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ARTICLE INFO ABSTRACT

Keywords: Three fine grained WC-10 vol% Co cemented carbide materials were produced. One with 1 w% Cr addition, one

Residual stress with 0.025 w% Ti addition and one with both additions of 1 w% Cr and 0.025 w% Ti. It was found that doping of

;cho | both Cr and Ti is advantageous for grain growth inhibition over just Cr- or Ti-doping. The impact of Cr and Ti as
ard meta

grain growth inhibitors on the residual stress state after sintering was investigated. The stress state in the centre
of the composite, in WC and Co phase, was quantified by neutron diffraction. The addition of Ti and Cr
significantly affects the residual stresses in WC. Notably, the co-doped material exhibits the lowest WC residual
stresses despite rather similar WC average grain sizes and binder phase volume fractions compared to the Cr-
doped material. This suggests that factors beyond grain size and Co-rich binder volume fraction can play a
crucial role in residual stress development. Alterations in binder composition and resulting changes in binder
stacking fault energy, thermal expansion coefficient and interface structures as well as changes of the solidifi-
cation temperature are proposed to also effect the WC residual stresses, and further work is suggested to detail
the underlying mechanisms.

Fine grained

1. Introduction

Cemented carbides are important materials in metal cutting and rock
drilling applications. Their composite structure, combining the hardness
of a carbide phase (conventionally WC) with the toughness of a metallic
binder phase (conventionally Co-rich) provides excellent mechanical
properties for the harsh conditions imposed during service in the
mentioned applications. The mechanical properties of the final com-
posite depend on the WC grain size according to the Hall-Petch relation
and thus it is key to control grain growth during the powder metallur-
gical manufacturing of cemented carbides. The final step of the
manufacturing is liquid phase sintering which generally takes place at
temperatures around 1400 °C. During this step, the liquid Co-rich binder
facilitates the densification of the composite. Also, the WC grains are
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particularly prone to coarsening at this stage. To inhibit grain coars-
ening it is common to add Cr3Cy and/or TiC powders during production
of cemented carbides [1]. These additions change the interface prop-
erties between WC/WC grains and between WC and the binder phase
and hinder the coarsening of the microstructure [2-6].

During the cooling after liquid phase sintering, residual stresses build
up in the cemented carbide due to thermal expansion differences be-
tween the solidifying Co-rich binder phase and WC grains and phase
transformation [7]. Previous studies have indicated that the contraction
of the binder phase during cooling leads to high tensile residual stresses
within the binder phase, which in turn induce compressive residual
stresses in the WC skeleton. The residual stresses affect the behaviour of
the material during service or subsequent processing, e.g. under external
load, and affect strength, dimensional stability, and fatigue life of the
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material [8,9]. Although residual stresses can trigger premature
component failure at low load levels, compressive residual stresses can
also be beneficial and impede crack growth or change the crack growth
direction. Control of beneficial residual stresses are particularly impor-
tant for cemented carbide tools used in demanding applications where
they can be exposed to temperatures in the order of 1000 °C and applied
stresses up to about 2 GPa. A comprehensive understanding of residual
stresses and their quantification are thus crucial for cemented carbide
industry to accurately predict tool performance and achieve structural
integrity during production and service. Previous work on residual
stresses in WC-Co cemented carbides have focused on the impact of WC
grain size and binder content [10]. The results have shown that the
magnitude of residual stresses in WC increases with decreasing average
WC grain size and increasing binder content. However, although Cr and
Ti additions are widely used in metal cutting and rock drilling tools,
their impact on residual stress formation is yet to be investigated.

In this work, the impact of Cr and Ti as grain growth inhibitors on the
residual stress state in submicron WC grain size cemented carbide after
sintering is investigated. The stress state in the WC and Co phase was
quantified by neutron diffraction. The materials were produced from the
same WC and Co raw materials and the aim of the study is to system-
atically evaluate the effect of additions of Cr and/or Ti on the micro-
structure and residual stresses.

2. Experimental and theoretical method
2.1. Material production

Three fine grained WC-10 vol% Co cemented carbide materials were
produced. One with 1 w% Cr additions, one with 0.025 w% Ti additions
and one with both addition of 1 w% Cr and 0.025 w% Ti.

The starting powder mixtures contained WC + Co + Cr3Cy and/or
TiC. Raw materials used was WC (0.8 pm FSSS) from Wolfram Bergbau
und Hiitten AG, Co (1.4 pm FSSS), from Freeport, CroCg (1.5 pm FSSS)
and TiC (1.8 pm FSSS) from Treibacher Industrie AG. W and C was added
to adjust the C level. In addition, 2 w% polyethylene glycol was added as
pressing agent together with ethanol as milling liquid. The powders
were ball milled for 25 h and then spray dried. Cylindrical green bodies
were cold isostatically pressed and then gas pressure sintered at 1410 °C
under 55 bar Ar pressure with a holding time of one hour followed by
furnace cooling.

