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Un-doped and Cr-doped WC-10 vol% Co cemented carbides with a WC grain size of 1.4 pm have been investi-
gated before and after hot compressive creep tests under an applied load of 900 MPa at 1000 °C and 300 MPa at
1100 °C. The Cr-doped material showed a much higher creep resistance at 1000 °C and a somewhat higher creep
resistance at 1100 °C than the un-doped material. Quantitative microscopy showed that WC grain growth
occurred in the plane perpendicular to the load axis during creep deformation and that the growth process was
slower in the Cr-doped material. In addition, binder phase redistributed and a number of WC grain boundaries
were infiltrated with binder phase. This suggests that accommodated WC grain boundary sliding occurred during
creep deformation. The formation of intergranular cavities implies that also unaccommodated grain boundary
sliding occurred, especially at 1000 °C. It is suggested that WC grain growth perpendicular to the load axis is rate
limiting in the creep deformation process, and that Cr segregation to WC/binder phase boundaries hinders grain
growth. The weak effect of Cr on creep resistance at 1100 °C at 300 MPa is explained by Cr giving a larger
volume fraction of binder phase and therefore a larger number of infiltrated grain boundaries, facilitating grain

growth.

1. Introduction

The use of WC-Co cemented carbides as cutting tool materials often
involves high working loads at high temperatures. Temperatures as high
as 1000 °C, locally even up to 1100 °C, may sometimes be reached
during turning operations [1] and the tool is subjected to a high load
during a certain period of time. Under these conditions, the tool lifetime
may be affected not only by various wear mechanisms but also by lim-
itations in the mechanical properties of the cemented carbide. The high
constant load in a turning operation may, for example, cause creep
deformation of the tool.

There is a considerable interest in improving the high temperature
properties of these composite materials by modifying their composition
and microstructure. The deformation mechanisms, as well as the evo-
lution of microstructure at elevated temperatures, are not well under-
stood, however. High temperature creep testing is a good way to
simulate the conditions under service in order to study the behaviour of
the material in a controlled way.

The creep behaviour of cemented carbides has previously been
investigated in three- and four-point bending tests [2-7] and by tensile
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[8-12] and compressive [3,10,12-16] creep testing. The compressive
creep tests were carried out at temperatures ranging from 700 °C to
1350 °C.

Microstructure investigation after tensile creep testing at 900 °C
found evidence of WC grain boundary decohesion and some evidence of
grain boundary sliding [9]. Creep tests carried out in three-point
bending have, with the aid of photolithography, shown that grain
boundary sliding might be a mechanism of deformation at temperatures
around 900 °C [5]. These creep tests also resulted in a decohesion of WC
grain boundaries [5]. The formation of Co-rich films in WC grain
boundaries has clearly been observed also after compressive creep
testing at 1000 and 1100 °C [15] and in the microstructure of used
cemented carbide cutting tools [1,7,17]. The formation of these Co-rich
grain boundary films has been suggested to indicate deformation by
accommodated grain boundary sliding [7,15,17,18].

Using mechanical spectroscopy Buss found that grain boundary
sliding becomes the dominating deformation mechanism above 1100 K
(823 °C) in WC-Co [18]. She suggested that there are two stress regimes
of grain boundary sliding in WC-Co cemented carbide materials: limited
grain boundary sliding at low stress, related to the inherent segregation
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of Co to the WC grain boundaries, and extensive grain boundary sliding
at high stress, facilitated by infiltration of Co into the WC grain
boundaries [18]. Molecular dynamics simulations have demonstrated
that at temperatures up to 1200 °C, a WC grain boundary infiltrated by
six or more atomic layers of Co requires a one order of magnitude
smaller shear stress to slide, compared to boundaries without Co infil-
tration (containing the usual half monolayer segregation of Co) [19].

Plastic deformation of the WC skeleton and the Co-rich binder phase
may also occur during creep testing. Creep deformation of the WC grains
resulted in an increased intragranular dislocation density [3,5,9,15]. A
redistribution of the Co-rich binder phase has also been observed during
creep testing [15]. The comparatively large (> 50 pm) binder phase
grain size [20] was reduced, and the finger-like grain morphology was
lost [15]. Formation of intergranular cavities during creep testing has
also been reported by many authors [1,2,8,11,15].

In addition to the phenomena discussed above, WC grain growth has
been observed during creep testing at 1000, 1100 and 1200 °C
[14,15,21]. The work by Yousfi et al. showed that this growth takes
place preferentially perpendicular to the compressive load axis during
creep deformation. It was suggested that intragranular dislocations
merging on the WC grain surfaces may, provided that they have a screw
component, constitute a nucleation site for WC grain growth [15].

During cemented carbide production it is common to make different
additions to the powder mixture to prevent WC grain growth during
sintering. For example, chromium is a well known WC grain growth
inhibitor [22,23]. Today, additions of up to 0.4 wt% Cr (0.5 wt% Cr3Cs)
are commonly made [24]. However, there is little knowledge on what
effects larger additions of chromium have at high temperature
applications.

The present investigation is concerned with compressive creep
testing of an un-doped and a Cr-doped WC-Co cemented carbide mate-
rial at 1000 and 1100 °C using high loads, 900 and 300 MPa, respec-
tively. Temperatures and loads were chosen to be representative for the
conditions on the rake face of a tool during a metal turning operation.
Locally, temperatures around 1000 °C and loads up to 2000 MPa are
then expected [25-28]. The work was carried out in order to isolate the
effect of Cr additions. The two materials were designed to have the same
WC grain size and the same volume fraction of the Co-rich binder phase.
The microstructures before and after creep testing were characterized in
the scanning electron microscope (SEM) in order to create an under-
standing of the deformation process and to identify relevant deforma-
tion mechanisms.

2. Experimental procedures
2.1. Material production

The creep behaviour of two experimental materials was investigated:
WC with 6.00 wt% Co and WC with 6.00 wt% Co and 0.60 wt% Cr, see
Table 1. These compositions are expected to result in ~10 vol% of Co-
rich binder phase in the sintered materials.

The two materials were designed so that they would end up with the
same WC grain size after sintering. Since Cr is a well-known WC grain

Table 1
Composition and data of the materials investigated in this work.

Composition” Binder Materials data
. phase
Material Co Cr C [vol%] H. (Co)/ HV3
[wt [wt [wt [kA/ Co
%] %] %] m]
1393
WC-Co 6.00 - 5.70 10 10.42 0.90 195
WC-Cr- 1418
Co 6.00 0.60 5.73 10 10.15 0.93 195

2 Balance W.
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growth inhibitor, and because of the Cr-doping of one of the materials in
this work, two different WC starting powders with different average WC
particle sizes were used. The WC powder supplier was in both cases
Wolfram Bergbau AG. The WC powders used for the un-doped and Cr-
doped materials had FSSS values of 5.6 and 6.25 pum, respectively. The
Co powder was from Umicore and had an average particle size of 0.8 pm.
The Cr3C; added to the doped material came from Treibacher and had a
FSSS size of 1.6 pm.

Starting powder mixtures containing WC + Co or WC + Co + Cr3Co,
and an addition of 2 wt% polyethylene glycol as pressing agent, were
ball milled in ethanol-10% H50O in a stainless steel mill for 11.5 h.

