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This study investigates the high-temperature mechanical response of plain and Cr-doped WC-Co cemented
carbides using in-situ synchrotron X-ray diffraction (S-XRD) during electro-thermomechanical testing at 1000 °C
under compressive stresses up to 900 MPa. The results show that the Co-rich binder phase in the Cr-doped
material is exposed to higher tensile stresses during deformation than in the undoped system, indicating
modified load partitioning between WC and the binder. Furthermore, the WC phase in the Cr-doped material
carries significantly higher compressive stresses, reaching ~230 MPa higher compressive stress at the same
macroscopic deformation compared to the plain WC-Co sample. These findings suggest that Cr-doping alters load

transfer and phase-specific stress evolution, resulting in enhanced high-temperature deformation properties, i.e.
improved creep resistance. This improvement is likely linked to solid solution strengthening in the binder and
modified WC/Co and WC/WC interface chemistry.

1. Introduction

WC-Co cemented carbides are widely used as tool materials in metal
cutting and rock drilling applications due to their excellent wear resis-
tance, high hardness, and good fracture toughness. During service in
metal cutting, these tools are subjected to high mechanical stresses while
simultaneously experiencing temperatures that can reach up to 1100 °C.
Under such extreme conditions, several deformation and degradation
mechanisms; including creep deformation, binder diffusion, dissolution
and re-precipitation of WC, and grain boundary sliding, may contribute

to progressive tool damage and eventual tool failure.

Previous studies have demonstrated that Cr additions to the WC-Co
cemented carbides enhance high-temperature resistance to plastic
deformation and improve toughness [1-5]. For example, the investiga-
tion of high-temperature creep in plain and Cr-doped WC-Co cemented
carbides of comparable average WC grain size has shown over 2.5-fold
increase in deformation resistance at 1000 °C under a compressive
stress of 900 MPa [6]. The authors also reported that WC grain coars-
ening occurred in the direction perpendicular to the loading direction,
whereas grain size remained unchanged parallel to the loading
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direction. This anisotropic coarsening is attributed to the dissolution of
smaller WC grains during high temperature deformation, potentially
combined with preferential dissolution of WC interfaces aligned with the
loading direction and growth in the perpendicular direction [3].
Furthermore, binder redistribution leads to infiltration of the Co-rich
binder phase between WC grains, contributing further to grain coars-
ening. This binder infiltration, combined with cavity formation, suggests
that WC grain boundary sliding plays a role in the deformation process.
Moreover, previous transmission electron microscopy (TEM) studies
have revealed an increased dislocation density in both the WC and Co-
rich binder phase [5].

The enhanced creep resistance in Cr-doped cemented carbides can be
attributed to multiple mechanisms occurring simultaneously. Alloying
the Co-rich binder phase with Cr results in solid solution hardening,
which can alter strain partitioning and influence the evolution of
dislocation densities during deformation. Such hardening has been
shown to improve creep resistance in cemented carbide grades with
relatively high binder content [7]. Increased dislocation content in WC
can subsequently serve as nucleation sites for WC grain growth during
high-temperature deformation. Furthermore, first-principles calcula-
tions have shown that the addition of Cr lowers the stacking fault energy
of FCC Co-rich binder phase, stabilizing the HCP Co-rich phase [8].
Previous studies have also shown that Cr-doping results in Cr segrega-
tion on WC/Co phase and WC/WC grain boundaries which can
strengthen the WC/WC boundaries and increase the work of separation
important for binder infiltration [9,10]. Cr-doping has also been linked
to higher WC contiguity and an increased fraction of £2 boundaries, at
which Co segregation was reported to be energetically unfavourable
[9,11,12]. Furthermore, 2 boundaries have been measured to have
lower fracture energy than transgranular cleavage on prismatic planes,
indicating an energetically favourable crack path along these bound-
aries [13].

Although multiple theories have been proposed, the structural evo-
lution during service and the mechanism by which Cr-doping enhances
performance remain unclear, limiting further product development. A
full understanding of the mechanisms governing the microstructural
evolution during service is only possible by additional in-situ or oper-
ando experiments. Hence, in this work, we perform in-situ synchrotron
X-ray diffraction experiments using an Instron electro-
thermomechanical test rig (ETMT) [14] at 1000 °C under compressive
stress up to 900 MPa and probe the mechanical response of WC and Co-
rich binder phase in plain and Cr-doped cemented carbides of similar
average WC grain size.