After sintering the materials were analysed using standard magnetic
property measurements of coercivity and relative magnetic saturation.
Furthermore, hardness was evaluated using Vickers hardness testing
with a load of 20 kg. Coercivity was measured on three different samples
and hardness using 5 indents on one sample. The error was calculated
assuming a normal confidence interval of 95 %.

2.2. Thermodynamic calculations

Thermodynamic calculations were performed using Thermo-Calc
software and database TCFE13 [11]. TCFE13 database is a steel data-
base but contains assessments for relevant systems for cemented carbide
calculations. In the calculations, some phases were removed, depending
on the composition of the material. For the Cr- and co-doped systems
M3Cs, cementite (M3C) and WoC (HCP) were removed. It is known from
experiments that M;C3 and graphite will form instead of M3C, (where M
= Ti,Cr,W) and cementite (M3C, where M = W,Co) and hence these were
removed. WoC was removed since it has never experimentally been
identified. For the Ti-doped system only cementite (M3C) and HCP
phases were removed, with the same arguments as above. The removal
of M3Cy in this case though caused abnormal appearance of the phase
diagram and it was therefore kept in the calculations. Isopleths for the
three systems were evaluated. It was furthermore assumed that the
mobility of atoms is sluggish below 1000 °C and that the binder
composition freezes in at that temperature [12]. Therefore, phase
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stability and binder composition were calculated at 1000 °C. Moreover,
the volumetric thermal expansion coefficient, p, was calculated at
1000 °C for the FCC Co- rich binder phase and for WC. For the Cr-doped
system composition of the M;C3 was also calculated.

2.3. SEM imaging and electron backscatter diffraction (EBSD) analysis

The as-sintered materials were prepared according to standard
materialographic preparation methods including cutting, grinding and
mechanical polishing. Final mechanical polishing was conducted using
1 pm diamond particles. The material sections were imaged using a Jeol
JSM-7800F scanning electron microscope in backscattered electron
(BSE) imaging mode. The acceleration voltage used was 10 kV, and the
working distance was 6 mm.

The specimens prepared for electron backscatter diffraction (EBSD)
analysis were cut in 4 x 4 mm pieces with 250 pm thickness. After
following the same preparation protocol as for the specimens for SEM
imaging, these were subsequently polished for 2 h by Ar" ion sputtering
in a Gatan precision ion polishing system Model 695 at 4.0 kV with a 2°
incident angle. EBSD analyses were carried out in a TESCAN GAIA3
workstation equipped with an Oxford NordlysNano camera. The work-
station was used at 20 kV, spot size 12.0 nm and working distance 9 mm.
The software AZtecHKL and Tango were used for the analyses.

2.4. Atom probe tomography

The as-sintered material pieces were cut in rods with the cross-
section 300 x 300 pm. The rods were thereafter electropolished by
immersing the rod in a highly viscous lacquer (Lacomite). An electrolyte
consisting of 5 % H3SO4 in ethanol was cooled to —30 °C. Electro-
polishing was performed at 29 V using a circular golden counter elec-
trode thus creating a waist-shaped specimen where eventually the
bottom half fell off. To further sharpen the specimen, a second electro-
lyte, 5 % H2SO4 in methanol, was prepared and cooled to —20 °C. Using
a platinum foil counter electrode, between one and three 10 ms pulses of
20 V were applied. The pulse length was then gradually reduced to 2 ms,
1 ms and 0.5 ms with eight pulses applied per pulse length. A typical
analysis of a cemented carbide sample with atom probe tomography
(APT) is in the range of 10-100 nm, this means the nanostructure feature
of interest, e.g. a phase boundary, needs to be located within 100 nm
from the tip of the specimen. Moreover, as the field for field evaporation
of WC is substantially larger than for the Co-rich binder phase, it is also
necessary that the analysis starts with the binder phase. Therefore, final
polishing of the APT specimens was conducted by Ga ion milling in a FEI
Versa3D workstation.

A Cameca LEAP 6000 XR was used for the APT analyses. The analyses
were performed in laser mode with the energy 30 pJ, frequency 200 kHz,
detection rates 0.2-0.5 % and temperature 66 K. For the reconstructions,
37 V/nm was generally used as the field needed for field evaporation. In
the case when calculating the thickness of the analysed WC/WC grain
boundary, the field 58 V/nm was instead used.

