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ARTICLE INFO ABSTRACT

Keywords: Creep deformation of WC-Co composites at high temperature and stress is accommodated by either bulk WC
EBSD creep or by Co-infiltrated grain boundary sliding. It has been proposed that certain grain boundaries are more
Tungsten carbide susceptible than others to such sliding, and depending on the applied stress, the overall deformation rate can be
Hflrdmemls limited by either mechanism. Here, we have used Electron Back-Scatter Diffraction to study the strain parti-
High temperature creep tioning i h ph th lution in phase bound: d grain boundary misorientation, and void formation
g in each phase, the evolution in phase boundary and grain boundary misorientation, and void formation.

Several WC-Co samples (Co contents ranging 7-13 % and grain sizes 0.5-1 pm) were deformed by unconstrained

compression at 1000 °C under constant load in the range 0.5-1 GPa. The localised deformation state — as

characterised by increases in pixel misorientation and inverse pole figure dispersion — increased significantly

between 0.5 and 0.75 GPa for both phases, which may be associated with the onset of grain boundary sliding.

The onset of the formation of creep voids occurred when the stress level was 0.75 GPa or more. Deformation was

correlated with an increase in 60° Copcc /Copcc boundaries, and in 56° WC/Cogcc boundaries. Boundaries with

the latter misorientation angle may preferentially enable the Co infiltration process.

1. Introduction

Tungsten carbide-cobalt hardmetals remain the most widely used
hard ceramic-metal composites. The presence of the Co binder provides
fracture toughness and thermal shock resistance, while WC contributes
the necessary strength and hardness. This flexibility provides unparal-
leled performance across technical industries such as oil and gas
exploration, mining and metal cutting [1]. For many of these applica-
tions, the properties must also be retained at high temperature. In the
metal cutting industry, increasing the cutting speed can improve pro-
duction efficiency. This is at the cost of greater mechanical and thermal
loads, which induces more plastic deformation, leading to gradual shape
change of the tool which renders it unusable [2]. Thus, minimising
deformation of the cutting tool edge could lead to extended tool life-
times. This may be achieved if the complex interaction of the active
deformation mechanisms is better understood.

The mechanical behaviour of WC-Co can be classified in three tem-
perature regimes [3]: (1) below 500 °C, the material behaves elastic-
brittle manner; (2) between 500 and ~ 800 °C, some plastic
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deformation is enabled in the metal binder, but extensive plasticity is
prohibited by the immobile WC skeleton; and (3) above 800-900 °C
deformation of the WC skeleton becomes enabled by infiltration of grain
boundaries (GBs) by Co [3], enabling extensive deformation. Most work
has focussed on characterising the high temperature regime, where the
rate limiting step at a given temperature depends on the strain rate [4].
At low strain rates, WC-WC GBs are inactive, the corresponding stress
exponent is high (n = 4-6), and deformation is limited by power law
creep of the WC skeleton [4]. At intermediate strain rates, the defor-
mation is found to localize in the weaker Co binder phase; Co infiltrates
the WC/WC GBs, leading to GB sliding [5]. There is a corresponding
drop in the stress exponent to about n = 1. Finally, at higher strain rates,
the stress exponent increases again to n = 4-6, which has been attributed
to a return to power law creep in the WC phase being the rate limiting
process, once sliding of all the available GBs has been activated [4].
Thus, the transition between regimes and the related deformation
resistance is largely controlled by WC/WC boundary infiltration.
Attempts to better understand boundary infiltration during creep are
so far limited. DFT simulations highlight that higher energy GBs are
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accompanied by a reduced order at the GB [6], suggesting that they may
be less stable and hence susceptible to preferential binder infiltration.
This is supported by Electron Back-Scatter Diffraction (EBSD) experi-
ments of binder infiltration during sintering [7]. Generally, a strong bias
in the misorientation distribution amongst WC/WC GBs is observed,
resulting in a high frequency of low-energy 90° misorientation angles,
also known as X2 GBs. Other low energy GBs include twins as well as
coincidence site lattice GBs. The majority of X2 GBs are already present
in powder form [8]. Certain low energy GBs such as the X2 coincidence
site lattice boundaries [9], are thought to be mostly resistant to Co
infiltration, based on calculation [10] and experimental evidence [11].
For instance, pre- and post-mortem examination of cemented carbide
cutting inserts showed that about 10-20 % of carbide-carbide bound-
aries separate and are infiltrated by the binder during creep [2]. It has
previously been suggested that Co-binder forms continuous layers
infiltrating between WC-WC grains, yet Mingard et al. observed that the
Co-binder commonly forms multiple discrete precipitates at boundaries
and suspect that precipitation is more common on random boundary
orientations, which favour infiltration. Whereas grain boundaries be-
tween prism/prism, prism/basal or basal/basal planes show no infil-
tration [5].

