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a b s t r a c t

The temperature dependence of residual stresses in a WC–17.8vol.%Co cemented carbide was measured
by neutron diffraction. The comparison of the WC lattice parameter within the WC–Co and within stress-
free WC reference provides a measurement of lattice elastic strains and, using Hooke’s law, stresses. WC
is found to be under hydrostatic compressive stresses of about �400 MPa at room temperature, which
decrease monotonically with temperature to a near-zero value at 800 �C. Residual stresses in cobalt also
decrease with increasing temperature, but show an apparent increase above 800 �C, which is attributed
to an increase in lattice parameter due to W dissolution in the Co phase.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

WC–Co cemented carbides are materials widely used for the
manufacturing of cutting tools. They are known for their excep-
tional combination of toughness and hardness. However, severe
cutting conditions implying high temperature and stress produce
plastic deformation of the cutting tool tips. Therefore, a better
knowledge of the material behaviour at high temperature is
needed to improve the quality of the tools. The stress field influ-
encing the microstructure not only derives from the applied load
but also from internal stress. As thermal expansion coefficients be-
tween WC and Co differ by a factor of three, cooling from the sin-
tering temperature of about 1400 �C to lower temperatures can
produce extremely high residual stresses. Measurement of residual
strains (stresses) in composites is obtained from the comparison of
in situ measured lattice parameters for each phase with a stress-
free reference. Diffraction measurements of residual thermal stres-
ses have been performed by different authors [1–6] both by X-rays
and neutrons. The high tungsten content considerably limits the
penetration depth of X-rays and measurements are sensitive to
polishing and annealing. Hence, neutrons are a better choice to
measure bulk properties of WC–Co. On the other hand, in WC–
Co, due to the high elastic modulus of WC, a very good precision
in measurements is required to obtain elastic strains with ade-
quate accuracy. In order to reduce experimental errors in neutron
diffraction measurements, differences in positioning and tempera-
ture between reference sample and the composite material must
ll rights reserved.

: +41 21 693 4470.
be minimum. At room temperature, compressive residual stresses
around �500 MPa in WC and tensile stresses around 2000 MPa for
cobalt are expected in a WC-18vol.%Co [4]. As temperature is in-
creased, thermal stresses are expected to relax. A curious behav-
iour was found by [4] where thermal stresses started to increase
again by heating above 800 �C. A thermal hysteresis between heat-
ing and cooling cycle was also observed. Since strains of the WC
lattice are extremely small, it is not clear whether such behaviour
should have been attributed to some experimental error. The pur-
pose of this work is to measure the residual stress in both phases of
a WC-17.8vol.%Co with high accuracy. We use a particular setup
and time-of-flight neutron diffraction in order to achieve maxi-
mum precision and temperature reproducibility in the measure-
ments of the composite materials and of the WC and Co
references. The changes of residual stresses in the WC and Co
phases are measured up to 1156 �C.
2. Materials and experimental methods

WC–Co samples with 17.8vol.% cobalt were prepared by AB
Sandvik Coromant (Stockholm, Sweden). This high cobalt grade al-
lows the measurement of both WC and Co diffraction peaks with
good intensity. Bars of 89 � 19 � 4.5 mm3 were produced by a
usual sintering process. The SEM micrograph in Fig. 1 shows the
general grain morphology. The average WC grain size is 1.8 lm.

Neutron diffraction measurements were performed in ‘‘time-of-
flight” mode using the SMARTS diffraction instrument [7] at the
pulsed neutron source at the Lujan Center of the Los Alamos Na-
tional Laboratory (NM, USA). Detector banks positioned at ±90� an-
gle with respect to the incident beam collect a complete diffraction
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Fig. 1. SEM micrograph of the WC–Co morphology. WC grains are brighter.
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pattern from neutrons having a white spectrum produced from a
spallation source (Fig. 2a). Diffraction spectra with a d-spacing
range between 0.2 and 3 Å are gathered simultaneously for the
two banks. The spectra are analysed using the Rietveld refinement
method using the GSAS software [8].