2.5. Neutron diffraction

Time-of-flight (TOF) neutron diffraction experiments were per-
formed on the Engin-X instrument at the ISIS Neutron and Muon Source
in the UK, using a polychromatic neutron beam with wavelength range
from 0.85 to 2.62 A. Hour-glass shaped samples with center diameter of
6 mm were used, and 4 x 4 x 4 mm® gauge volume was defined in the
center of the samples. By maintaining 45° angle between the incoming
beam and the sample and using +90° detector banks, TOF diffraction
enables simultaneous acquisition of diffraction patterns with a wide
range of interplanar lattice spacings from two orthogonal directions. For
cylindrical samples, this allows for the simultaneous measurements of
lattice strain in axial and radial (transverse) directions. The experi-
mental setup is illustrated in Fig. 1.
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Fig. 1. Schematic of the TOF neutron diffraction residual stress measurement
setup at Engin-X, ISIS. Schematic adapted from Heshmati et al. [13].

Parameters critical for defining instrumental broadening and accu-
rate conversion of TOF to d-spacing were determined by measuring a
CeO;, reference powder on both detector banks.

To determine lattice parameters, peak broadening, crystallite size,
and microstrain, the collected TOF diffraction patterns were analysed by
Rietveld refinement method using Scatterin SaaS data analysis software
[14]. The Rietveld refinement method simulates a powder diffraction
pattern based on various intrinsic, e.g. lattice parameter and crystallite
size, and extrinsic parameters such as instrument profile parameters.
During the structural refinement, simulated pattern is least-squares
fitted to the measured diffraction data to determine microstructural
parameters [15,16]. The lattice parameters of WC were used for calcu-
lating WC lattice strain:

£a = a-d 6))
Qo

and

=2 ©)
Co

where ap and ¢, are the stress-free reference lattice parameters of WC
[17]. The WC lattice strains were combined to define average strain ¢ in
WC phase by [18]:

S_2sa+ec
a 3

Since the Co-rich binder phase creates solute solution with C, W, and
doping elements such as Cr and Ti, with a varying composition
depending on the nominal composition, it is not possible to accurately
determine the stress-free lattice parameter for Co-rich binder phase. We
therefore limit the strain measurements to WC phase and employ two
different methodologies to estimate residual strain and stress in binder
phase, as further discussed in the Discussion section. By assuming
cylindrically symmetric stress over the gauge volume, i.e. radial stresses
are equal to hoop stresses in the center of a cylindrical sample, the re-
sidual stresses in axial 64y and transverse j directions can be calculated
by:

3

1 s
Oaxial = m |:€axial - (m) (2€tmnsverse + 6‘a.)ciﬂl) :| (4)
0, ,L € Y R S (2€axiat + € ) 5)
transverse — 52/2 transverse 52/2 + 351 axial transverse
where s; and s3/2 are the diffraction elastic constants and equal to
—3.539 x 107> MPa! and 1.8214 x 107® MPa [18].5; = — v/Eand

s2/2 = (1 +v)/E, where E the elastic modulus and v is the Poisson’s
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ratio.

3. Results
3.1. Material production

The three produced cemented carbide materials were analysed using
standard characterization methods and the results are shown in Table 1.
The measurement of the relative magnetic saturation shows equal values
for the three materials, indicating that all three materials ended up at
equal C contents and between the two limits of n phase and graphite, as
intended. The co-doped material had the highest coercivity and the
highest hardness, while the Ti-doped material shows the lowest coer-
civity and hardness. Hence, according to magnetic coercivity and Hall-
Petch relation it is indicated that Ti-doped material has the largest WC
grain size, whilst the co-doped material has the lowest WC grain size.

3.2. Thermodynamic calculations

From the isopleths in Fig. 2. for the three material systems, it is seen
that the doping elements will affect both liquidus/solidus temperature
as well as the stable phases for the cemented carbide. When Cr is added,
M7C3 becomes stable at higher C contents and when Ti is added a second
FCC phase, the MC-carbide (“y” phase) will form, where M = Ti,Cr,W.

The range in C content for the desired region WC-Co-(M7C3/ y) can
be calculated by evaluating the C content at the limit to the WC-Co-1
region as well as the limit to the WC-Co-Graphite-(M;Cs/ y) region at
1000 °C. From Fig. 2. it is seen that Cr addition will widen the range in C.
For these limits, n and graphite, the stable phases and their volume
fraction together with Co-rich binder phase composition have been
calculated by single point equilibrium calculations, given in Tables 2-5.
It should be noticed that all three materials are within the desired region
and should end up with compositions in between these end points.