2. Materials and methods

Two as-sintered WC-6 wt% Co cemented carbide materials, one
reference (WC-Co) and one with 0.6 wt% Cr addition (WC-Co-Cr), were
used for these investigations. The two cemented carbide materials were
produced through standard powder metallurgical methods including
milling, drying, pressing, and sintering. The powders were pressed into a
geometry of 54 mm long beams and then gas-pressure-sintered at
1410 °C for 1 h under 55 bar Argon pressure. The processing route was
designed to produce materials with similar microstructure, enabling a
comparison of the effect of Cr-doping on deformation without consid-
ering the WC grain growth inhibition effect that often is seen in Cr-doped
materials. To achieve this, WC powders with different initial particle
sizes were used to compensate for the grain growth inhibiting effect of
Cr.

The specimens suitable for the ETMT measurements were prepared
by electrical discharge machining (EDM) into a dog bone shape with a
waist cross-section of 1 x 1 mm?.

Following the sintering process, standard magnetic property mea-
surements, including coercivity and relative magnetic saturation mea-
surements, were performed on both materials. In addition, hardness was
determined by performing Vickers hardness tests with a 20 kg load,
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applying five indents and evaluating an average of these measurements.

2.1. Equilibrium thermodynamic calculations

Thermodynamic calculations were performed using Thermo-Calc
software with the TCFE14 database [15], which, despite being
assessed for steels, includes data relevant to cemented carbide systems.
The equilibrium calculations were performed to show how Cr-doping
affects the thermodynamics of the cemented carbide system. The cal-
culations were performed in the same way as described in [16]. For both
systems, some phases were excluded from the calculations. M3Cy and
M3C were excluded since it is experimentally known that M;Cs and
graphite will form instead of M3Cy (where M = Cr,W) and M3C (where
M = W, Co). W5C was excluded as it has never been experimentally
identified.

Isopleths were evaluated for both systems to investigate phase sta-
bility. Based on [17], atom mobility is considered limited below
1000 °C, thus phases and binder composition are assumed to remain
constant below this temperature. This assumption was applied by
calculating phase stability and binder composition for the two systems at
1000 °C.

2.2. Scanning electron microscopy (SEM) and electron backscatter
diffraction (EBSD)

The structure of the two materials was investigated using observa-
tions from SEM micrographs and by using EBSD analysis of WC grain
size, distribution and boundary characteristics as well as binder struc-
ture and binder pocket size. The microstructure is important in this work
since it will affect how the internal stresses are distributed within the
material.

Sample preparation for the sintered materials was conducted using
standard methods, including cutting, grinding and mechanical polishing
down to 1 pm diamond suspension. Additionally, broad Ar" ion beam
polishing was performed in two steps. First at 6.0 kV for 90 min and
second at 2.0 kV for 20 min in a Hitachi IM4000 system using an inci-
dence angle of 4°.

Microscopy and EBSD analysis were performed using a Jeol JSM-
7800F scanning electron microscope equipped with an Oxford Instru-
ment, Symmetry S3 EBSD detector. For EBSD acquisition, the AZtec
software was used, and EBSD maps of 160 x 120 pm were collected
using an acceleration voltage of 20 kV and a step size of 0.1 pm. For post-
processing, the data was exported to the MTEX toolbox [18] and eval-
uated using the following criteria: WC-WC boundaries were defined as
having a misorientation angle larger than 3 degrees and boundaries
were closed. Grains located at the boundary of the map were excluded;
The minimum grain size was defined as 4 pixels in area. Pseudo-
symmetries were handled by removing misindexed orientations
related by a 30 degrees rotational pseudosymmetry around the [0001]
axis for WC, using an allowed deviation angle of 5 degrees. All zero
solutions (less than 1% of the total map) were then filled using the fill
algorithm in MTEX. Phase statistics were extracted from the cleaned
data.

To evaluate the contiguity, WC grain boundaries, phase boundaries
WC-Co FCC, and WC-Co HCP, were first evaluated. Then, WC-WC con-
tiguity was evaluated using the following expression (Eq. 1):

2LWC—WC

Cwe-we = (@)
W e -we + Lwe-co rec + Lweco Hep

where Lyc.wc is the total WC/WC grain boundary length in pm, while
Lwc-Co FCC and Ly, e A€ the WC/binder phase boundary lengths for the
FCC and HCP Co-rich binder phases, respectively. This expression is in
line with the work in [19]. However, both grain and phase boundary
lengths are here taken from the EBSD data. £2 special boundaries were
defined by a 90-degree rotation about the [10—10] axis, with an angular
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Fig. 1. (a) Experimental setup for in-situ synchrotron X-ray diffraction during electro-thermomechanical testing, showing the sample position and the transverse (X)
and axial/loading (Z) directions. (b) Synchrotron radiograph of the sample in the gauge section, showing the beam position and the R-type thermocouple attachment.
The incident X-ray beam propagated along the Y direction through the sample thickness. (c) Representative 2D detector image acquired in transmission geometry,
showing Debye-Scherrer rings from the WC and FCC Co-rich binder phases used for strain analysis; azimuthal sectors with azimuthal angle («) used to determine the

angle-dependent lattice strain are indicated schematically.

tolerance of 5 degrees.