In addition, special low energy interfaces can accommodate strain as
dislocations may cross the GB more easily compared to more random
GBs where dislocations accumulate and concentrate stress [10]. Thus, in
general it can be hypothesised that low energy interfaces prevent infil-
tration, grain boundary sliding (GBS), and creep deformation of the
system as a whole. Understanding their relative fractions and their
evolution during WC deformation may allow making better design
choices.

The situation is further complicated by other factors that can affect
creep behaviour, including the WC grain size [12], the crystal structure
of the Co matrix [13], its volume fraction [9,12] and alloying additions
[12]. The Co structure in particular is controlled by the content of dis-
solved C and W. Experiments on dilute Co-W-C alloys simulating the
composition of the binder show that at lower dissolution amount the
face centred cubic (fcc) crystal structure of Co is stable, while at higher
W and C contents, Co takes both the cubic fcc and the hexagonal closed
packed crystal structure (hcp) [14]. The relative amount of fcc phase has
been shown to decrease during tensile plastic deformation [14].

It is also important to consider the tertiary creep stage, which is
characterised by formation of pores and voids, which lead to stress
concentrations and attendant failure [15,16]. These creep voids occur in
WC-Co when the binder is no longer able to infiltrate the space between
separating grains efficiently enough [17,18]. Ostberg and Andren sug-
gest that the process of Co boundary infiltration, driven by stress-
assisted dissolution, may itself aid void formation given the direc-
tional diffusion of cobalt vacancies away from the interface. However, it
is not clear whether the magnitude of vacancy migration can account for
number and size of observed voids [5]. Nevertheless, the nucleation of
voids due to high hydrostatic stress states has also been observed in
finite element simulations [19].

Our study attempts to correlate deformation induced changes in
grain boundary misorientation, pore formation, and localised deforma-
tion in each phase via EBSD. We deform the samples at 500-1000 GPa
and 1000 °C for a test matrix of four samples: coarse/fine and high/low
Co contents. The results are organised in four sub-sections: (1) the
macroscopic stress-strain behaviour; (2) localised deformation charac-
teristics of the grain interior; (3) the evolution of grain boundary
misorientation; and (4) pore morphology. Below a strain of 7-10 %, the
deformation is generally accommodated by deformation in the Co phase,
while above that creep in the WC phase occurs and is accompanied by
significant void formation.

2. Methodology

The samples were (4x4x8 mm) cuboids that were extracted from WC-
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Co cutting inserts of the following ISO type geometry SNUN120400. The
inserts were manufactured by Seco by milling and mixing WC and Co
powders, pressing into a green shape and finally sintering in vacuum at
~1500 °C. Table 1 details the set of samples analysed.

Samples were deformed in a vacuum furnace (Materials Research
Furnaces) within a 20 kN load cell. The furnace had molybdenum heat
shields, tungsten heating elements and graphite push rods. The samples
were heated to 1000 °C and once the temperature stabilised, loaded at
25 N/s up to a set-point load that corresponded to an initial stress state
of 0.5, 0.75, or 1 GPa. Samples were held under this load for 12 min
(except the 13C samples tested at 1 and 0.75 GPa, where the time was
reduced to 1 and 8 min respectively to prevent excessive deformation).
This was followed by unloading at 25 N/s and furnace cooling.