We used a particular sample geometry and the possibility of-
fered by SMARTS to translate the specimens inside the furnace
(Fig. 2b). Bulk sintered WC–Co samples were spark machined in or-
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Fig. 2. (a) Schematic diagram of neutron diffraction. The SMARTS system is
designed for diffraction under applied load. Crystal planes perpendicular to load
axis diffract on the �90� detector bank while those parallel diffract on the opposite
direction (b) drawing of the WC–Co frame and windows. In the present experiment,
we use the load ram to shift the sample and to expose to radiation different
windows in the WC–Co frame. In the WC–Co region, there is no window and the
diffracting material is the frame itself. Two independent spectra are collected on
both diffraction banks.
der to make two windows at an angle of 45� with respect to the
specimen axis to host the WC and the Co references. A slit was used
to collimate the beam in the area of interest. With such geometry,
the diffracted beam crosses always the same amount of material
within the WC–Co support.

In a first experiment, not presented here, we noticed that the
use WC powder as a reference may affect the measurement of
the lattice parameter due to beam attenuation and consequent
shift of the diffraction center of the specimen. In order to obtain
a WC reference with a density equal to that found in sintered
WC–Co, we etched the cobalt with boiling HCl from WC–Co and in-
serted the remaining WC ‘skeleton’ in the WC–Co frame as shown
in Fig. 2. A stress-free reference for the cobalt cannot be produced,
since in WC–Co, cobalt makes a solid solution with tungsten and
carbon with a composition that varies with temperature [4]. There-
fore, we used commercially pure cobalt made of 0.5 mm sheets
forming a stack inserted in the cobalt reference window.

The sample assembly is mounted inside a vacuum furnace. The
temperature of the furnace is controlled by two thermocouples
positioned between the measurement windows. The temperature
stability recorded during the measurements was better than ±1 �C.

The thermal strains in the WC phase are determined for the two
lattice parameters a and c of the hexagonal WC lattice with respect
to the lattice parameters a0 and c0 of the stress-free WC skeleton
sample according to equations:

ea ¼
a� a0

a0
ec ¼

c � c0

c0
ð1Þ

Subtracting the reference sample parameters is necessary to
offset thermal expansion. Stresses are calculated using WC single
crystal elastic constants [9] and the model of Evenschor et al.
[10] to calculate stress in the Reuss limit (homogeneous stress)
for hexagonal crystals. The following equations are used to convert
strain e to stress r for the hexagonal axes a and c [4]:

ra ¼ 946ea þ 259ec ½GPa�
rc ¼ 627ea þ 998ec ½GPa�

ð2Þ

The mean hydrostatic stress rh in WC can then be calculated
according to:

rWC;h ¼
2ra þ rc

3
ð3Þ

The cobalt has an fcc structure in WC–Co and in our calculations
we assume that it is elastically isotropic. The lattice strains in the
Co phase result from the sum of mechanical strain in the composite
and change in chemical composition of the alloy. In particular, the
effect of W and C solid solution on cobalt lattice parameter has
been studied by several authors [11–13].

Therefore we can write:

eCo;tot ¼ eCo;mech þ eCo;chem ð4Þ

The mechanical strain should obey the force balance relation:

frCo;mech þ ð1� f ÞrWC;h ¼ 0 ð5Þ

where f is the volume fraction of the Co phase.
3. Results

3.1. Measurement of residual thermal stresses

Two heating-cooling cycles up to 1156 �C were performed.
Since the differences between the data collected in the two cycles
are small and within the measurement error, the figures presented
below correspond to data collected in first cooling and second
heating.
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Fig. 3. Temperature dependence of WC lattice parameters a and c measured in WC
skeleton (heating and cooling) and in WC–Co (heating). Thermal expansion of pure
WC is shown in fitted curves. Polynomial fit coefficients are reported in Table 1.
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Fig. 4. Strains in WC measured as a function of temperature upon heating and
cooling. Figures (a) and (b) refer to a and c hexagonal axis respectively. The data
correspond to the second thermal cycle. Anisotropic strains calculated using the
Eshelby model are reported on the same figure and are discussed later.
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In Fig. 3, the thermal expansion of WC measured in the WC skel-
eton is shown for both hexagonal principal axis a and c. The poly-
nomial fit of thermal expansion, shown as a continuous line, is
given in Table 1. It is in reasonable agreement with the data of
thermal expansion of WC given by [14]. The WC lattice parameters
obtained in WC–Co lie below the thermal expansion curve of refer-
ence WC, which means that WC is in compression at room
temperature.