To characterize the grain size distribution, D10, D50 and D90 were
used. In accordance with [20], these were defined as the equivalent
diameter dN for which the cumulative area fraction of grains with
equivalent diameter smaller or equal to dN reaches 10%, 50%, or 90% of
the total measured grain area, i.e.

N

214 =0.10,0.50,0r 0.90 2)
M

El A

where A; is the area of grain i, the grains are ordered by increasing
equivalent diameter, and M is the total number of measured grains. D50
is used as the mean grain size, and D90-D10 represents the width of the
grain size distribution.

2.3. In-situ synchrotron X-ray diffraction (S-XRD)

In-situ S-XRD experiments were performed in transmission geometry
on the 112 (JEEP) beamline [21] at Diamond Light Source in the UK,
using a monochromatic X-ray beam with a wavelength of 0.18106 A
(68.478 keV). An INSTRON 3 kN ETMT was used for high temperature
deformation experiments. The temperature was controlled by an R-type
thermocouple attached to the sample. Fig. 1.a shows the placement of a
sample and connection of the R-type thermocouple to the ETMT. A
synchrotron X-ray radiograph of a sample in Fig. 1.b shows the spot
welding of the R-type thermocouple in the centre of the sample and the
positioning of the X-ray beam with a spot size of 0.5 mm x 0.5 mm. The
incident beam was aligned along the Y direction, i.e. normal to the
sample surface shown in Fig. 1.a and penetrated through the full sample
thickness of 1 mm at the gauge section. The diffracted X-rays formed
Debye-Scherrer cones that were recorded by a Pilatus3 X CdTe 2M area
detector positioned behind the sample. A representative detector image
is shown in Fig. 1c. S-XRD data were collected at 3 s/pattern data
acquisition rate and used for phase identification and strain analysis.

Macroscopic displacement was obtained from the ETMT cross-head
movement. Samples were heated to 1000 °C with a 5 °C/s heating rate
using resistance heating in an Ar atmosphere. Upon reaching 1000 °C,
the load was equilibrated followed by a 150 N stepwise increase to 900 N
compressive load (30 s ramping- and holding-time per step). The load
was then kept constant for 10 min or until sample failure. In the current
setup, the specimens were positioned so that the wide section aligned

with the grips, and deformation was monitored through the crosshead
displacement. The macroscopic strain () is therefore obtained from the
macroscopic displacement (AL) recorded by the ETMT and the initial
gauge length between the sample grips, (L= 16 mm) according to:

€= AL/L0 3

It should be noted that the gauge section is not perfectly parallel but
exhibits a slight taper (see Fig. 1a), and a temperature gradient is present
within the gauge region due to the localized resistive heating charac-
teristic of this setup.

A NIST Standard Reference Material (SRM 674b) CeO2 powder was
used for the calibration of the experimental setup. The calibration of
experimental setup, azimuthal integration of diffraction patterns, and
residual strain/stress analysis were performed using the commercially
available Scatterin SaaS data analysis software [22].

For phase-specific strain measurements, the (201) peak of hexagonal
WC phase and (311) peak of face-centred cubic (FCC) Co-rich binder
phase were used. The phase-specific lattice strain was calculated as a
function of azimuthal angle (), see Fig. 1.c, by:

__sinfy
sin6,

4

a

where, 0, is the diffraction angle of either (201) WC or (311) Co-rich
binder diffraction peaks at each azimuthal angle a, and 6, is the refer-
ence diffraction angle representing the value at zero applied stress. We
used 36 equally spaced azimuthal bins. For each bin, 8, was determined
from the corresponding azimuthally binned S-XRD data collected at
1000 °C prior to the application of external loading.

The determined azimuthal dependency of strain was then used to
solve the strain tensor in a similar procedure as described in Ref. [23],
providing the strain components exx and ezz along the principal di-
rections together with the shear component ex; = ¢zx. We employed the
full 3D Hooke's law in its Lamé formulation, assuming oxx = oyy for the
principal stresses and zxz = 7yz with 7xy = O for the shear stresses. These
constraints represent a triaxial stress configuration with biaxial sym-
metry in the plane:

€| = &xx = Eyy )

oxx = 0yy = [Ea/((1 +v)(1 — 20)) ][] + vez) (6)
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Table 1
Standard characteristic data.