The W and C solubility in the binder differs depending on where in
the C range the composition is evaluated. As expected, a higher W sol-
ubility and lower C solubility can be seen at the 1) phase limit compared
with the graphite limit and vice versa. The higher W solubility at j phase
limit is the major factor to the increase in volume of the Co-rich binder
phase (FCC).

The volume fraction of Co-rich binder phase is higher for all mate-
rials at the limit to the n phase compared to the graphite limit due to the
difference in W solubility. The difference in volume fraction is further
related to the formation/or higher volume fractions of the carbide
formed, y((Ti,Cr,W)C and (Ti,W)C) and M;C3 when more C is available.

At the graphite limit, Cr and Ti solubility in the Co-rich binder is un-
changed when adding a second doping element, i.e. for the co-doped
system. Further, a higher solubility of W and C in the Co-rich binder
can be seen when Cr is added.

At the 1) phase limit, equal solubility of W in the Co-rich binder can be
seen for all three materials. Solubility of C in the Co-rich binder is higher
when Cr is added. The Ti solubility in the Co-rich binder differs
depending on if Cr is present or not.

The composition of the M;C3 carbide was calculated at the graphite
limit at 1000 °C for the Cr-doped system. The calculations showed a
composition of 46 at.% Cr, 22 at.% Co, 1.2 at.% W and 30 at.%C.

Results from the calculations of the volumetric thermal expansion

Table 1

As-sintered material properties.
Cr additions Ti additions Coercivity Relative Hardness
(w%) (w%) (kA/m) magnetic HV20 (GPa)

saturation

1 0 20.20 £+ 0.01 0.83 16.58 + 0.07
0 0.025 16.38 + 0.02 0.82 14.61 + 0.08
1 0.025 21.57 £0.03 0.85 17.10 + 0.07
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Fig. 2. Isopleths for the three material systems calculated using Themo Calc
software and the TCFE13 database [11]. In a) Cr doped system, in b) Ti doped
system and in C) Co-doped systems.
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Table 2
Stable phases at 1000 °C at the limit to n phase.
Cr Ti Co (Ti,Cr, WwC M;Cs (Ti,W)C
additions additions FCC W)C (vol (vol (vol fr) (vol fr)
(W%) (W%) (vol fr) fr)
fr)
1 0 0.21 0.79
0 0.025 0.19 0.81 0.0010
1 0.025 0.21 0.0013 0.79
Table 3
Stable phases at 1000 °C at the limit to graphite.
Cr Ti Co (Ti,Cr, WC M;Cs (Ti,W)C
additions additions FCC W)C (vol  (vol (vol fr) (vol fr)
(W%) (w%) (vol fr) fr)
fr)
1 0 0.18 0.80 0.019
0 0.025 0.17 0.83 0.0012
1 0.025 0.18 0.0031 0.80 0.016
Table 4
Co-rich binder (FCC) composition at 1000 °C at the n phase limit.
Cr additions Ti additions C (at. Co Ti (at. Cr(at. W (at.
(wW%) (W%) %) (at.%) %) %) %)
1 0 0.58 84 9.5 5.7
0 0.025 0.30 94 0.060 5.8
1 0.025 0.58 84 0.020 9.5 5.7
Table 5
Co-rich binder (FCC) composition at 1000 °C at the graphite limit.
Cr additions Ti additions C (at. Co (at. Ti (at. Cr (at. W (at.
(w%) (w%) %) %) %) %) %)
1 0 2.3 92 4.9 0.92
0 0.025 1.2 98 0.01 0.45
1 0.025 2.3 92 0.01 4.9 0.92

coefficient, p, can be seen in Table 6. According to literature, p for pure
Co at 1000 °C is 0.000046 K1 [19]. If the calculated value is compared
with the reference value one can see that they are in the same order of
magnitude. Comparing f for the FCC phase between the three material
systems one can see that it is higher for all three systems at the 1 phase
limit compared to the graphite limit and that the differences are pre-
dicted to be large. In the calculations, WC is modelled as a stochiometric
phase independent of system composition and hence calculations of f§ for
WC will give the same value of all three systems and both limits as seen
in Table 6. Comparing p between the two phases, FCC and WC, one can
see that p for FCC is calculated to be more than double or three times
higher than for WC. The large differences seen for the FCC phase be-
tween the three systems and between FCC and WC may be a cause of the
thermodynamic description of these systems.