The slurries were spray dried, and the granules were isostatically
pressed into cylindrical green bodies. The green bodies were machined
into the shape of a test bar, and then gas pressure sintered at 1410 °C
under 55 bar Ar pressure with a holding time of one hour. The final
dimensions of the test bars after shrinkage during sintering and final
grinding of the grip were 42 mm in length, a grip diameter of 12 mm, a
smallest diameter of the gauge length of 6.3 mm, and a gauge length of
12 mm, see Fig. 1. The magnetic saturation measurements ((Co),/Co)
showed that the two materials had nearly the same carbon potential, see
Table 1. This means that the Co-rich binder phases in the two materials
would contain similar amounts of dissolved W and C.

2.2. Creep tests

Compressive creep tests were carried out at 1000 °C under a stress of
900 MPa and at 1100 °C under a stress of 300 MPa, see Table 2.

The relationship between stress (¢) and strain rate (¢) in the inter-
mediate steady state creep regime may be expressed by

. E\"
o= <A sexpﬁ>

where A’ is a constant, m the strain rate sensitivity, T the creep tem-
perature, E the activation energy, and k is Boltzmann’s constant [29].
Provided that the same creep mechanisms are active at 1000 and
1100 °C, the stress has, hence, to be reduced at the higher temperature in
order to deform at the same strain rate. Previous work has identified an
activation energy of E = 6 eV and a strain rate sensitivity of m = 0.28 at
test temperatures above 1100 K (827 °C) [18]. Based on these data, the
stress was reduced to 300 MPa in the creep experiments carried out at
1100 °C in order to deform at the same strain rate and stay in the in-
termediate steady state creep regime.

During the compressive creep test, the sample was placed between
cylindrical ceramic discs (SiC whisker reinforced alumina, Coromant
insert grade GC670) with diameter of 15 mm and a thickness of 8 mm, to
prevent the cemented carbide from cracking and reacting with the
holder and to work as a thermal isolator to reduce temperature gradients
in the sample. An induction coil was used for heating. Knowing that
induction heating might give temperature gradients in the material, test
runs were done with three spot welded thermocouples, (Pt-Pt/Rd), on a
sister sample, to position the coil until the temperature gradients where
<10° between the top and bottom point of measurement, see Fig. 2).

@6.3mm

wwigL g

8 mm

42 mm

Fig. 1. The test bar geometry.
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Table 2
Creep data of the investigated materials.
Material Temperature [°C] Stress [MPa] Strain [%] Time [s]
1000 900 9.9 923
Un-doped 1000 900 19.9° 1386
1100 300 8.7 1800
1000 900 9.9 2405
Cr-doped 1000 900 17.1° 3345
1100 300 7.5 1800

@ Cracked WC grains.
b Test bar fractured.

Fig. 2. Position of sample, extensometers, thermocouples and ceramic discs
(green). (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

During the creep test only one thermocouple in the middle position was
used. The deformation was measured as the reduction in length, (¢ =
AL/L), using an extensometer, over a length of 12 mm via two alumina
rods, (@2 mm, length 100 mm). The 10% range of the extensometer
made it necessary to conduct the 20% creep test in two runs. To prevent
oxidation a box was constructed around the setup. The box was filled
with argon and then a low flow of argon gas was applied. The intention
was to interrupt the creep tests when a lower (around 10%) and a higher
(around 20%) strain had been obtained at 1000 °C, and when around
10% strain had been obtained at 1100 °C. The temperature dropped very
quickly when the heating was turned off; cooling of the test bars from
1100 down to 800 °C took only 19 s. The 10% strain was chosen to
emulate real cutting conditions and the 20% strain as an exaggeration to
possibly easier draw conclusions from the experiments.

The recorded creep curves all consisted of a first part with decreasing
creep rate (primary creep) and a second part with constant creep rate
(secondary creep). In some cases, also a third part with increasing creep
rate was present (tertiary creep). The strain at which onset of secondary
creep occurred was determined by modelling the creep curve as a sum of
an exponential and a linear curve. The onset was then taken as the strain
at which the strain from secondary creep exceeded that of primary
creep.

2.3. Microstructural characterization

Metallographic specimen preparation of sections cut from the as-
sintered test bars of the two materials was done by mechanical polish-
ing using diamond spray, down to 1 pm particle size, followed by
chemical etching in Murakami’s reagent for two minutes at room tem-
perature [30]. The prepared sections were investigated by optical mi-
croscopy in order to identify any abnormal grain growth during
sintering of these materials.
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Specimens for scanning electron microscopy (SEM) were cut from
the gauge length of the test bars using a high-speed diamond saw. Two
sections in the as-sintered and crept test bars were investigated. One
slice of the gauge length was cut perpendicular to the load axis, and
another slice parallel to the axis, see Fig. 3. The slices had a thickness of
250 pm and were taken from the centre of the gauge length.

The surfaces of the slices were mechanically polished with diamond
spray, down to 1 pm particle size finish. For a better surface quality, and
a residual stress-free surface, the polished surfaces were ion etched in a
Gatan precision ion polishing system (PIPS). Sputtering was carried out
for two hours with a 4 keV Ar' ion beam at an incident angle of 2°.

Backscattered electron imaging was done at 5 kV in a Leo Ultra 55
FEG-SEM equipped with an Oxford INCA system for X-ray energy
dispersive spectrometry (XEDS). A magnification of 17,000x was set on
the SEM, and three areas of approximately 50 pm by 45 pm were
investigated on each section: at the centre, at half radius distance from
the centre, and just below the surface of the gauge length (rim), see
Fig. 3. The image resolution was set to 1024 x 768 pixels, giving a pixel
size of 16 by 16 nm?.

The average WC grain size was determined by the linear intercept
method [31]. Intercept lengths were determined in two perpendicular
directions on the cross section taken perpendicular to the load axis, and
in directions perpendicular and parallel to the load axis on the sections
cut parallel to the axis. A 95% confidence interval (CI) was determined
for the average grain size from:

95%CIL = t. 5. n~'/?

where s is the standard deviation of the measured intercept lengths, n
is the number of measured intercepts, and the factor t is a multiplier
related to the number of fields that were analysed. In this study t was set
to 2.571 (six fields) or 2.776 (five fields) [32].

The backscattered electron images taken for the linear intercept
measurements were converted to binary images with the purpose to
estimate the intergranular volume fraction of the two materials before
and after creep deformation. After adjustment of the contrast threshold
level in the electron micrographs, the Co-rich binder phase appears with
black contrast and the WC grains with white contrast. The image area
fraction of WC grain sections is then given by the average pixel value.
The intergranular area fraction is given by 1 minus this value. The WC
grains and the binder phase pools are randomly distributed and oriented
in these microstructures. It may, hence, be assumed that the determined
intergranular area fraction is a good estimate of the intergranular vol-
ume fraction.

The backscattered images taken for the linear intercept measure-
ments were also used for the determination of the number density of WC
grain boundaries containing a film of the Co-rich binder phase (i. e. the
number of film containing grain boundaries per unit section area). From
the imaging conditions used it may be expected that grain boundary film
thicknesses down to around 50 nm would be detected.