Sample Hardness Coercivity (kA/ Magnetic Saturation (Tm®/
HV20 m) kg)
WC-Co 1421 £ 5 10.85 96.26 x 1077
WC-Co- 1449 + 7 11.55 86.40 x 1077
Cr
07z = [Ena/ (1 +v)(1 —2v)) |[2ve) + (1 — v) ey ] 7
Txz = Tyz = 2Géxy ®

where, Epy is the diffraction Young's modulus, 157.47 GPa for (311) FCC
Co and 678.56 GPa for (201) WC, vy is the diffraction Poisson's ratio,
0.355 for (311) FCC Co and 0.231 for (201) WC, and G is the diffraction
shear modulus. These diffraction elastic constants were calculated from
room-temperature single-crystal elastic constants using the self-
consistent Kroner-Eshelby model [24,25]. A previous study reported
that the Young's modulus of WC decreases by only about 4% at 1000 °C
compared to room temperature [26]. We thus use the room-temperature
values for WC. For the Co-rich binder, single-crystal elastic constants are
not available for relevant alloy compositions and temperatures. There-
fore, we use the room-temperature values for FCC Co to evaluate phase-
specific stresses.

3. Results
3.1. Materials

The hardness and magnetic property data for the two cemented
carbide materials are presented in Table 1. The magnetic saturation is
lower for the Cr-doped material, as expected, since Cr reduces the
magnetic moment of the binder [27]. The coercivity value is also higher
for the Cr doped material compared with the un-doped material.
Further, the Cr-doped material shows slightly higher hardness compared
with the un-doped material.

3.2. Equilibrium thermodynamic calculations

Fig. 2.a and b show the equilibrium phase diagram, or isopleth, of

1500
(a)
L WC-Lig.
M6C WL
1400 -Hg.-
Grap.
o
£-13001
o
{’3 WC-FCC-
5 M6C
o
€ 1200 WC-FCC
(]
= WC-FCC-
Grap.
1100 1 WC-FCL-
M12C
1000 : . . .
55 5.6 57 5.8 5.9 6.0

A Mass percent C
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WC-Co and WC-Co-Cr cemented carbides, respectively. According to the
isopleths in Fig. 2, the Cr addition influences the liquidus/solidus tem-
peratures for the binder phase. Further, Cr addition effects the stable
phases present in the cemented carbide, where M-Cs stabilizes at higher
C contents. The C content range for the desired WC-Co-(M-Cs) region at
1000 °C can be estimated from the C contents at the limits of the WC-Co-
n region on the low-C side and the WC-Co-Graphite-(M-Cs) region on the
high-C side. As shown in Fig. 2b, Cr addition widens this carbon-content
window compared with the undoped WC-Co system.

Single point equilibrium calculations at n and graphite limits show
stable phases and their volume fractions, as well as the composition of
the FCC Co-rich binder phase. The results are provided in Tables 2 and 3.

Depending on the C content for the system, the solubilities of W and
Cin the binder phase vary. Generally, the n) phase limit is associated with
higher W solubility and lower C solubility, while the graphite limit

Table 2
Calculated stable phase fractions at 1000 °C at the limit to 1 phase and graphite
limits.

Carbon System Co FCC (vol. M7C3 (Vol. WC (vol.

activity fr.) fr.) fr.)
WC-6w%Co 0.116 - 0.884

imii ' 0, -

n phase limit WC-6w%Co-0.6w 0.130 B 0.870
%Cr
WC-6w%Co 0.108 - 0.892

ite limil -6W%Co-0.
Graphite limit WC-6w%Co-0.6w 0113 0.0116 0.876

%Cr

Table 3
Calculated binder (FCC) composition at 1000 °C at the n phase and graphite
limits.

Carbon System C (at. W (at. Cr (at. Co (at.
activity %) %) %) %)
WC-6w%Co 0.302 5.818 - 93.880
1 phase limit ZNC'6W%C°'O'6W 0.585  5.692 9.541 84.182
%Cr
WC-6w%Co 1.220 0.449 - 98.331
Graphite limit ZNC-ﬁW%CO-O.GW 2,997 0.923 4920 91.860
%Cr
( b) 1500
1400 1
WC-Liq.-
i Grap.
oo P
— 13001
o
=
©
[0
o
€ 1200
(0]
'_
WC-FCC-
1 - M7C3-Grap.
oM we res e B
M12C Pl
M7C3
1000 T + T r
5.5 5.6 5.7 58 5.9 6.0