Residual strains along WC principal lattice axis are shown in
Fig. 4. The average error in strain measurement is estimated at
±50 � 10�6. On cooling, compressive strains start to build-up be-
low 800 �C and increase when temperature is decreased. Strain
anisotropy is observed between the two principal directions of
the hexagonal WC crystal structure, a and c. The residual strain
changes as a function of temperature have been modeled by the
Eshelby method [15] applied to a Co inclusion within an aniso-
tropic WC matrix [16] as detailed in Appendix A. The model repro-
duces the measured strain anisotropy between the principal
directions of WC. However, a relatively important deviation from
the model is observed below 400 �C in particular along the c axis.
The validity of the model is therefore discussed in § 4. Stresses in
the WC phase are calculated according to Eq. (2) and reported in
Fig. 5. Also in this case, the stresses calculated by the Eshelby
method are reported on the same figure. We notice that stresses
are not anisotropic like the strains. This effect could be expected
by the use of the Reuss approximation. However, isotropic stresses
are also predicted by the Eshelby model which does not imply such
hypothesis.

The temperature dependence of the cobalt lattice parameters is
presented in Fig. 6. The cobalt bulk reference was measured down
to 500 �C where the fcc structure is still present. Values at room
temperature are extrapolated according to thermal expansion
measured in fcc powder by [17]. In WC–Co, a clear deviation from
pure cobalt thermal expansion can be observed when cooling to
room temperature and when heating above 800 �C. Fig. 7 reports
calculated strains in cobalt with respect to the measured reference.
They are the result of the mechanical effect (thermal strain) and of
chemical effects as pointed out in Eq. (4). Supposing that the ther-
Table 1
Polynomial coefficients for the WC powder lattice parameters derived from the curves
in Fig. 3 as f(T) = a+bT+cT2.

a b c

a [nm] 0.29146 ± 0.00001 (1.3218 ± 0.03)10�6 (1.924 ± 0.2)10�10

c [nm] 0.28453 ± 0.00001 (1.1698 ± 0.02)10�6 (1.5037 ± 0.2)10�10
mal strain should become zero at a certain temperature i.e.
eCo;mech ¼ 0, the additional effect and particularly the increase of
Co strain above 800 �C should be attributed to the chemical effect
eCo;chem. Therefore, cobalt strains calculated from the stress equilib-
rium Eq. (5) and assuming elastic isotropy are also shown in Fig. 7.
They are shifted to reach the estimated threshold of eCo;chem at
800 �C.