To produce specimens for transmission electron microscopy (TEM)
250 pm thick slices were cut from the test pieces. The slices were thinned
to a thickness of 150 pm on a 15 pm diamond grinding disc and then
polished on both faces using a diamond spray of 1 pm particle size. Discs
with a diameter of 3 mm were cut from the thin slices using an ultrasonic
disc cutter, and subsequently dimple ground on both sides down to a
centre thickness of 50 pm. Final thinning to electron transparency was
carried out by ion milling with 4 keV argon ion beams incident on both
sides of the specimen at an angle of 10°. The TEM specimens were
investigated in a FEI Tecnai T20 microscope.

2.4. Thermodynamic modelling

To estimate how the volume fraction of binder phase depends on
temperature, equilibrium calculations were made using Thermo-Calc
version 2022a. The thermodynamic database used for the W-C-Co-Cr
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Fig. 3. The two cross-sections, parallel and perpendicular to the load axis, taken from the test bars. The three areas (centre, half radius distance from the centre and

rim) investigated on the sections are indicated.

system was TCFE7.
3. Results
3.1. Microstructure of as-sintered materials

Pure WC-Co cemented carbides may, in some cases, exhibit abnormal
WC grain growth during sintering [33]. This is one reason why grain
growth inhibitors like Cr or V are usually added to WC-Co materials
[22,23]. An inspection in the optical microscope, however, did not
reveal any abnormal grain growth during sintering of the two WC-Co
cemented carbide materials studied in this investigation, see Fig. 4.
The general microstructure of the two materials is shown at a higher
magnification in Fig. 5. The un-doped material showed the typical two-
phase structure of a WC-Co cemented carbide, i.e. WC grains embedded
in a Co-rich binder phase. The Cr-doped material showed, in addition,
the presence of a limited number of smaller grains of chromium carbide
(Fig. 5b). These grains had a size of around 0.5 pm, and they had mostly
grown on WC grain surfaces. The WC grains in the two as-sintered
materials appeared to form a continuous skeleton penetrated by the
Co-rich binder phase. The binder appeared, mostly, in pockets at WC
multigrain junctions in the SEM images (Fig. 5). Most of the WC/WC and
WC/binder phase interfaces in the as-sintered materials had a straight
appearance, and the microstructures did not show any porosity in the
SEM images. TEM imaging revealed that there were few and short dis-
locations in the WC grains but more defects in the binder phase (Fig. 6).

The mean WC linear intercept lengths perpendicular and parallel to
the axis of the as-sintered un-doped test bars were (1.39 + 0.06) pm and
(1.38 + 0.08) pm, respectively. The Cr-doped as-sintered test bars had
linear intercept lengths of (1.41 + 0.06) pm perpendicular to, and (1.39
+ 0.09) pm parallel to the axis, see Table 3. These values result in an
average WC grain size of (1.39 + 0.07) pm in the un-doped material and
(1.40 + 0.08) pm in the Cr-doped material.

The experimentally determined intergranular volume fractions in the
un-doped and Cr-doped materials were (10.1 + 0.3) % and (9.9 + 0.3)
%, respectively, see Table 4. These numbers are virtually the same as the
volume fraction of Co-rich binder phase (10%) expected from the
starting powder compositions.

Only a limited number of WC grain boundaries in the as-sintered

Fig. 4. Optical micrographs of etched surfaces from the as-sintered un-doped
(a) and Cr-doped (b) materials. The Co-rich binder phase appears with
bright contrast.

materials contained a film of the Co-rich binder phase (binder phase
lamella). The number density of film containing grain boundaries, as
determined from the SEM images, were (5.5 + 1.2) x 1073 pm’2 in the
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Fig. 5. The general microstructures of the as-sintered un-doped (a) and Cr-
doped (b) materials (SEM micrographs). Cr carbide particles in the Cr-doped
material are arrowed in (b). The WC gains appear with bright contrast, the
binder phase with dark, and the Cr carbides with black contrast.

Fig. 6. TEM micrograph of the un-doped material. Few dislocations only are
found in the WC grains, whereas the binder phase (BP) contains more defects.

un-doped material and (6.9 + 0.6) x 10~> pm 2 in the Cr-doped

International Journal of Refractory Metals and Hard Materials 117 (2023) 106417

Table 3
Mean linear intercept length of WC grain sections.

Material Mean linear intercept length (pm)
Un-doped Cr-doped
As-sintered
Perpendicular to load axis 1.39 + 0.06 1.41 + 0.06
Parallel to load axis 1.38 + 0.08 1.39 £+ 0.09
Crept at 1000 °C 9.9% strain, 923 s 9.9% strain, 2405 s
Perpendicular to load axis 1.58 + 0.06 1.59 + 0.06
Parallel to load axis 1.39 £+ 0.09 1.38 + 0.08
Crept at 1100 °C 8.7% strain, 1800 s 7.5% strain, 1800 s
Perpendicular to load axis 1.51 + 0.06 1.50 + 0.06
Parallel to load axis 1.38 + 0.08 1.38 + 0.08

Table 4
Intergranular volume fraction.

Material Intergranular volume fraction (%)
Un-doped

As-sintered 10.1 +£ 0.3

1000 °C, 9.9% strain, 900 MPa 12.9 £ 0.3

1100 °C, 8.7% strain, 300 MPa 11.2+ 0.3
Cr-doped

As-sintered 9.9+0.3

1000 °C, 9.9% strain, 900 MPa 13.1 £ 0.3

1100 °C, 7.5% strain, 300 MPa 11.6 £ 0.3

material, see Table 5.

3.2. Creep tests

The strain vs. time curves recorded during creep testing at 1000 °C
are presented in Fig. 7. The two creep tests of the un-doped material
were interrupted after 923 s at a strain of 9.9%, and after 1386 s at a
strain of 19.9%, see Fig. 7 and Table 2. The Cr-doped material showed a
significantly higher creep resistance. The creep tests of this material
were interrupted after 2405 s at 9.9% strain, and, due to fracture, after
3345 s at a strain of 17.1%, see Fig. 7 and Table 2. As shown in Fig. 7, the
two creep tests carried out to 9.9% strain were interrupted in the steady
state regime. The tests carried out to higher strains (19.9 and 17.1%)
were both interrupted in the tertiary stage of accelerating creep, see
Fig. 7b.

The transition from primary to steady state creep at 1000 °C was at
around 4.5% strain after around 255 s for the un-doped material
(Fig. 7a). The Cr-doped material showed a longer stage of primary creep,
and the transition to steady state creep occurred at around 6.1% strain
after around 1010 s (Fig. 7a). The steady state creep rate of the un-doped
material at 1000 °C was determined to 8.6 x 10~ s! from the creep
curves. The Cr-doped material had a significantly lower steady state
creep rate, 2.8 x 1073 s’l, at this temperature.

Fig. 8 shows the strain-time curves recorded during creep testing at
1100 °C. The creep test of the un-doped material was, in this case,
interrupted after 1800 s at a strain of 8.71%, see Fig. 8 and Table 2. The
Cr-doped material showed a slightly higher creep resistance, and
reached a strain of 7.50% after 1800 s, see Fig. 8 and Table 2. The creep
deformation of the un-doped and Cr-doped test bars at 1100 °C was,
hence, interrupted after 1800 s in both cases. At this stage, the defor-
mation process was in the steady state creep regime, see Fig. 8.