A Mass percent C

Fig. 2. Equilibrium phase diagrams of (a) WC-Co and (b) WC-Co-Cr cemented carbides.
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Fig. 3. SEM micrographs (a, b) and EBSD phase maps (c, d) of the as-sintered WC-Co and WC-Co-Cr cemented carbides: (a, ¢c) WC-Co and (b, d) WC-Co-Cr. In the
phase maps, red and yellow correspond to the WC and FCC Co-rich binder phases, respectively, while 2 boundaries are marked in white. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

exhibits the opposite trend; this can also be seen in the equilibrium
thermodynamic calculation results. The increased W solubility at the n
phase limit largely accounts for the higher volume of the binder phase
seen for both systems at this limit. Further, the Cr addition will result in a
larger volume of the binder phase compared to the un-doped system at
both limits. Additionally, changes in the volume fraction between the n
phase and graphite limits are also related to the formation of M-Cs when
more C is present.

The composition of the binder phase is notably influenced by the
addition of Cr. When Cr is introduced to the system, there is an increase
in C solubility at both the n phase and graphite limits. At the n phase
limit the W solubility is rather equal for the two systems. However, for
the Cr doped system, in addition to the W, a large fraction of Cr has
dissolved in the binder phase. This results in a binder with a much higher
amount of substitutional atoms dissolved compared with the un-doped
system. At the graphite limit, the addition of Cr results in a higher W
solubility within the binder phase compared to the un-doped system.
Here also a large fraction of Cr is dissolved, however, at a lower level
than at the 1) phase limit due to the formation of M-Cs. Nevertheless, the
overall fraction of substitutional atoms in the binder remains larger for
the Cr-doped system than for the system without Cr, both at the n phase
and graphite limits.

Both investigated samples are within the target WC-Co or WC-Co-
M-Cs regions, hence, the phase fraction and binder phase composition
are expected to be between these limits.

3.3. SEM and EBSD

SEM micrographs of the two materials are presented in Fig. 3.aand b.
According to the micrographs, neither n phase nor graphite is observed,
as expected. The overall structures are very similar for the two materials.
Phase-coloured maps obtained from EBSD analysis are shown in Fig. 3.c

Table 4
EBSD results on microstructural statistics.

(a) WC grain size statistics

Sample No. of D10 D50 D90 D90- Cwe- X2
grains (pm) (pm) (pm) D10 we fraction
(pm) [%]
WC-Co 9442 1.0 2.1 3.7 2.7 0.64 7.92
WC-Co- 9144 1.0 2.3 3.9 29 0.59 5.94
Cr

(b) FCC binder pocket size statistics

Sample No. of D10 D50 D90 D90- Binder area
pockets (pm) (pm) (pm) D10 fraction [%]
(pm)
WC-Co 3441 0.5 1 1.9 1.4 7.3
WC-Co- 4045 0.4 0.9 1.7 1.3 8.0
Cr

and d, illustrating an FCC-dominated Co-rich binder structure in both
samples. Statistics relating to WC grain size are provided in Table 4.a.
Comparing the two materials, only small differences can be noted, The
WC-Co-Cr material shows a slightly larger grain size and lower conti-
guity. Further, a small difference in the fraction of X2 boundaries over
all WC grain boundaries can be seen where the WC-Co material has a
higher fraction compared to the WC-Co-Cr material.

From the EBSD analysis, the binder pocket size can also be evaluated.
This does not represent the true binder grain size, which extends across
larger regions of the structure as can be seen in [28]. Binder pocket size
statistics are listed in Table 4.b. Comparing the two materials, a higher
binder area fraction is observed for the WC-Co-Cr material, as expected
since Cr dissolves in the binder phase and causes increased binder vol-
ume fraction. The WC-Co material indicates a slightly larger binder



A.B. Yildiz et al.

(

Q
N
=

—e— WC-Co

-100 +— WC-Co-Cr

—200
=300
—400
< =500

—600 I
=700

—800

Load - Engineering Stress [N - MPa]
1 mm’ cross-section

=900

0 100 200 300
Time [s]

400 500 600

International Journal of Refractory Metals and Hard Materials 141 (2026) 108016

| —e— WC-Co
100 +— WC-Co-Cr

'z
e
<

200 |-
=300 -
7 400 -
5 500k
600 |-
700 |-

—800 1~

Load - Engineering Stress [N - MPa
1 mm? cross-section

=000 [~¢* 000000000
| L 1 L 1 L 1 L 1

—-0.03 —-0.02
Macroscopic strain

—0.04

Fig. 4. Engineering stress-time (a) and engineering stress—strain (b) curves for WC-Co and WC-Co-Cr cemented carbides at 1000 °C, recorded by the ETMT device

during the in-situ S-XRD experiments.
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Fig. 5. Typical S-XRD pattern (full azimuthal integration) of WC-Co cemented
carbide acquired at 1000 °C in this work. Five different reflections from the FCC
Co-rich binder phase are highlighted.

pocket size, but the differences are small; this relates also to the small
differences seen in contiguity for the two materials.