4. Discussion

4.1. WC phase

Residual thermal stresses in the WC-17.8vol.%Co are assessed
upon heating from room temperature to 1156 �C in both WC and
Co phases. At room temperature, the stresses in the WC are com-
pressive as expected and reach about �400 MPa. These values
are close to those measured by Refs. [4–6] for samples with a sim-
ilar cobalt content. At high temperature, the stress/strain values
become slightly positive but, taking into account the experimental
error, they should be considered as close to zero. Therefore, we
consider that residual stresses start to build-up upon cooling be-
low the temperature of 800 �C according to the curves shown in
Figs. 4 and 5. The Eshelby model we use is purely elastic even if
non linear since it takes into account the variations of thermal
expansion and of elastic constants with the temperature. In terms
of strain, we notice an evident deviation from the model approach-
ing room temperature, in particular along the hexagonal c axis.
Strain anisotropy in WC is expected from both anisotropy of elastic
constants and of thermal expansion. Sayers first applied [18] an
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Fig. 5. Stress in WC calculated from strains (see Eq. (2)). Figures (a) and (b) refer to
a and c hexagonal axis respectively. Anisotropic stresses calculated using the
Eshelby model are reported on the same figure and are discussed in § 4.
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analytical model developed for composites by Hashin [19] to the
calculation of thermal stresses on an anisotropic WC sphere sur-
rounded by a WC–Co matrix. This model predicts anisotropic com-
pressive strains that are larger along the WC c axis. While
developing our model we have compared it to Sayers’ predictions
with good agreement (see Appendix A). However, the anisotropy
of WC strains obtained in this study does not correspond to Sayers’
calculations. In testing different geometries for the Eshelby model,
the best agreement with experimental data was found using a
spherical cobalt inclusion inside an anisotropic WC matrix, which
corresponds with curves reported in Figs. 3 and 4. However, strains
measured along the c axis are even lower than predicted by the
present model. A possible explanation for this discrepancy may
be found in considering the grain shape. It is well known that
the WC grains grow anisotropically, which produces flat triangular
prisms with a base (corresponding to the hexagonal (001) planes)
larger than the height [20]. Seol et al. [21] demonstrated that such
grain shape anisotropy should produce larger strains along the a
axis growing with the increase of particle aspect ratio, which was
found in samples analysed by neutron diffraction. On the other
hand, for a WC sphere (aspect ratio=1) with anisotropic elastic con-
stants, strains should be larger along the c axis in agreement with
Sayers. However, since in this study, measurements were made as
a function of temperature, it should be noticed that the deviation
from the Eshelby model curve shown in Fig. 3 mainly occurs at
low temperature. Therefore, this effect cannot just be related to
the elastic distribution of stresses around the WC particles. Instead,
it may be related to cobalt plasticity that locally relaxes the stres-
ses anisotropically owing to WC grain shape. Such possibility of
stress relaxation is discussed in the next paragraph.

4.2. Cobalt phase

The absolute value of strains and stresses in the Co phase can-
not be derived directly from present experiments because of the
lack of an appropriate reference with the same alloy composition
(which is expected to vary with temperature according to the equi-
librium between the WC and Co phases). On the other hand, they
should comply with the stress equilibrium (Eq. (5)). Since mea-
surements in the WC phase show that thermal stresses should be
relaxed at 800 �C, the thermal stresses (strains) in the cobalt
should also become zero at such temperature. The residual strain
increase above 800 �C should have another origin such as WC solu-
tion into cobalt. Nishiyama and Ishida [11] produced the first mea-
surements of the lattice parameter expansion due to W and C
solution into cobalt. However, only WC was used to prepare the al-
loys, not enabling to separate the effect of W from that of C. They
obtain a linear dependence of Co lattice expansion on W content
(measured) that we have calculated to be 2700 lstrain/at.%W. In
the work of Roebuck et al. [12] different Co–W–C alloys were used
and the Co lattice parameter expansion Da is given by the formula:

Da ¼ 3:6� 10�3XW þ 12� 10�3XC ½nm�

where XW, XC are the content of tungsten, respectively carbon in
atomic%. One can notice that the effect of carbon is larger than that
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of W. Supposing a stoichiometric W-C solution, we have calculated
a lattice expansion of 4400 lstrain/at.%W. Finally, the work of
Maritzen et al. [13] also take into account the effect of mixing so
that the lattice expansion is given by:

Da ¼ 3:69 � 10�3XW þ 7:63 � 10�3XC � 1:08 � 10�3 XW XC

XW þ XC
½nm�

The effect of carbon seems smaller with respect to the Roebuck
work but still important. Our calculation for stoichiometric W-C
solution yields a lattice expansion of 3040 lstrain/at.%W.