The transition from primary to steady state creep at 1100 °C occurred
at approximately the same strains as in the tests carried out at 1000 °C.
The time spent in primary creep was, however, considerably longer
(Fig. 7). The transition from primary to steady state creep occurred after
798 s for the un-doped material and after 1166 s for the Cr-doped ma-
terial. The steady state creep rates at 1100 °C were determined to 4.3 x
1073 and 2.9 x 1073 s7! for the un-doped and Cr-doped test bar,
respectively.
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Table 5
Number density of binder phase infiltrated WC grain boundaries.

International Journal of Refractory Metals and Hard Materials 117 (2023) 106417

Test bar section

Un-doped, number density [x10~° ym 2]

Cr-doped, number density [x107 pm 2]

Centre Rim Average Centre Rim Average
a
As-sintered Parallel’ 55+1.2 6.9+ 0.6
Perpendicular
Crept Parallel” 27.0 30.0 28.5+1.5 31.6 30.7 31.2+0.5
1000 C. Perpendicular” 31.0 43.1 37.1+6.1 39.3 41.3 40.3 + 1.0
9.9% strain
Crept Parallel” 12.5 25.1 18.8 £6.3 24.7 313 28.0 £ 3.3
1100 °C Perpendicularh 12.1 28.9 20.5 + 8.4 41.0 54.8 47.9 +£ 6.9
1800 s
@ Section parallel to the load axis.
b Section perpendicular to the load axis.
Time [s] Time [s]
0 500 1000 1500 2000 2500 0 500 1000 1500 2000

5 - Cr-doped, 9.93 % strain, 1000 °C
) \\\ - Un-doped, 9.86 % strain, 1000 °C

Strain [%]
&
/

a)-1o \

Time [s]
0 500 1000 1500 2000 2500 3000 3500
1 | 1 |
3 | - Cr-doped, 17.07 % strain, 1000 °C |
- Un-doped, 19.95 % strain, 1000 °C
-5 ! ! |
=7 |
E o =
§ -1
n 13 | |
ol N \
A7 ] | H
-19
b)2,

Fig. 7. Compressive creep curves registered during creep testing at 1000 °C.
The un-doped material was deformed to 9.9% (a) and 19.9% (b) strain, and the
Cr-doped material to 9.9% (a) and 17.1% (b) strain.

3.3. Microstructure of creep tested materials

3.3.1. Creep tests at 1000 °C

The microstructures of the test bars crept at 1000 °C had a very
different appearance compared to the as-sintered microstructures. The
WC skeleton did not appear continuous any longer; many of the WC
grain boundaries were penetrated by the Co-rich binder phase, see
Figs. 9 and 10. In addition, intergranular cavities had formed during
creep testing, see Figs. 9a and 10a. Many of the WC grain surfaces facing
the Co-rich binder phase present between adjacent WC grains showed a
saw-tooth like morphology, see Figs. 9b and 10b. The Cr carbides were
present in the Cr-doped material also after creep testing at this

0

4\
2N\
-3
4 — |
-5
-6
-7
-8
-9
-10

- Cr-doped, 7.50% strain,1100 °C
- Un-doped, 8.71% strain, 1100 °C

Strain [%]

Fig. 8. Compressive creep curves registered during creep testing at 1100 °C.
The un-doped material was deformed to 8.7% strain and the Cr-doped material
to 7.5% strain.

temperature. TEM revealed that there were some dislocations in the WC
grains that appeared longer than in the as-sintered material and perhaps
also split into partial dislocations, as expected for gliding dislocations in
WC [34] (Fig. 11a). There were also some dislocations in the binder
phase.

The mean WC linear intercept length perpendicular to the axis of the
test bar (i.e. the load axis) had increased after creep deformation to a
strain of 9.9% at 1000 °C, see Table 3. This intercept length was
determined to (1.58 + 0.06) pm and (1.59 + 0.06) pm for the un-doped
and Cr-doped material, respectively, see Table 3. The intercept lengths
determined parallel to the test bar axis were, on the other hand, virtually
unchanged as compared to the as-sintered conditions. These values were
(1.39 £ 0.09) pm for the un-doped material and (1.38 + 0.08) pm for
the Cr-doped material, see Table 3.

A large number of cavities were observed in the binder phase in the
test bars crept to 9.9% strain at 1000 °C, see Figs. 9a and 10a. This was
reflected in the pronounced increase in the intergranular volume frac-
tions determined in these microstructures, see Table 4. The un-doped
material had an average intergranular volume fraction of (12.9 + 0.3)
%, and the Cr-doped material had an average intergranular volume
fraction of (13.1 £ 0.3) % (Table 4).

The number of WC grain boundaries containing a film of the Co-rich
binder phase had clearly increased during creep testing at 1000 °C to a
strain of 9.9%, see Figs. 9 and 10 and Table 5. In addition, the sections
taken perpendicular to the load axis showed a clear difference between
the centre of the crept test bar and the rim; the number density of binder
phase containing WC grain boundaries was higher near the rim than in
the centre of the test bar, see Table 5. A similar trend was also observed
on the section taken parallel to the load axis from the un-doped test bar
(Table 5). Furthermore, the sections taken perpendicular and parallel to
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Fig. 9. (a) The general microstructure of the un-doped material crept at
1000 °C to 9.9% strain. WC grains appear with bright contrast, the binder phase
with dark, and cavities (arrowed) with black contrast. There is debris from the
specimen preparation (encircled example). (b) A higher magnification detail
showing Co-rich films at WC grain boundaries where two of the WC grains have
a saw-tooth like appearance (arrowed).

the load axis of a crept test bar showed different number densities of film
containing grain boundaries; a higher number density was observed in
the section taken perpendicular to the load axis, see Table 5. The average
number density of film containing grain boundaries in the crept un-
doped test bar was determined to (37.1 &+ 6.1) x 1073 pm’z and (28.5
+ 1.5) x 1073 pm~2 for the perpendicular and parallel sections,
respectively (Table 5). The crept Cr-doped test bar had an average
number density of (40.3 + 1.0) x 10> ym~2 and (31.2 + 0.5) x 102
pm 2 on the perpendicular and parallel sections, respectively (Table 5).
The Cr-doped material showed, hence, a higher number density of WC
grain boundaries containing a film of the Co-rich binder phase than the
un-doped material after creep testing to 9% strain at 1000 °C. The dif-
ference is particularly clear when comparing the sections taken
perpendicular to the load axis, see Table 5.

The microstructure of the un-doped material crept to 19.9% strain at
1000 °C contained a large number of fractured WC grains, see Fig. 12a. A
determination of an average WC grain size in this microstructure by the
linear intercept technique would, hence, not give purposeful results. In
addition, radial cracks extending from the surface of the gauge length
were observed on the cross-section perpendicular to the load axis, see
Fig. 12b. It should be noted that the un-doped test bar crept to 9.9%
strain at this temperature did not show any crack formation.

The creep test of the Cr-doped material aimed at the deformation to
the higher strain (around 20%) at 1000 °C resulted in fracture of the test
bar at 17.1% strain. The fracture surface had an intergranular
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Fig. 10. (a) The general microstructure of the Cr-doped material crept at
1000 °C to 9.9% strain. WC grains appear with bright contrast, the binder phase
with dark, chromium carbide with slightly darker (encircled examples) and
cavities (arrowed) with black contrast. (b) A higher magnification detail
showing Co-rich films at WC grain boundaries. One WC grain surface has a saw-
tooth like appearance (arrowed).

appearance below the surface of the gauge length, see Fig. 13a. This
morphology changed when approaching the centre of the test bar, where
a more smeared appearance of the fracture surface was observed, see
Fig. 13b. Radial cracks extending inwards from the surface of the gauge
length had, most likely, been initiated comparatively early in the
deformation process under the applied compressive creep conditions.
Shorter cracks at the surface of the gauge length of the Cr-doped test bar
were observed on the cross-section perpendicular to the load axis after
creep deformation to 9.9% strain at 1000 °C, see Fig. 14.