3.4. In-situ synchrotron X-ray diffraction (S-XRD)

Fig. 4.a and b show engineering stress-time and engineering stress-
macroscopic strain curves of WC-Co and WC-Co-Cr cemented carbides
at 1000 °C. As seen in Fig. 4.a, the samples are exposed to same external
compressive stress at given deformation time. Fig. 4.b shows that the
WC-Co-Cr requires higher applied compressive stress to reach similar
macroscopic strain. Furthermore, comparison with the linear dashed
line suggests that yielding takes place earlier (at lower applied stress) in
the WC-Co. Stress-strain curves for both samples show instantaneous
jumps in the strain values, which are particularly visible in WC-Co-Cr
after —0.013 strain. These jumps likely reflect limitations in the
macroscopic ETMT strain measurement, such as intermittent grip slip-
page. In view of the known high-temperature creep behavior of WC-Co,
possible contributions from cavitation-related strain localization cannot
be excluded. In the following section of the manuscript, S-XRD analysis
results provides results for the direct measurements of phase-specific
strain and stresses.

Fig. 5 shows a typical S-XRD pattern from the WC-Co cemented
carbide acquired at 1000 °C. Despite relatively low binder phase volume

fraction in the specimen, S-XRD enables the detection of the first five
diffraction peaks, (111), (200), (220), (311), and (222), of FCC Co at
1000 °C, with the (311) peak used for residual stress analysis. In addi-
tion, multiple WC diffraction peaks are observed, with the (201) peak
used for residual stress analysis, as it is weakly affected by the inter-
granular strains in HCP materials [29] and thus commonly used for WC
[30].

Fig. 6 shows the evolution of stresses along the transverse (cx/cy)
and loading (c7) directions, as well as the txz/Tyz shear stresses in the
WC phase, for both WC-Co and WC-Co-Cr cemented carbides during
high-temperature deformation determined by S-XRD. In the transverse
direction (Fig. 6.a), up to about 330 s of straining, where the external
compressive stresses exceed 850 MPa, the WC-Co sample develops
tensile stresses in WC, whereas WC-Co-Cr sample shows compressive
transverse stresses. In the loading direction (Fig. 6.b), both samples are
in compression, but the WC-Co-Cr sample consistently shows higher
compressive stresses than WC-Co at the same applied load (or defor-
mation time). For example, at an applied strain of —0.01, the difference
in applied engineering stress between the two materials is about 150
MPa (Fig. 4b). When the phase-specific WC stress in the loading direc-
tion is plotted as a function of applied strain (Fig. 6d), the WC-Co-Cr
cemented carbide exhibits about 230 MPa higher compressive WC
stress (Aozz) than the WC-Co sample at the same strain. No significant
difference is observed in the shear-stress response of the WC phase be-
tween the two materials (Fig. 6¢). This is expected as the measured di-
rections correspond to the principal stress axes, where the shear stress is
theoretically zero.

Fig. 7 presents the evolution of stresses in the Co-rich binder phase
during the high-temperature deformation experiments as determined by
S-XRD. In the transverse direction (Fig. 7.a), both samples initially
exhibit tensile stresses in the Co-rich binder, which increase with the
applied compressive stress. Both samples show similar stresses in X/Y
and Z-directions. Additionally, the WC-Co-Cr sample maintains slightly
higher tensile stress levels up to about 330 s. After this time, the WC-Co
sample shifts in the apparent stress state toward more compressive
values. Since a similar evolution is also observed in both transverse and
loading directions for both phases, this late-stage response is likely
influenced by specimen bending or misalignment causing a change in
sample-to-detector distance. Therefore, the late-stage phase-specific
stress evolution of the WC--Co sample after about 330 s should be
interpreted with caution. In contrast, the WC-Co-Cr sample continues to
develop higher tensile stresses until its fracture. In the loading direction
(Fig. 7.b), both samples show tensile stresses in the binder phase. Both
materials continue accumulating stress under compression until failure
while the WC-Co-Cr sample reaches about 250 MPa higher tensile stress
than the WC-Co sample. The shear stresses (Fig. 7.c) are of similar
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Fig. 6. Evolution of stresses in the transverse (X-Y) (a) and loading (Z) (b) directions, as well as XZ shear stresses (c) in WC phase, for both WC-Co and WC-Co-Cr
cemented carbides during deformation at 1000 °C. (d) Stress in the WC phase along the loading direction (Z) plotted as a function of macroscopic strain, showing that
WC-Co—Cr exhibits higher compressive WC stress (Aczz) than WC-Co at the same strain.

magnitude in both materials and remain close to zero, within the
calculated uncertainties.