Scanning Electron Microscopy (SEM) was performed in a Sigma VP
microscope from Zeiss. The Electron Back-Scatter Diffraction (EBSD)
analysis was conducted using an accelerating voltage of 20 kV, a 120 pm
aperture, 10,000x magnification, a 0.05 pm step size, and a 16 mm
working distance.

To investigate the creep induced changes in grain structure, grain
boundary misorientation and the formation and distribution of voids,
data analysis was conducted using Fiji (ImageJ) and MatLab’s MTex
toolbox [20]. Using Fiji’s analyse particles tool, the average area and
area fractions of voids in all samples were determined via an average of
measurements taken at magnifications of 2 K, 5 K, and 10 K. To deter-
mine the orientation relationship of the microvoids, voids consisting of a
minimum of 12 pixels were best-fit with ellipses.

3. Results and discussion
3.1. Deformation behaviour

Fig. 1 shows the deformation curves for all samples tested. The
nominal engineering strain is plotted, which is equivalent to the cross-
head displacement divided by the starting specimen height. The mate-
rials underwent a preliminary period of elastic deformation of 40-80 s to
a nominal engineering strain of 5-10 % depending on the applied load
(NB - this nominal engineering strain is not equivalent to the sample
engineering strain as it includes elastic strain of the instrument, which is
corrected for in Table 2).

Once the maximum load is reached the slope of the deformation
curves reduces and the samples continue to deform plastically a further
3-21 % depending on the sample and applied load. The additional
plastic strain can be attributed solely to creep deformation as there is no
further deformation of the instrument due to the constant applied load.
The residual engineering plastic strains during this period of creep
deformation are noted in Table 2. We note that the true strain will be
higher due to an increase in cross-sectional area of the specimens, as
well as some creep deformation occurring during the specimen loading
phase, which is not accounted for in our calculations.

3.2. Grain volume

Fig. 2 shows the grain size distributions of the WC particles for the as-

Table 1

Summary of the sample characteristics and mechanical testing conditions of the
four samples tested in this study. The sample ID indicates both the Co content
and WC grain size classification. The nominal stresses at which each sample was
tested are indicated along with the duration of the test in minutes.

Co WC grain size Sample Grain 0.5 0.75 1 GPa
content classification ID refiner GPa GPa stress
(vol%) additions stress stress
7 fine 7F Cr 12m / 12m
8 coarse 8C Ta/Nb 12m / /
13 fine 13F Cr / / /
13 coarse 13C Cr 12m 8m 1m
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Fig. 1. Plot of nominal engineering strain vs. time for all samples characterised.
Table 2

Nominal elastic strain, total strain, and residual engineering plastic strain for
each test.

Sample  8C- 7F- 7F- 13C- 13C- 13C-
0.5GPa 0.5GPa 1GPa 0.5GPa 0.75GPa 1GPa
Elastic 0.041 0.047 0.103 0.048 0.092 0.103
Total 0.071 0.113 0.251 0.083 0.219 0.315
Plastic 0.03 0.066 0.148 0.035 0.127 0.212

sintered and crept samples. The fine powders yielded distributions with
alower modal grain diameter of 0.5 pm, and showed no significant effect
of binder volume fraction. However, for the coarse WC particles with a
modal diameter of about 1 pm the size distribution varied with binder
content. The 8 % Co samples showed a peak at 0.8 pm, while for the 13
% Co samples the peak was at 1.05 pm and the distribution was slightly
broader. For both the fine and coarse materials, the size distribution did
not change during creep deformation.

We used MTex to determine a pixel average misorientation with
respect to all of its neighbour pixels - the kernel average misorientation
(KAM). Before calculating the KAM we denoised the EBSD data using the
half-quadratic minimization on manifolds as described in [21]. This
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Probability
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filter removes spatially independent noise. We calculated the KAM to the
1st order neighbour pixel and used a threshold angle, § = 2.5°. This
analysis highlights distortions in the crystal lattice as being regions of
particularly high dislocation density. The KAM maps are shown in
Figs. 3 and 4.

