systems are activated. The activation
of additional slip systems in the presence of complex stress states has
been reported for C40 NbSi2 [20], which otherwise nominally has the
same single slip system as Mo(Si,Al)2 and the other C40 silicides [9,12].
While

⟨

21̄1̄0
⟩

(0001) slip occurred in the homogeneously deformed vol-
umes of NbSi2 single crystals tested in tension at elevated temperature,
four new slip systems (

⟨

12̄10
⟩

{101̄0},
⟨

12̄10
⟩

{101̄1}, ⟨0001⟩ {101̄0} and
⟨

112̄X
⟩

{112̄Y}, where (X×Y) = −6) were found to be operative in the
vicinity of the main crack to accommodate local stress concentrations
and multiaxial stress states [20]. Elastic interactions between adjacent
grains due to strain compatibility give rise to very complex local stress
states during deformation of polycrystalline materials, and hence it is
indeed possible that non-dominating slip systems may become active
also in Mo(Si,Al) in the present case.
6
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The deformation did not only differ from grain to grain, but also
within the deformed grains. From the two-dimensional cross sections
investigated using EBSD, it was observed that the direction of the
largest orientation gradient often followed a certain crystallographic
direction in each grain, i.e. perpendicular to the [0001] axis. In grains
where LAGBs have been formed (as exemplified in Fig. 5(d) and (e)),
the trace of this boundary is typically aligned with the [0001] di-
rection, and the orientation gradient is perpendicular to the LAGB
trace. The change in misorientation parallel to the LAGB trace was
often very low, typically less than 0.5◦ (i.e. in principle at the noise
level) across the entire grain width. There are also exceptions to this,
where more complex deformation fields are observed, where Fig. 7
provides a prominent example. However, even in such grains the largest
misorientation gradients were observed perpendicular to [0001]. The
larger gradients along [0001] is a result of the different gradients
perpendicular to [0001] in different parts of the grains. Mitra et al. [19]
observed LAGBs in individual grains in C11b MoSi2, and suggested
that their formation was a dynamic recovery mechanism. If this is the
case, there would likely exist a "critical deformation level’’ where LAGB
formation becomes energetically favourable. Indeed, we do find that
grains having a larger misorientation spread (typically above 4◦) often
contains LAGBs.

In spite of the presence of LAGBs, which according to Mitra et al.
[19] will contribute to dynamic recovery through the emission and
absorption of dislocations, the number of grains containing such bound-
aries is small. Given the very pronounced stress decrease observed
after the maximum stress in Fig. 2, it is therefore unlikely that LAGB
formation alone is responsible for the softening. In the present work
we find a relatively large fraction of small grains with very low level
of deformation (GOS) after compression (see Fig. 4(d) and (e)), which
suggests the occurrence of extensive DRX. Mitra et al. [19] did not
report any evidences of DRX in MoSi2, but it has been observed by
Hardwick et al. [21] in polycrystalline MoSi2 deformed by compres-
sion to a high strain (57%) at a strain rate of 10−4 s−1 at 1300 ◦C.
It was argued that DRX would only occur in microstructures where
grain boundary sliding was not the dominating deformation mechanics.
Furthermore, the window for DRX in terms of temperature and strain
rates was found to be quite narrow. Deformation at temperatures
above 1400 ◦C produced grain growth, whereas lower temperatures (or
higher strain rates) increased the proportion of microcracking, leading
to less dislocation accumulation and thus suppression of DRX [21].
Here we show that DRX readily occurs in polycrystalline Mo(Si,Al)2
deformed at 1300 ◦C at a strain rate of 10−4 s−1, and that suggests
that this has a large impact on the stress evolution and deformation
mechanisms during hot deformation. However, it is not yet confirmed
if DRX is the dominating mechanism leading to the observed softening
of polycrystalline Mo(Si,Al)2. As the stress levels towards the end of
the tests are significantly lower than the initial yield stress, which
would not be expected for a material where DRX is the dominating
relaxation mechanisms, it is likely that other phenomena, such as grain
boundary sliding (not present in single crystalline materials), contribute
to the softening. It is possible that Joule heating, which gives rise to
an uneven heating of the material with higher temperatures at grain
boundaries [22–24], triggers grain boundary sliding. Furthermore, the
fine microstructure formed due to DRX may in itself enhance grain
boundary sliding [19]. This clearly calls for further studies to identify
both the window for DRX and the temperature and strain rate depen-
dent critical strain and kinetics, as well as the deformation mechanisms.
Furthermore, for metallic materials it has been shown that DRX is
accelerated during hot compression using Joule heating compared to
identical processing using a conventional furnace [25]. This may be
one reason for discrepancies in observations of DRX between hot com-
pression studies also in the case of ceramics like MoSi2, and contribute
to difficulties in establishing DRX strain rate/temperature windows.
However, in the present case it provides relevant conditions since
the intended application for the studied material is resistive heating
elements.
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5. Conclusions

We present the first detailed report of stress–strain response and
microstructure of deformed polycrystalline C40 structured Mo(Si,Al)2,
nd indeed of any polycrystalline C40 transition metal silicide, to our
nowledge. Samples were compressed at a strain rate of 10−4 s−1 at
300 ◦C, and subsequently investigated using EBSD. The results can be
ummarized in the following points:

1. The polycrystalline samples were readily deformed to strains
above 10% with only a modest increase in porosity and no
observable crack formation, in spite of nominally possessing only
a single slip system. The maximum stress during deformation
agrees well with previous studies. After the maximum stress a
pronounced softening is observed, which has not been previously
reported.

2. The deformation is inhomogeneous both on the intragranular
and intergranular scale. Grains with low Schmid factor generally
exhibited less deformation, although prominent exceptions to
this occurred. Very complex deformation fields were observed,
but in general largest misorientation gradients were aligned
perpendicular to the [0001] direction. The ability to undergo
large scale plastic deformation without cracking and to accom-
modate the complex deformation fields presented suggest that
the triaxial stress states generated in the grains by the elastic
intergranular interactions could promote activation of additional
slip systems. Such slip systems have been observed in C40 struc-
tured NbSi2 in the vicinity of cracks, which also induce highly
complex stress states.

3. Low angle grain boundaries formed in highly deformed grains,
which probably contributed to the softening through dynamic
recovery. Even more pronounced was the occurrence of dynamic
recrystallization, leading to the formation of a large fraction of
small undeformed grains. However, it is unlikely that relaxation
due to combined of LAGB formation and DRX can fully explain
the softening to stress levels far below the initial yield strength
of the material.

hese results indicate that the existing knowledge of the mechanical
ehaviour of C40 structured silicides based on results from tests of
ingle crystals cannot be directly extrapolated to polycrystals. Further
nvestigations into both slip system activity and occurrence/kinetics of
RX in polycrystalline C40 transition metal silicides can reveal generic
nd system specific behaviours and their origins. In particular, com-
arison between systems deforming through synchroshear (Mo(Si,Al)2
nd CrSi2) and conventional shear (NbSi2, VSi2 and TaSi2), would

be of great interest. We also note that clarifying the above points is
particularly important for Mo(Si,Al)2, as the high temperature mechan-
ical behaviour is likely to become very important for electrification of
industrial heating processes and thereby the transition to sustainable
manufacturing methods.
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