3.3.2. Creep tests at 1100 °C

The microstructures of the test bars crept at 1100 °C had an
appearance similar to the ones crept at 1000 °C to 9.9% strain. Many of
the WC grain boundaries contained a film of the Co-rich binder phase,
see Figs. 15 and 16. A number of the WC grain surfaces facing these grain
boundary films had a saw-tooth like appearance (Figs. 15 and 16). The
angles between the step facets on these grain surfaces were measured to
120° and 90° in Figs. 15b and 16¢, respectively. Cr carbides were also
observed in the Cr-doped material at this temperature.

The intergranular cavitation in the microstructures of the test bars
crept at 1100 °C was, however, not as pronounced as after creep
deformation at 1000 °C. The limited number of intergranular cavities
that formed (Figs. 15 and 16) was reflected in a smaller increase in the
intergranular volume fractions, see Table 4. Mean intergranular volume
fractions of (11.2 & 0.3) % and (11.6 & 0.3) % were determined in the
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Fig. 11. TEM micrograph of the (a) un-doped material creep tested at 1000 °C
to 10% strain and (b) the Cr-doped material creep tested at 1000 °C to
10% strain.

un-doped (8.7% strain) and Cr-doped (7.5% strain) materials,
respectively.

The mean WC linear intercept length perpendicular to the axis of the
test bar was considerably longer than in the as-sintered test bars also
after creep deformation at 1100 °C, see Table 3. The values were (1.51
+ 0.06) pm for the un-doped material, and (1.50 + 0.06) pm for the Cr-
doped material. The mean WC linear intercept lengths determined
parallel to the axis of the test bars were, on the other hand, virtually
unchanged as compared to the as-sintered conditions, see Table 3. This
value was (1.38 £ 0.08) pm for both the un-doped and Cr-doped test bar.

The sections taken parallel and perpendicular to the load axis
showed a pronounced variation in the number density of binder phase
film containing WC grain boundaries with distance from the centre of
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the test bar, see Table 5. There was a clear increase in the number
density when going from the centre of the test bar to the rim of the cross-
section, i. e. below the surface of the gauge length (Table 5). The un-
doped test bar showed a slightly higher average number density of
film containing grain boundaries on the section taken perpendicular to
the load axis. An average number density of (20.5 + 8.4) x 10> pm 2
and (18.8 + 6.3) x 10~3 ym~2 was determined on the perpendicular and
parallel sections, respectively, see Table 5. The microstructure of the
crept Cr-doped test bar had a higher number density of film containing
grain boundaries, and there was a clear difference between the number
densities determined on the sections taken perpendicular and parallel to
the load axis. An average number density of (47.9 + 6.9) x 10> pm 2
and (28.0 £ 3.3) x 10~2 ym~2 was determined on the perpendicular and
parallel sections, respectively, see Table 5.

3.4. Thermodynamic calculations

The equilibrium volume fraction of binder phase at 1000 and
1100 °C of both un-doped and Cr-doped materials was calculated, as
well as the volume fraction of chromium carbide M;C3 (M = Cr, Co, W)
in the Cr-doped material, see Table 6. The chromium addition gives a
higher binder volume fraction, especially at 1100 °C, but the amount of
chromium carbide is low. The calculated liquidus temperature is
considerably lower for the Cr-doped material, 1261 °C compared to
1319 °C for the un-doped material.

4. Discussion

It has previously been established that WC-Co microstructures
become stable as diffusion in the binder phase ceases between 900 and
800 °C when they are slowly cooled from high sintering or heat treat-
ment temperatures [35]. The very fast cooling from the creep test
temperatures down to around 800 °C in the present study ensures that
the investigated microstructures of the crept test bars are representative
of the microstructures that evolved during creep testing.

Comparing the average strain rate obtained at 1100 °C (4.8 x 107>
and 4.2 x 107° 57! for un-doped and Cr-doped materials, respectively)
with the strain rates at 1000 °C (11 x 107> and 4.1 x 107> s!) shows
that the selection of 300 MPa stress at 1100 °C gave a good match to the
strain rates at 900 MPa and 1000 °C. It also shows that the effect of Cr to
reduce the strain rate was much larger at 1000 °C than at 1100 °C.

4.1. WC grains

The mean linear intercept lengths determined perpendicular and
parallel to the load axis imply that the WC grains grew preferentially in
the plane perpendicular to the load axis during compressive creep
deformation, see Table 3. WC grain growth at 1000 °C was unexpected,
since growth of WC grains usually requires a much higher temperature.
Grain growth of WC is known to be limited by the interface reaction
rather than by diffusion, and the slow interface reaction is believed to be
caused by a slow nucleation of successive atomic layers onto WC sur-
faces [36]. However, WC grain growth during compressive testing of
WC-13% Co at high temperatures (1100-1250 °C) was observed already
by Lee et al. [21], but they saw no difference in WC grain size when
measured in cross-sections made parallel and perpendicular to the load
axis after deformation at 1200 °C. Also, annealing at 1200 °C did not
produce any measurable grain growth.

Our observed preferential growth is in accordance with previous
work on a fine grained WC-Co cemented carbide material creep tested in
compression at 1000 and 1100 °C [15]. It was suggested that some
dislocation glide in WC grains had formed dislocations emerging at the
grain surface, there acting as nucleation sites for grain growth [15]. In
the present work, the un-doped material crept at 1000 °C to a strain of
9.9% had a mean linear intercept length of (1.58 + 0.06) pm perpen-
dicular to the load axis. The time spent to reach this deformation was
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Fig. 12. Crack formation in the un-doped test bar crept at 1000 °C to 19.9% strain. A large number of the WC grains are cracked, encircled in (a), and the cross-
section through the test bar shows radial cracks below the surface of the gauge length, framed in (b) and arrowed in (c). (c) is a higher magnification detail of the area
marked in (b). (d) shows the undoped test specimen before and after creep testing performed at 1000 °C to 19.9% strain.

923 s. Creep deformation of the un-doped material at the higher tem-
perature 1100 °C to a lower strain of 8.7% took 1800 s, and resulted in a
mean linear intercept length of (1.51 + 0.06) pm perpendicular to the
load axis. A higher temperature and a longer time did, hence, not pro-
mote the growth of the WC grains in directions perpendicular to the
compressive load axis. A larger strain was, on the other hand, associated
with a larger mean linear intercept length perpendicular to the load axis.
These observations agree with the proposition that WC grain growth is
promoted by plastic deformation of WC grains [15]. Dislocations with a
screw component emerging on a WC grain surface would create a spiral
defect that may serve as a nucleation site for successive atomic layers of
tungsten and carbon [15]. It may be expected that a higher strain would
be associated with an increased defect density, and thereby an increased
number of nucleation sites. This would in turn lead to an increased grain
growth. In fact, a dependence of WC grain growth during sintering on
WC dislocation density (more strictly WC crystal defect density) has
recently been found [37].