Fig. 3 shows a general increase in KAM within the WC grains as the
stress increases. At low stress levels of 0.5 GPa the overall KAM is
identical to the undeformed state, both being on the order 0.1-0.13°,
depending on the sample (average KAM indicated in sub-figure insets at
top-left). The existing misorientation is visible as fine bands of localised
plastic deformation that tend to coincide with contact points between
adjacent WC grains. The lack of any change in average KAM at low stress
is confirmed by the histograms in Supplementary Fig. 1, which show
almost perfect overlap of the misorientation distribution data for 0 and
0.5 GPa. (Note: Angular resolution of EBSD is determined by the analysis
method. ‘Traditional EBSD’ utilises peak detection within the Hough
transform and a look up table of interplanar angles to determine the
absolute crystal orientation. Using this method, the absolute crystal
orientation can be determined to an accuracy of 2° [22] and relative
misorientation can be determined to a sensitivity of ~0.5° [23]). This
suggests that the majority of KAM in the 0.5 GPa samples results from
sample processing. The presence of these local deformation features may
be explained by the considerable residual compressive stresses expected
in WC grains after cooling from the sintering temperature (e.g. ~500
MPa at 10 vol% Co [24]).

Fig. 4 shows the KAM data for the Co binder. Unlike the WC phase,
there is a measureable increase in average KAM for all samples at the
lowest stress level of 0.5 GPa. This is supported by the misorientation
distribution data in Supplementary Fig. 1, which clearly shows a
discernible shift in the misorientation distribution between 0 and 0.5
GPa for the fcc Co phase, but no discernible shift for the WC phase.

As the stress increases to 0.75 and 1 GPa, Fig. 4 shows increasing
KAM, with thicker and more frequent deformation bands. The magnified
regions shown for the 0 and 0.5 GPa deformed samples exhibit about 1
fine band per grain, ~100 nm in thickness, whereas at 1 GPa deforma-
tion the several grains exhibit 3-4 bands that are 200-300 nm or more in
thickness. This is supported by the continued increase in average KAM.
For example, in the 13C sample, the mean KAM increased from 0.14 in
the reference state to 0.23° for the 0.75 GPa sample, and to 0.3° for the 1
GPa sample. The misorientation distribution data in Supplementary
Fig. 1 also shows a marked and progressive change in the misorientation
distribution. The final increase in mean KAM was ~60 and 110 %
compared to the reference state, for the 0.75 and 1 GPa samples
respectively. This is comparable to the increase in mean KAM for the WC
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Fig. 2. Grain/particle size distributions of samples with (a) fine and (b) coarse WC particles. There is little change due to creep deformation.
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Fig. 3. One representative KAM map in the WC grains for each of the deformed samples displayed for the available levels of stress and respective grain sizes. The
average KAM is indicated in the top-left of each sub-figure. Magnified regions of highly deformed grains show strain bands.
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Fig. 4. KAM map within the Co grains for all deformed samples at all available levels of stress. The average KAM for the dominant fcc phase is indicated in the top-
left of each sub-figure. Magnified regions of highly deformed grains show strain bands.

phase, which was ~50 and 130 %. The similar levels of increase is
perhaps surprising given the lower flow stress in the Co, but may be
explained by its higher rates of defect recovery.

To depict the long-range deformation of the binder grains, inverse
pole figure (IPF) maps were constructed Figs. 5 & 6. Note: in these fig-
ures we have only shown the orientation plots for the reference states, as
the plots for the deformed states appeared qualitatively similar. For the
WC grains (Fig. 5), the orientation plot in the reference state shows
several hundred randomly oriented grains. The corresponding IPF map
shows each corresponding grain as a closely packed group of dots
(pixels), indicating each grain has a narrow range of orientations. For
the finer grained sample (7F), the grouping of the dots is less obvious,
due to the larger number of grains, and the fewer pixels in each grain.
The 0.5 GPa IPF maps appear qualitatively similar, which agrees with
the lack of change in localised misorientation of the WC grains for these
samples shown in Fig. 3. By comparison, the 0.75 and 1 GPa samples
show a progressive dispersion (un-grouping) of the orientations
belonging to each WC grain. This indicates significant longer-range
deformation has accumulated in those grains in agreement with the
overall macroscopic sample strain, with the 0.5, 0.75 and 1 GPa samples
accommodating strains of ~3.5, 12.7 and 21.2 %, respectively (Table 2).