As indicated in Fig. 7, we have shifted both the stress equilib-
rium curve and the values obtained from the Eshelby model by
2000 lstrains at 800 �C supposing this to be the average chemical
lattice expansion of Co eCo;chem at such temperature. Considering the
data by Ref. [13] that seem the most accurate, the cobalt binder
should contain 0.66 at.%W at 800 �C. This value should not change
much even below 800 �C because of the decrease of W diffusion. In
order to verify the validity of this result, we have measured the sat-
uration magnetization at 27 �C and a value of 193.78 lTm3/Kg was
found. According to data provided by [13], this value should corre-
spond to 0.68at%W stoichiometric with C, which is very close to
the W content that corresponds to 2000 lstrain. Supposing that
above 800 �C the cobalt lattice expansion is mainly due to WC solu-
tion, we can estimate that cobalt should contain 2.1 at.%W at
1127 �C, which is the maximum temperature attained for cobalt
measurements (end of curve in Fig. 7). Effectively, thermodynami-
cal simulation made with thermo-Calc [22] do show that a sudden
increase of solubility of W is expected in WC–Co alloys between
850 �C and 950 �C [23]. The Co lattice expansion does not generate
tensile stress on the WC skeleton as it might be expected. As dem-
onstrated in [4], the cobalt expansion is compensated by the vol-
ume loss of WC at interfaces. However, in that work a model was
developed to show that such volume loss was even higher than co-
balt expansion and that compressive stresses in WC could develop
again at high temperature. The present measurements do not sup-
port such hypothesis showing that little thermal stresses are pres-
ent in WC–Co above 800 �C. We should also notice that the cobalt
Curie point should be well below the maximum temperature
achieved in present experiments. In fact, the highest Curie point
is expected for pure cobalt at 1120 �C [11]. Even if strain effects
may be expected from the magnetic transition, no abrupt change
in the expansion curve is observed excluding an influence on resid-
ual stresses.

Below 800 �C, the measured cobalt strains match quite well
with those calculated from stress equilibrium. They reach about
5000 lstrain at room temperature, which considering the offset
of 2000 lstrain due to chemical strain, corresponds to a stress level
of 1850 MPa. However, as already noticed for WC data (Figs. 3 and
4), the strains predicted by the Eshelby model deviate above those
found experimentally at room temperature. This effect might be
attributed to plasticity in the cobalt relaxing thermal stresses when
they overcome its yield stress at low temperature. Effectively, it
was shown [6] that at room temperature the cobalt thermal stres-
ses are very close to yield that may reach 2000 MPa. Such value
could appear anomalously high. In reality, the peculiar structure
of the cobalt with dislocations entangled by stacking faults and
its constrained state can determine very high yield stress for cobalt
in WC–Co as predicted by [24]. On the other hand, the deviation we
observe from the elastic behaviour is reversible, which is not com-
patible with classical plasticity e.g. by dislocation movement. A
possible explanation could be given considering the particular
microstructure of the cobalt, which is characterized by a stacking
fault network [25]. These stacking faults can be considered as
hcp layers in the metastable fcc structure of the cobalt. The mar-
tensitic nature of such stacking faults may cause pseudoelasticity
as in thermoelastic shape memory alloys [26]. In fact, reversible
shrinking of stacking faults in cobalt has been observed by
‘‘in situ” TEM [27] when thermal cycles are applied to WC–Co. In
this case, some cobalt regions may be able to relax the thermal
stresses that lie above a threshold. When temperature increases
and the level of thermal stress decreases, the material returns to
its original condition. It is the reversible movement of partial dis-
locations bordering stacking faults in the cobalt that may be at
the origin of reversible stress relaxation. However, plastic shear
strain due to dislocations should not relax hydrostatic internal
stress. In the present case, the relaxation is possible because of
the 3-dimensional distribution of stresses. Plasticity enables a re-
distribution of residual strain in the cobalt and therefore a shift
of the average strain, which is measured by neutron diffraction.

5. Conclusions

Average internal elastic strains and stresses in the two-phases
of a WC-17.8vol.%Co cermet were determined using the SMARTS
diffractometer at the Los Alamos Neutron Science Center. This
study leads to the following conclusions:

1. A particular setup was built to enable the measurement of lat-
tice parameter of WC–Co and of reference WC and Co on the
same moving frame. The thermal expansion of the two-phases
has been determined up to 1156 �C.

2. The development of residual thermal mismatch stresses starts
at about 800 �C. After cooling down to room temperature, the
residual compressive stresses in the WC phase are ca.
�400 MPa. Residual stresses are isotropic in WC. Strains instead
are larger along the hexagonal a axis. This effect is attributed to
grain shape anisotropy.

3. Residual tensile stresses in the Co phase are estimated at about
1850 MPa at room temperature in equilibrium with WC. They
decrease when increasing the temperature. The lattice parame-
ter of the cobalt is also expanded by the solution of W and C.
Above 800 �C, even if thermal strains are assumed to be zero,
the cobalt lattice parameter strongly increases. At room tem-
perature, the W (and C) content should be 0.68 at.%. At
1127 �C, we can estimate that 2.1 at.%W is in solution within
the cobalt. Since the data obtained are reproducible upon multi-
ple cycles, these should be equilibrium values.