An estimate of diffusion distances at the creep test temperatures
implies that the transport of W and C in the Co-rich binder phase would
be sufficient for WC grain growth [38]. During 923 s at 1000 °C, the W
atoms would be able to travel a distance of 0.7 pm, i. e. half of the
average WC grain size in the as-sintered material. During 1800 s at
1100 °C this distance would be 2.2 pm, i. e. 1.6 times the average WC
grain size after sintering. The transport of the interstitial C atoms in the
Co-rich binder phase would be even faster [39].

WC grains are, as mentioned in the introduction, expected to deform
plastically through dislocation motion at elevated temperatures [3]. A

WC grain size increase perpendicular to the load axis caused by plastic
deformation would require a WC grain size decrease parallel to the load
axis. This was not observed; the mean linear intercept length of the WC
grains along the load axis was virtually unchanged after creep testing.
This suggests that there was only a limited plastic deformation of the WC
grains under the applied compressive load. This is in accordance with
the limited number of dislocations observed with TEM after creep
testing (Fig. 11).

4.2. Intergranular microstructure

The number density of WC grain boundaries containing a film of the
Co-rich binder phase clearly increased during creep deformation
(Figs. 9, 10, 15, 16 and Table 5). After 9.9% strain at 1000 °C the in-
crease was a factor of 5-6, and the same increase was found after 7.5%
strain at 1100 °C in the Cr-doped material. This is similar to the
increased number density found by Toller et al. studying WC grain
boundaries after turning test [1]. This implies an infiltration of WC grain
boundaries by the Co-rich binder phase during creep deformation. This
phenomenon has also been observed in creep experiments on a fine
grained WC-Co material, and it was suggested that the infiltration was a
result of grain boundary sliding [15]. An applied compressive load will
introduce a shear stress in WC grain boundaries, and thereby push
adjacent WC grains apart, see Fig. 17. This separation may be accom-
modated by the infiltration of the Co-rich binder into the grain bound-
ary. A higher number density of infiltrated grain boundaries was
observed in the plane perpendicular to the load axis than in the plane
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Fig. 13. The fracture surface of the Cr-doped test bar crept at 1000 °C to 17.1%
strain. (a) Below the surface of the gauge length. (b) Close to the centre of the
test bar.

Fig. 14. A cross-section through the gauge length of the Cr-doped test bar crept
at 1000 °C to 9.9% strain showing radial crack initiation (arrowed) at the
surface of the gauge length.

parallel to the axis (Table 5). This would be consistent with the appli-
cation of a compressive load on the test bar, see the schematics in
Fig. 17. A section parallel to the load axis (Fig. 17a) would contain WC
grain boundaries that were subjected to a shear stress during creep.
These boundaries would not be expected to contain any larger amounts
of infiltrated binder phase. A section perpendicular to the applied load
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Fig. 15. (a) The general microstructure of the un-doped test bar crept at
1100 °C to 8.7% strain. The WC grains appear with bright contrast, the binder
phase with dark, and the cavities (arrowed) with black contrast. (b) and (c)
Higher magnification details showing Co-rich films at WC grain boundaries.
Some WC grain surfaces, arrowed in (b), have a saw-tooth like appearance.
Other WC grain boundaries contain a thin binder phase lamella, arrowed in (c).
The WC grain surface arrowed in (b) has steps forming an angle of 120°.

(Fig. 17b) would, on the other hand, mainly contain WC grain bound-
aries that were subjected to a local tensile stress. As a consequence, a
number of these boundaries would be infiltrated by the Co-rich binder
phase, provided that the mobility of Co is sufficient under the creep test
conditions. The number density of infiltrated WC grain boundaries was
lower in the undoped material after 8.7% strain at 1100 °C, a factor of
only 2-3 higher than in the as-sintered material.

A similar orientation dependence of the occurrence of infiltrated WC
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Fig. 16. (a) The general microstructure of the Cr-doped test bar crept at
1100 °C to 7.5% strain. The WC grains appear with bright and the binder phase
with dark contrast. (b) and (c) Higher magnification details showing Co-rich
films at WC grain boundaries. Some WC grain surfaces, arrowed in (b), have
a saw-tooth like appearance. An example of a Cr carbide is encircled in (b). The
WC grain surface arrowed in (c) has steps forming an angle of 90°.

Table 6
Calculated equilibrium volume fractions of binder phase and chromium carbide.

Material Binder phase volume fraction [%] M;C3 volume fraction [%]
1000 °C 1100 °C 1000 °C 1100 °C

Un-doped 10.85 11.18 - -

Cr-doped 11.96 12.64 0.46 0.073
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grain boundaries was found by Ostby et al. [40]. They found that after a
turning experiment the orientation of infiltrated boundaries was pre-
dominantly along the net compressive stress in the cutting insert (the
third principal stress). They were also able to model the WC grain sep-
aration using microscale finite element modelling and found that the
maximum WC separation occurred for such orientations [40].

At 1000 °C, the Co atoms would be able to travel distances of 0.5 and
0.9 pm during 923 and 2405 s, respectively, in the Co-rich binder phase
[41]. These values correspond to only 0.4 and 0.6 times the average
grain size in the as-sintered un-doped (923 s and 0.5 pm) and Cr-doped
(2405 s and 0.9 pm) materials. It is therefore not surprising that Co
diffusion is not sufficient to allow a full redistribution of the binder
phase during creep deformation, and therefore a few vol% of cavities are
formed (Table 4). During 1800 s at 1100 °C, the Co atoms would be able
to travel a distance of 2 pum, i. e. 1.4 times the average WC grain size in
the as-sintered materials. This seems sufficient to prevent most of the
cavity formation (Table 4). The binder phase pockets on a section
through the as-sintered microstructure (Fig. 4) are generally smaller
than the WC grain sections. This implies that the mobility of Co under
the applied creep conditions would be sufficient for infiltration of WC
grain boundaries. An increased number density of infiltrated grain
boundaries was observed at the rim of the cross-section, i. e. just below
the surface of the gauge length (Table 5). This would be consistent with
the need for an increased plane strain with increased distance from the
centre of the test bar during a compressive creep test. It should be noted
that relocation of the binder phase could occur not only due to diffusion
but also through dislocation activity. On the other hand, Fig. 10 show
only little presence of dislocations in the binder phase. Another argu-
ment for why diffusion of the binder phase is believed to be the primary
contribution for the relocation is the decreased grain size of the binder
phase [15].

The WC grain boundaries infiltrated by the Co-rich binder phase in
the crept microstructures had two different morphologies. Some WC
grains had a straight and well-defined interface towards the infiltrated
Co (e. g. Fig. 14c), other WC grains had a saw-tooth like surface towards
the grain boundary Co (e. g. Fig. 14b). An angle of 120° between the step
facets on a WC grain surface (Fig. 14 b) would correspond to the angle
between two adjacent prismatic plane surfaces on a freely growing WC
grain [42]. The angle of 90° (Fig. 15¢) would, under such growth con-
ditions, correspond to the angle between the basal plane and a prismatic
plane [42,43]. The development of these stepped WC grain surfaces
suggests that a dissolution/reprecipitation process took place in the Co-
rich binder phase that had infiltrated the original WC grain boundaries.
This process would also be associated with WC grain growth.