The orientation plots for the Co grains in Fig. 6 show markedly fewer
grains. For example, only two grains are shown for the 13C sample, 4-5
grains for 8C, and 8-10 grains for 7F. This trend is representative across
four different areas of interest for each sample. The increase in number
of Co grains with decreasing grain size and Co content is accompanied
by an increase in the dispersion of the orientation in each grain, with the
highest dispersion being seen in 7F. The high dispersion in the 7F sample
can be associated to the higher anticipated residual stress state in the Co
phase that results from a combination of fine microstructure and low
binder content. This observation supports previous X-ray diffraction
measurements of residual stress in the binder phase, which find that the
stress is significantly higher in Co compared to WC and can exceed 3 GPa
in fine grained materials with low binder content [24].

Considering the effect of applied stress on the Co IPF maps: there is a
more pronounced spreading of the orientations than was seen for the WC
maps. Furthermore, there is spreading even at 0.5 GPa, which was not
observed in the WC grains. This observation agrees with the KAM maps
in Figs. 3 & 4 in their conclusion that deformation is accommodated
predominantly in the Co phase at 0.5 GPa. At 0.75 and 1 GPa, the poles
in the IPF maps diverge even further, such that individual grains, or
clusters, are no longer distinguishable.
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Fig. 5. (a) orientation plot for WC grains in reference state (0 GPa) and (b) Inverse Pole Figure (IPF) for WC grains in all samples, highlighting the deformation with
respect to a global axis. All IPFs are indexed identically, but only the index for the 7F sample at 1 GPa is shown for figure clarity.
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Fig. 6. (a) orientation plot for Co grains in the reference state (0 GPa) and (b) Inverse Pole Figure (IPF) for Co grains in all deformed samples (0-1.0 GPa),
highlighting the deformation of the binder grains with respect to a global axis. Again, only the index for the 7F sample at 1 GPa is shown for figure clarity.

The onset of significant localised deformation in the WC phase be-
tween 0.5 and 0.75 GPa, as shown by Fig. 5, and by the significant
deformation band formation (Fig. 3) — may be related to a change in the
dominant deformation mechanism. It is interesting to note that the
threshold stress for deformation in WC is similar to the yield strength of
~700 MPa that was found for WC-10.5Co (1 pm average grain size),
when loaded monotonically in compression at 5 x 10> s™! and 900 °C
[25]. In literature creep experiments, a drop in the activation energy and
stress exponent is commonly observed as the stress is raised [26-29].
The energy drop is commonly associated with a transition in the rate
limiting step being from power-law creep of the carbide skeleton, to a
grain boundary sliding mechanism. The transition usually occurs at
~200 MPa when tested at 1100-1200 °C [26-28]. However, there is
insufficient literature data at 1000 °C for comparison to this study.
Despite this, it is reasonable to expect the stress required for grain
boundary sliding would decrease as the temperature is raised. Therefore,
the onset of WC localised deformation and significant deformation
bands seen here may be interpreted as indicative of grain boundary

sliding.
3.3. Grain and phase boundaries

There are three boundary types: WC; Cogc and Copcp, resulting in six
misorientation distributions for each binary combination of phases, WC/
WC, WC/Cogee, WC/COpep, COfee/COtee; COfee/COnep, and Conep/Conep-
Note that only WC/WC, WC/Cog.c and WC/Coycp are included here, as
only these boundaries had sufficient boundary length fraction (>4 % for
all samples) to be evaluated. Therefore, the Cogec/C0fcc, COfcc/COnep, and
Conep/Conep boundaries, which did not meet this prevalence criterion,
have been included in Supplementary Fig. 3.

The three relevant distribution types are shown in Fig. 7 for all
samples. The prevalence of each boundary type, normalised by bound-
ary length, is shown in the top-left of each sub-plot for the reference state
only. The three boundary types involving WC dominate the overall
fraction of boundaries; they contain between 82 and 97 % of the overall
boundaries. Their high prevalence is due to the much smaller size of WC
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domains vs. Co ones (each map only between 2 and 10 distinct Co
grains). The sum of all grain boundaries do not add up to exactly 100 %,
due to a small presence of un-indexed pixels, partly due to pores or
voids, which account for ~2 % of the fine materials (13F and 7F) and ~
4 % of the coarse materials (8C and 13C). The sum of all boundaries did
not change significantly for different levels of stress, thus only the
reference state is reported.