4. Discussion

We here present in-situ experimental results of phase-specific stress
evolution in the WC and Co-rich binder phases in WC-Co and WC-Co-Cr
cemented carbides under service-relevant temperature and deformation
conditions (Figs. 6 and 7), together with the corresponding macroscopic
stress-strain response measured by ETMT (Fig. 4). Our results demon-
strate that the measured stresses in the Co-rich binder phase satisfy ox =
oy =~ oz in both WC-Co and WC-Co-Cr cemented carbides (Fig. 7a, b).
This suggests that the binder phase experiences a hydrostatic stress state
during deformation. In contrast, the WC phase exhibits a more pro-
nounced deviatoric stress state, i.e. stress magnitudes along the trans-
verse (X/Y) and loading (Z) directions differ (Fig. 6a, b). This is an
interesting result and leads to the question of what the driver for this
type of stress partitioning is. One explanation could be that the binder in
the cemented carbide skeleton behaves more like a liquid than a solid.
Liquids cannot sustain shear stresses and are therefore always in a hy-
drostatic stress state. This effect is further amplified by the fact that WC
forms the continuous, load-bearing skeleton at a substantial volume
fraction, so most externally applied stresses are carried by the WC
network while the binder accommodates deformation in a nearly hy-
drostatic manner. Under such conditions, the stress state in the WC must

conform to the physical constraints imposed by the hydrostatic stress
distribution in the binder. While WC in WC-Co shows slight tensile
stresses and WC in WC-Co-Cr shows slight compressive stresses in the
transverse direction (Fig. 6a), both materials exhibit significantly higher
compressive stresses in the loading direction (Fig. 6b).

In the WC-Co-Cr material, higher tensile stresses were observed in
the binder phase in both loading and transverse directions compared to
the WC-Co material (Fig. 7a, b). This suggests that Cr-doping strengthens
the Co-rich binder phase, affecting key mechanical properties such as
yield strength, strain hardening behavior, and load sharing, i.e. the way
load is partitioned between WC and the binder phase. As a result, WC in
the WC-Co-Cr sample carries higher compressive stresses along the
loading direction, compared to WC in the WC-Co sample (Fig. 6b, d). At
an applied strain of about —0.01, the WC-Co-Cr material exhibits
approximately 230 MPa higher compressive WC stress in the loading
direction than the WC-Co material (Fig. 6d), while the corresponding
difference in applied engineering stress is about 150 MPa (Fig. 4b).
These observations suggest that Cr-doping modifies the stress parti-
tioning between WC and binder: the binder in the Cr-doped material
carries higher hydrostatic tensile stresses while the WC skeleton sustains
higher compressive stresses.

Differences in the phase response to compressive loading and load
partitioning may impact the binder infiltration between WC grains,
cavity formation, and accordingly the WC grain boundary sliding, which
are commonly observed mechanisms in high-temperature deformation
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Fig. 7. Evolution of stresses in the transverse (X-Y) (a) and loading (Z) (b) directions, as well as XZ shear stresses (c) in Co-rich binder phase, for both WC-Co and

WC-Co-Cr cemented carbides during deformation at 1000 °C.

of cemented carbides [6]. Previous compression creep studies on WC-Co
have shown that deformation is associated with binder phase lamella
formation and intergranular cavity formation. Such cavity formation
suggests that unaccommodated grain boundary sliding also occurs [3,5].
In addition, cavity formation together with Co penetration, often at WC-
Co boundaries, has also been reported in high-temperature creep
studies, including in interrupted tests prior to final failure [6]. Although
no interrupted or post-mortem microstructural analysis was performed
in the present work, such cavity formation could also partly contribute
to the late-stage stress redistribution observed here (Figs. 6 and 7).
Previous studies [3,4,31-33] have reported that Cr-doping modifies the
composition of WC/WC and WC/binder interfaces through Cr segrega-
tion that promotes the stabilization of metastable cubic (Cr,W)C inter-
facial layers due to the low interfacial energy of the WC/(Cr,W)C
interface. Such interface modifications can strengthen WC/WC bound-
aries and increase the work of separation relevant for binder infiltration
[9,10].