Intragranular cavities were observed in all crept microstructures
(Figs. 9, 10, 15). This would explain the increased intergranular volume
fraction of the crept materials (Table 4), the effect being much larger at
1000 °C (around 3 vol% units increase in intergranular volume) than at
1100 °C (1.1 and 1.7 vol% units increase). It must be noted, though, that
the volume fraction of binder might increase at high temperatures.
Thermodynamic modelling gave equilibrium binder phase contents of
10.9 and 12.0 vol% (un-doped and Cr-doped, respectively) at 1000 °C
and 11.2 and 12.6 vol% at 1100 °C (Table 6). For both materials, the as-
sintered volume fraction is estimated to 10.0 vol%, as also measured. It
should be noted that the Cr addition gives a higher volume fraction of
binder phase, especially at 1100 °C. Even if time is not sufficient to
establish full thermodynamic equilibrium during creep testing, the
volume fraction of binder might well be higher than in the as-sintered
material, especially at 1100 °C. Clearly, since the binder volume frac-
tion increased with a maximum of 0.9 and 2.0% units at 1000 °C, a large
part of the increase in intergranular volume measured at 1000 °C (2.8
and 3.2% units) must be due to cavities. The much lower increase in
intergranular volume at 1100 °C (1.1 and 1.7% units) could well to a
large extent be due to an increased binder volume fraction, since the
calculated maximum increase is 1.2 and 2.6% units.

The cavity formation suggests that unaccommodated grain boundary
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Binder phase infiltrated
grain boundaries

b)  Perpendicular

Fig. 17. Schematics illustrating grain boundary sliding and the infiltration of WC/WC grain boundaries by the Co-rich binder phase in a section parallel to (a) and

perpendicular to (b) the compressive load axis.

sliding also took place during creep deformation. The infiltration of Co
into the WC grain boundaries would not only require a sufficiently high
Co mobility, but also a neighbouring supply of Co. The observed redis-
tribution of the binder phase may, locally, result in binder deficient
areas that would impede the diffusion of Co into WC grain boundaries
that experience a local tensile stress during grain boundary sliding. As a
result, intragranular cavities would form, although the formation of free
surfaces is an energy costly process [42]. Calculated WC surface energies
are in the range 3.37-9.02 Jm~2, depending on the crystallographic
orientation of the surface and its termination (W or C) [41]. The energy
of a free Co surface has been calculated to be in the range 2.03-2.53 J
m 2, depending on its crystallography [44]. The formation of cavities
during plastic deformation of WC-Co is in agreement with earlier ob-
servations [1,15,45].

4.3. Deformation mechanisms

From the observed microstructure for both materials crept at both
1000 and 1100 °C, evidence for grain boundary sliding was found. This
is as expected for these temperatures and the high loads that was used
[18].

At 1000 °C the Cr-doped material showed a much higher creep
resistance than the un-doped material. In both materials the same
deformation mechanisms, accommodated and unaccommodated grain
boundary sliding, appeared to operate. The deformation occurred,
however, on different time scales, suggesting that an additional creep
mechanism was active, and that this mechanism was rate limiting in the
deformation process.

One obvious candidate is the very large WC grain growth that took
place perpendicular, but not parallel, to the compressive axis. During the
9.9% compression of the Cr-doped material at 1000 °C, WC grains grew
from 1.40 to 1.59 pm, i.e., 13.6%, perpendicular to the load axis but
remained in size parallel to the axis. Since the grain size perpendicular to
the load axis was measured in cross-sections both perpendicular and
parallel to the load axis with the same result, the grains must have grown
in all directions perpendicular to the load axis, i.e., both radial and
tangential. This means that each grain increased 29.0% in area in this
plane but remained at the same size parallel to the axis. Therefore, the
volume of each grain increased by 29.0%, and thus the number density
of grains decreased to 77.5% of the original number density. Obviously,
anumber of small grains have been dissolved, and W and C have diffused
though the binder and re-precipitated on the available faces of larger
grains, which of course were the faces not in direct compressive contact
with other WC grains but those in contact with binder phase, oriented
more or less along the load axis.

If all dissolution of small WC grains could contribute to the total
compressive strain, the directional coarsening would correspond to a
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compressive strain of 22.5%. However, this cannot occur only by
diffusion itself since the WC grain boundaries under compressive stress
are not infiltrated with binder phase and thus are not accessible to
dissolution in the binder. Instead, a major effect of W and C diffusion in
the binder must be the selective dissolution of WC thus facilitating grain
boundary sliding. Thus, directional coarsening must also act as an ac-
commodation mechanism for grain boundary sliding.

Another accommodation mechanism is of course binder phase
lamella formation; the average number density of infiltrated grain
boundaries, 40 x 103 pm 2, represents only some 4% of all boundaries,
and with a lamella width of perhaps 100 nm each lamella represents a
strain perpendicular to the load axis of 6%. This results in a perpen-
dicular expansion of only 0.25%, and with a constant volume fraction of
binder phase corresponds to a contribution to the compressive strain of
only 0.5%. However, this redistribution serves as an important accom-
modation mechanism for grain boundary sliding. It also gives access for
directional grain growth, i.e., dissolution and reprecipitation, to
operate.

The formation of cavities shows that the binder phase doesn’t have
the time to redistribute. This is in contrast to what has been reported for
materials tested at 1200 °C at low strain rates where the binder phase
has migrated to the edges of the test material [46].

The formation of up to 3 vol% cavities is not expected to give any
direct effect on the compressive strain. But in addition to directional
grain growth and grain boundary infiltration, cavity formation of course
also serves as an accommodation mechanism for grain boundary sliding.
The local compressive strain in the volume where the microstructure
was studied may be calculated from the maximum diameter of the creep
tested specimens. After 9.9% compression at 1000 °C this diameter had
increased from 6.30 to 7.24 mm or 15%, corresponding to a 32% area
expansion. This corresponds to a compressive strain of 22% (accounting
also for the 3 vol% cavity formation). This value can then be compared
with the calculated maximum compressive strain due to redistribution
of WC and binder from grain coarsening and binder lamella formation
found above, 22.5% and 0.5%, respectively. The fact that the total
compressive strain is the same as the strain that corresponds to redis-
tribution of WC and binder again shows that grain boundary sliding is an
integral part of the deformation. Clearly grain boundary sliding must be
operating in addition to redistribution. This is in good agreement with
the findings of Buss, who found that the creep deformation rate at high
temperature of the WC skeleton without binder phase is much lower
(virtually absent) than in WC-Co, where the presence of binder phase
enables grain boundary sliding and thus plastic deformation, thereby
avoiding brittle fracture [7].

So, the total 22% compressive strain can be explained both by
redistribution of binder phase and WC by diffusion (and perhaps some
little dislocation activity), enabling grain boundary sliding. Also, cavity
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formation contributes to grain boundary sliding. The fact that only 9.9%
compressive strain was recorded is of course due to the shape of the
specimen. Most of the strain is localised to the middle part of the gauge
length where the specimen bulges out, and here the strain is much larger
than the mean strain.

Thus, we have two dominating mechanisms, grain growth (strictly
grain coarsening) and grain boundary sliding, and the former is rate
controlling since it is an accommodation mechanism for grain boundary
sliding.