Considering first the effects of stress on the WC/WC boundaries: The
reference distributions are dominated by a large peak at 90° consistent
with the X2 boundary, a twist boundary about the {1010} habit planes
[30]. We also see smaller peaks at 30 and 60°, which are more noticeable
in the finer-grained samples. These small peaks can be associated to mis-
indexing, where two EBSD patterns of the related orientations are
indexed in one grain as belonging to one or the other orientation. This is
easily identified in orientation maps, such as those shown in Fig. 5(a),
where within a single grain the orientation flips between the two ori-
entations related by symmetry. These misorientation peaks have been
associated to the £13 and 24 boundaries [30]; however, their presence is
due to mis-indexing. There is no measurable effect of stress in the dis-
tributions. This suggests that WC’s 90°-X2-grain boundary, is a partic-
ularly stable interface that remained unperturbed by deformation, as
was also observed by Yuan et al. [9].

For the WC/Cog.. boundaries, a uniquely broad probability distri-
bution is seen in the range 0-60° misorientation. This is due to the
mismatch of both cubic and hexagonal structures. The distribution be-
tween WC (hcp) and Cog,. follows the characteristic density of random
misorientation between cubic and hexagonal crystals (see Supplemen-
tary Fig. 2 for an example fit) [31]. Furthermore, there is a clear peak at
~56° misorientation, suggesting a slightly lower-energy configuration
between WC and Cog. at this angle. The frequency of 56°

misorientations of the WC/Cofcc boundary shows a clear and monotonic
increase with increasing deformation in all samples, being close to 54.7
degrees, which is the angle for the (100)wc // (111)¢, orientation
relationship (within the measurement error). It is therefore possible that
these 56° boundaries are preferentially formed when WC/WC bound-
aries are infiltrated with Co.

Finally, for the WC/Cop¢p boundaries, two peaks are seen at ~2 and
90°, with a small but measurable peak at 30°. It is interesting to note the
prevalence of this boundary is 3—-4 times greater in the higher Co content
samples.

3.4. Creep voids

Fig. 8 shows SEM micrographs of all deformed samples. The
compressive loading axis runs vertically in the visible cross-sections.
Voids are seen in the 0.75 GPa and 1 GPa samples, but no voids were
seen at 0.5 GPa in any of the samples. The onset of void formation thus
correlates with the onset of significant inhomogeneous deformation in
the WC phase, as shown in the KAM maps (Fig. 3), and the IPF maps
(Fig. 5). The voids in the 13C sample are well dispersed, however those
in the 7F sample appear to cluster together in groups (one of which is
shown in the magnified inset), suggesting that significant strain local-
isation occurs in this grade. The voids themselves have an orientation
dependence with respect to the loading axis, a point that is analysed
quantitatively in Fig. 9.

The formation of intergranular creep voids during deformation of
WC-Co has been reported extensively [19,29,32,33]. Generally, at in-
terfaces and triple points, this movement is accounted for by the infil-
tration of the matrix, resulting in Co lamellae. However, according to
Yousfi et al., unaccommodated grain boundary sliding and/or separa-
tion of adjacent hard particles is the cause of intergranular microvoids
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Fig. 8. Secondary electron SEM images of all deformed samples depicting the formation of microvoids in the cobalt matrix at 0.75 GPa and above. Images are

oriented such that the compressive stress axis runs vertically.
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Fig. 9. The angle between the long axis of the microvoids and an axis perpendicular to the deformation axis (Feret angle) is plotted as a) a Cartesian frequency graph
and b) a polar rose plot for the 13C-1GPa sample. Data in the rose plot is presented as 15 (blue) and 75 (orange) bins. (For interpretation of the references to colour in

this figure legend, the reader is referred to the web version of this article.)

[18,34]. Alternatively, regions of high triaxial stress within the soft
binder also preferentially nucleate cavities [19]. Table 3 shows the
average area of each microvoid and their area fraction within the
microstructure.