4. Residual strain changes in WC and Co were calculated using an
elastically anisotropic Eshelby model. A deviation of experi-
mental values of strain from the model is observed around
room temperature. This deviation, reversible in thermal cycles,
is attributed to cobalt plasticity by shrinkage (respectively
expansion) of stacking faults causing a pseudoelastic behaviour.
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Appendix 1

The Eshelby model [15] allows for the calculation of stresses
due to the difference in thermal expansion coefficients of a mate-
rial inclusion within the matrix of another material. This difference
leads to a misfit eT� between the inclusion and the corresponding
matrix cavity that contains it. In this Appendix, the formulation



Table A-1
Calculated strains and stresses in the Eshelby model with different parameters.
Different comparisons with the analytical model by Sayers are reported.

Strain
a [lstrain]

Strain
c [lstrain]

Stress
a [MPa]

Stress
c [MPa]

Sayers �290 �753 �484 �887
Present model ther.exp.

by [18]
�227 �573 �374 �678

Sayers’ model with present
ther. exp.

�387 �423 �491 �619

Present model, WC matrix,
20vol.%Co

�365 �276 �429 �463

Table A-2
Data for the phases used in the model

Phase f m a/10�6 [K�1] E [GPa] Temperature range [�C]

WC 0.82 0.23 5.4* a axis 700** 800-20
4.8* c axis

Co 0.18 0.32 13.8** 206** 800-20

* According to present measurement.
** Temperature variations are taken into account according to Ref. [4].
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by Clyne and Withers [28] has been used. The model assumes an
ellipsoidal inclusion with different elastic constants (stiffness ma-
trix Ci) than those of the surrounding matrix (stiffness matrix Cm).
In order to obtain an analytical solution, the real inclusion is re-
placed by an imaginary inclusion with the same elastic constants
as the matrix that leads to the same final stress state. The stress
state of matrix and inclusion can then be determined by the equiv-
alent deformation eT of the imaginary inclusion. All deformations
are assumed elastic.

The tensor of the equivalent elastic deformation eT of the imag-
inary inclusion is given as a function of the misfit eT� :

eT ¼ �fðCm � CiÞ � ½S� f ðS� IÞ� � Cmg�1CieT� ðA:1Þ

where f is the volume fraction of the inclusions, I the identity ma-
trix, C the stiffness tensor and S the Eshelby tensor.

From equation (A1), the average stress tensor of the matrix
phase matrix <r>m and the inclusion <r>i can be calculated as:

hrim ¼ �fCmðS� IÞeT ðA:2Þ

hrii ¼ ð1� f ÞCmðS� IÞeT ðA:3Þ

In the case, where the misfit is due to the differences in thermal
expansion between matrix and inclusion, it can be expressed in
terms of eT�:

ðeT � Þj ¼ ðai � amÞDTgj ðA:4Þ

where a is the thermal expansion coefficient and gj = 1 for j = 1 to 3
and gj = 0 for j = 4 to 6.

Our model has been first tested in comparison with the analyt-
ical model by Sayers [18]. In this model, a WC spherical particle
with anisotropic elastic constants is surrounded by a WC-Co homo-
geneous matrix. Results of the comparison for 20vol%Co are shown
in Table A-1 considering the same input parameters. The values are
calculated at room temperature for a DT = 700 �C. When using the
thermal expansion by Sayers, strain anisotropy with higher strains
along the c axis is reproduced in out model. Another test was made
by using Sayers’ geometry and considering the thermal expansion
coefficients measured for the WC in the present study. One can ob-
serve that the strain anisotropy has been reduced.

In the application of the model to the present measurements, it
is assumed that the matrix is the WC phase (which has the larger
volume fraction) and the inclusion is the Co. The parameters used
in the model are given in Table A-2. A comparison with the tests of
Sayers’ model described above is given for a cobalt content of
20vol% in Table A-1. We notice that with our geometry the pre-
dicted strains are larger along the a axis.
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