4.4. Effect of chromium: 1000 °C

The creep tests at 1000 °C carried out to 9.9% strain took 923 s for
the un-doped test bar, and 2405 s for the Cr-doped test bar; i.e., a factor
of 2.6 longer time was required in order for the Cr-doped test bar to
reach this strain. One effect of the Cr addition is the formation of a low
volume fraction of chromium carbide M;Cs that remains after creep
testing. According to the thermodynamic calculations, the equilibrium
volume fraction of chromium carbide is only 0.5 vol% at 1000 °C (and
even smaller, 0.07 vol% at 1100 °C), see Table 6. As the size of chro-
mium carbide grains is small and they usually replace part of a binder
phase volume (Figs. 4b, 8a and 15b), it is not likely that they can
decrease the creep deformation rate much. However, the fact that the
WC grain size increases perpendicular to the compressive load axis after
the creep tests at 1000 °C was similar in the two test bars, see Table 3,
means that the WC grain growth rate was lower in the Cr-doped
material.

The results in the present investigation thus imply that the obtained
strain during creep deformation was associated with WC grain growth
perpendicular to the compressive load axis. The addition of Cr to a WC-
Co material is well known to be a WC grain growth inhibitor [22,23].
Atom probe tomography has shown that chromium segregates to WC/Co
phase boundaries [47]. The equilibrium segregation of Cr in the binder
phase was estimated to 0.4 monolayer in material heat treated at
1000 °C, and the energy of segregation was calculated to 0.22 eV/Cr
atom (21 kJ/mol Cr) from the atom probe data. This Cr segregation may
explain the WC grain growth inhibiting effect during sintering of Cr
additions to WC-Co cemented carbide materials. It is reasonable to as-
sume that the same mechanism lies behind the observed effect of Cr
additions on the creep strength, since grain growth seems to be
responsible for a large part of the compressive strain.

The idea is then that Cr atoms at the WC grain surfaces need to be
replaced by W or C in order for a WC grain to grow in a Cr-doped binder
phase environment. The replacement of Cr by W, and/or C, is a process
that would require time and thereby slow down grain growth. This
would be consistent with a slower WC grain growth in the Cr-doped
material, which suggests that WC grain growth perpendicular to the
compressive load axis would be rate limiting in the creep deformation
process.

4.5. Effect of chromium: 1100 °C

The grain growth inhibiting effect of Cr is expected to work also at
1100 °C, since the equilibrium segregation of Cr at phase boundaries is
only marginally smaller (0.32 monolayers compared to 0.36 monolayers
at 1000 °C). After all, Cr works well as a grain growth inhibitor at the
much higher sintering temperatures (1400-1450 °C) [23]. However, the
effect was weak; the time to 7.5% strain was only 20% longer compared
to the un-doped material (1800 s compared to 1500 s). As a comparison,
at 1000 °C the Cr-doped material took 160% longer time to deform 9.9%
than the un-doped material. Surprisingly, the WC grain growth after
1800 s at 1100 °C was about the same in the two materials. One striking
difference in the microstructure is that in the un-doped material the
number of infiltrated WC grain boundaries was much lower than in the
doped material (Table 5). It was also lower than in both materials after
creep at 1000 °C, and one reason for this might be the lower stress, 300
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MPa instead of 900 MPa, since WC grain boundary infiltration is
believed to be driven by stress [7]. This much lower density of binder
phase lamellae (around 20 compared to almost 50 x 10~ pm™2) means
that more than twice as many grains in the Cr-doped material has con-
tact with a binder phase lamella and can grow by W and C diffusion. The
fact that the average growth is still about the same shows that the effect
of Cr hindering the grain growth still is in operation.

The much lower binder phase lamella density in the un-doped ma-
terial is probably connected to the lower intragranular volume, that
might be due to the lower equilibrium binder phase volume in the un-
doped material. The effect of Cr on equilibrium binder phase volume
is rather large, 12.6 compared to 11.2 vol%, and the effect on the lig-
uidus temperature is also considerable, 1261 °C compared to 1319 °C.
The measured volume, maximum 11.7 vol% compared to 11.1 vol% in
the un-doped material, is smaller than the equilibrium value, as ex-
pected, but obviously still large enough to give a large difference in
binder lamella formation at the lower compressive stress of 300 MPa.

4.6. Practical applications

The effect on Cr addition on compressive creep strength is clearly
interesting for applications where WC-Co is used under high compres-
sive loads and high temperatures such as rock drilling. In fact, based on
the present results new Cr-containing grades for rock drill buttons have
been developed, and found to have a higher wear resistance that the
corresponding Cr-free grade [48]. As an example, in a top hammer
drilling test in a mine the Cr-containing button gave 286 drill meters per
mm wear whereas the Cr-free button only gave 183 drill meters. Cr-
containing rock drill bits are now commercially available [48].

5. Conclusions

WC-10 vol% Co cemented carbide with a WC grain size of 1.4 ym
(linear intercept), both with and without 0.6 wt% addition of Cr, was
exposed to creep testing at 1000 °C with 900 MPa compressive stress and
at 1100 °C with 300 MPa compressive stress.

(1) At 1000 °C the creep rate of Cr-doped WC-Co was much smaller
than that of the undoped material. Creep to approximately 9.9% strain
took only 903 s in undoped but 2405 s in Cr-doped material.

(2) At 1100 °C the creep rate of Cr-doped material was also smaller
than that of undoped material. Creep testing for 1800 s gave a strain of
8.7% for undoped material but only 7.5% for Cr-doped material.

(3) Preferential WC grain growth (strictly grain coarsening) takes
place in the plane perpendicular to the load axis during compressive
creep testing at 1000 and 1100 °C. No change in grain size occurred
parallel to the load axis. This means that the grain volume increased and
the number density of grains decreased. This grain coarsening corre-
sponds to a maximum compressive strain of 22% after 9.9% strain at
1000 °C.

(4) Binder phase also redistributes by diffusion and possibly also
dislocation movement, partly by infiltrating WC grain boundaries ori-
ented more or less parallel to the load axis. This redistribution itself
contributes very little to the compressive strain, only 0.5% after 9.9%
strain at 1000 °C, but it increases grain growth by setting more WC
grains in contact with binder phase.

(5) The high load used in these experiments led as expected to WC
grain boundary sliding, accommodated by the coarsening of WC grains
and redistribution and infiltration of the binder phase in WC grain
boundaries, both at 1000 and 1100 °C.

(6) The formation of intergranular cavities during creep testing im-
plies that also unaccommodated WC grain boundary sliding occurs,
especially at 1000 °C.

(7) The total maximum compressive stress can be estimated from the
expansion of the creep specimen perpendicular to the load axis. After
9.9% strain at 1000 °C the total strain was estimated to 22%. This is
about the same strain as calculated from the redistribution of WC and
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binder phase.

(8) Consequently, the dominating creep mechanism was grain
boundary sliding accommodated by redistribution and directional
growth of WC grains.

(9) WC grain growth was creep rate controlling for both materials
investigated in this study. The Cr doping, previously found to segregate
to WC/binder phase boundaries, slowed down WC grain growth and
resulted in an improved creep resistance under compression.

(10) Cr addition leads to larger binder phase volume, more infiltrated
WC grain boundaries and more growing WC grains. This effect coun-
teracts the effect of Cr to inhibit grain growth and makes the effect of Cr
addition much smaller at 1100 °C than at 1000 °C.
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