The orientation distribution of the micro-voids is shown in Fig. 9 for
the 13C sample subjected to 1 GPa of stress. Most of the micro-voids
formed during creep were elongated and demonstrated an orientation

Table 3

Average size and area fraction of microvoids found in the samples. Uncertainty
in area and area fraction are given by the standard deviation in values measured
at 2 K, 5K, and 10 K images. The presence of no voids is demarked “n.v.”.

Material Stress (GPa) Average area (pm2) Area fraction (%)
7F 0.5 n.v.
7F 1.0 0.1 + 0.06 1.49 £+ 0.40
8C 0.5 n.v.
13C 0.5 n.v.
13C 0.75 0.26 + 0.11 0.8 +0.10
13C 1.0 0.26 + 0.07 2.01 + 0.09

relationship with the deformation axis. This is because upon compres-
sive stress there is an induced orthogonal tensile force, resulting in the
highest resolved shear stresses occurring at inclinations of +45° from
the load direction.

To compare our results on void formation onset (Fig. 8 & Table 3)
and changes in the mean KAM of the WC phase (Fig. 3), the two prop-
erties are both plotted as a function of strain in Fig. 10. Void formation
(filled black symbols) occurs only when the strain exceeds about 10 %.
Meanwhile, the increase in the mean KAM of the WC phase (red sym-
bols) also only becomes significant when the strain exceeds a similar
threshold, suggesting the two phenomena are indeed linked. It should be
noted that the level of strain required to induce void formation is
somewhat higher than in previous works. For example, Maier et al. [29]
found that under compressive loading (350-1350 MPa) at 800 °C, a WC-
12Co material (0.4 pm average grain size) formed voids at much lower
strains of 0.2-3.3 %. The higher strains required in this study may be due
to the significantly higher testing temperatures, which may enable the
Co binder to accommodate more deformation before plasticity needs to
be partitioned into the WC phase.
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Fig. 10. The trend of microvoid % and the increase in the average KAM of the
WC phase compared to the reference state (data from Supplementary Fig. 1).
Both show minimal change up to ~10 % engineering plastic strain, beyond
which there is strong increase.

4. Conclusions

Four grades of WC-Co were characterised by EBSD after creep
deformation at 1000 °C in the stress range 0.5-1 GPa and plastic strains
of 3-21 %. The localised strains within the microstructure, changes in
grain boundary character, and formation of creep voids were
characterised.

The KAM analysis suggests that at lower applied stresses (0.5 GPa),
deformation within the grains was limited to the Co binder, while at
higher stresses of 0.75 GPa and above significant localised deformation
was observed in both phases. Such deformation was visible in localised
bands radiating between neighbouring grains that are impinging on one
another.

The IPF analysis confirmed this conclusion, demonstrated a
spreading of orientations with Co grains even at 0.5 GPa. The spreading
was exacerbated with increasing stress of 0.75 GPa and above in both
phases.

Of the six types of grain boundary, two could be demonstrated to
have distinct changes with creep: the 56° misorientation of the WC/
Cogcc boundary and the 60° misorientation of the Copcc/Cogcc bound-
ary. The latter is well studied and the result of a low energy coherent
twin boundary, an efficient mechanism to accommodate large creep
strains in a constrained microstructure. The increase in 56° WC/Cogcc
phase boundaries is likely due to the formation of a (100)wc // (111)¢o
orientation relationship. To the author’s knowledge this was not pre-
viously reported, and may be related to the process of boundary infil-
tration. Further work is needed to confirm this point, which may involve
understanding how the boundaries of this orientation relationship are
dispersed within the microstructure, and how, if at all, they correlate
with voids.

The orientation distribution of formed microvoids had a distinct
orientation relationship with the deformation axis, likely due to the
direction of resolved shear stresses within the material. Such void for-
mation was a strong function of creep strain, which only became sig-
nificant beyond a strain of 10 %. This coincided with the onset of
significant increase in mean KAM within the WC grains, suggesting that
microvoid formation and localised strain are strongly coupled and may
coincide with a change in the dominant deformation mechanism.
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