Recent atom probe tomography investigations have also revealed
formation of bulk M;Cs-type Cr precipitates in the as-sintered state at
the room temperature [16]. This is also in agreement with the equilib-
rium thermodynamic predictions at 1000 °C in the present work
(Tables 2 and 3). However, no such M;Cs-type Cr precipitates were
observed in our S-XRD patterns, likely due to their very low volume
fraction falling below the detection limit. Cr is a well-known WC grain
growth inhibitor, whose magnitude depends on the carbon activity of

the system [11]. In the present work, however, the materials were
designed to exhibit similar WC grain sizes by adjusting the initial WC
powder size to compensate for the grain growth inhibition effect of Cr.
As aresult, EBSD analysis reveals only minor differences between the Cr-
doped and undoped materials in terms of WC contiguity and the fraction
of £2 grain boundaries (Fig. 3, Table 4). The slightly higher binder area
fraction observed in the Cr-doped material is consistent with equilib-
rium thermodynamics predictions. Therefore, these subtle changes in
WC contiguity and the fraction of £2 grain boundaries in the as-sintered
microstructure might not be the primary factors responsible for the
improved high-temperature deformation resistance observed in the Cr-
doped material in the present study.

Our equilibrium thermodynamic calculations also show that Cr
addition significantly increases the solute content in the Co-rich binder,
both at the n-phase limit and at the graphite limit (Table 3). However,
the calculations will not take formation of interfacial layers into account
and how this change the binder composition is still unknown. Never-
theless, an increased concentration of dissolved W and Cr in the binder is
expected to strengthen the binder phase through solid-solution hard-
ening. This aligns with our S-XRD stress partitioning results, where the
WC-Co-Cr material reaches approximately 250 MPa higher tensile
stress in the Co-rich binder before failure compared to the WC-Co ma-
terial (Fig. 7b). Whereas stronger binder can contribute to increased
strength of the WC-Co composite, a higher binder volume fraction is
expected to have an adverse effect. Our results suggest that the
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strengthening effect associated with increased solute content in the
binder dominates over the potentially adverse effect of a higher binder
fraction. We further note that the magnitude and governing mechanism
of solid solution hardening can change at elevated temperatures due to
thermally activated deformation and solute mobility [34]. Together, the
enhanced high-temperature deformation resistance observed in the Cr-
doped material is likely associated with binder strengthening arising
from increased solute content [7] and altered WC/Co and WC/WC
interface chemistry, i.e. the formation of interface-stabilized (Cr,W)C
interfacial layers.

We propose future studies including small-angle scattering and
electron microscopy to gain deeper insights into the role of Cr-doping on
the microstructural evolution, including the evolution of interfacial
layers and cavity nucleation and growth, as well as on the mechanical
performance of cemented carbides. In addition, macroscopic measure-
ment of deformation using the ETMT setup used here could be improved
using digital image correlation (DIC), extensometer or strain gauge [14]
to minimize uncertainties caused by slipping in the sample grip and
improve the accuracy of the absolute strain measurements.

5. Conclusions

This work presents initial in-situ S-XRD investigations of cemented
carbides, comparing Cr-doped and un-doped composites, under service-
relevant thermomechanical conditions. We demonstrate the applica-
bility of S-XRD in combination with ETMT to study phase-specific
deformation behavior of WC and the Co-rich binder phase at 1000 °C
under up to 900 MPa uniaxial compressive stress.

Our findings show that Cr-doping affects the mechanical response of
both WC and Co-rich binder phases under high-temperature compres-
sive loading. Strengthening of the binder phase in Cr-doped system en-
ables it to sustain higher tensile stresses during deformation, which in
turn alters load partitioning between the phases. As a result, the WC
phase in the Cr-doped system carries higher compressive stresses and
requires approximately 230 MPa higher compressive stress to reach
similar macroscopic deformation compared to the un-doped system.
These results suggest that Cr-doping redistributes load from the binder
to WC skeleton and increases the overall resistance to deformation.

Furthermore, the differences in the phase-specific stress evolution
suggest that the improved high-temperature deformation, i.e. creep,
resistance in the Cr-doped system is likely associated with solute- and
interface-related effects in the binder and altered WC/Co and WC/WC
interface chemistry such as the formation of interface-stabilized (Cr,W)C
layers, which may affect binder infiltration, WC grain boundary sliding,
and microstructural stability.

Further research is proposed to detail the impact of Cr-doping on
creep resistance, phase interactions, interfacial layer formation, and
deformation mechanisms. These insights will contribute to optimizing
the design of high-performance WC-Co cemented carbides for
demanding applications such as metal cutting and rock drilling.
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