Table 6

Calculated volumetric thermal expansion coefficient, p, for FCC at 1000 °C.
Cr Ti B for FCC pforwCat f for FCC p for WC at
additions additions at n phase 1 phase at graphite  graphite
(W% (W% limit (K1)  limit (K™  limit (K limit (K™Y
1 0 0.000056 0.000020 0.000024 0.000020
0 0.02 0.000022 0.000020 0.000010 0.000020
1 0.02 0.000067 0.000020 0.000066 0.000020
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3.3. SEM imaging and electron backscatter diffraction (EBSD) analysis

Backscattered overview images of the structure for the three mate-
rials can be seen in Fig. 3. It appears that the co-doped material has a
slightly smaller WC grain size than the Cr-doped material but a much
smaller WC grain size than the Ti-doped. For the Ti-doped material,
there appears to exist larger elongated WC grains. No signs of 1) phase or
graphite can be seen for any of the three materials.

The results from the EBSD analysis are shown in Table 7 confirming
the co-doped material having the smallest WC grain size followed by the

5 3 el [ /|
B 5‘»\‘\ T

3 'N'Aﬂ*{r‘ .;:-
‘:: Tﬁf |

R

R e |

Fig. 3. SEM images of the as-sintered materials.
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Table 7
EBSD analysis results for WC grains.
Cr additions Ti additions WC grain Std. Deviation Grains
(W%) (W%) size (pm) (pm) investigated
1 0 0.418 + 0.190 1921
0.008
0 0.025 0.487 + 0.271 1877
0.012
1 0.025 0.377 + 0.170 1662
0.008

Cr-doped and the Ti-doped having the coarsest WC grains. The grain size
measurements are here given as mean radii. The + show the uncertainty
for the mean grain sizes and is calculated for a 95 % confidence interval
assuming a normal distribution.

3.4. Atom probe tomography

One specimen of each of the three materials was successfully ana-
lysed with APT. The compositions of the binder phase for the three
materials are shown in Table 8. Cr has a large tendency to dissolve in the
Co-rich binder phase but not Ti. The fraction of dissolved W in the binder
phase is much higher for the material without any additions of Cr
compared to the materials with additions of Cr.

The analysed phase boundary in the material with Cr addition
revealed a Cr rich layer at the interface, see Figs. 4 and 5. This layer
corresponds to 0.65 monolayer close packed Cr. In the interface region, a
Cr rich particle was observed. An isosurface with the threshold 30 at. %
Cr was created around the particle. The composition of the enclosed
volume was, in at. %, C 30.8, Co 9.8, W 18.6 and Cr 40.8.

The analysis of the interface in the material with additions of both Cr
and Ti showed no additional Cr or Ti at the interface.

The analysis of the interface in the material with additions of Ti
showed no additional Ti at the interface. However, a WC/WC grain
boundary was revealed directly after the phase boundary, see Fig. 6. The
analysis of the grain boundary showed segregation of both Co and Ti.
The amount of Co corresponded to 1.8 monolayers and the amount of Ti
to 1.5 monolayers. With a view perpendicular to the interface, a striped
pattern in the Co signal can be observed, see Fig. 7.

3.5. Neutron diffraction

Fig. 8 shows a representative TOF diffraction pattern from studied
cemented carbide samples revealing multiple WC diffraction peaks and
(111), (200), and (311) reflections of Co-rich binder phase.

Table 9 shows the lattice parameters of WC and Co-rich binder
phases in axial and transverse directions, determined by Rietveld
refinement, for the three materials. The lattice parameters of WC phase
are smaller than the reference values in all samples, indicating
compressive residual stresses. Due to the composite nature of the
cemented carbides, the stress balance induces tensile residual stresses in
the Co-rich binder phase. However, the accurate interpretation of the
binder lattice parameters is challenging due to the lack of precise stress-
free reference lattice parameters.

Fig. 9 shows the residual stresses in axial and transverse directions

Table 8
Composition of the binder phase as measured with atom probe tomography.

Cr additions Ti additions Co (at. W (at. C (at. Cr (at. Ti (at.

(W%) (wW%) %) %) %) %) %)
1 0  90.36 1.29 0.22 8.13
+0.10 +0.01 +0.01 +0.03
0 0.025 95.13 4.76 0.00 0.03
+0.07 + 0.02 +0.01 +0.01
1 0.025  89.38 1.47 0.64 8.47 0.04
+0.23 + 0.03 +0.02 +£0.07 £0.01
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M Concentration (Cr) Isovalue = 0.3 |

Fig. 4. Reconstruction of an atom probe tomography analysis of the WC-Co
material with Cr additions. Each atom is represented with a dot, blue = Co,
green = W, red = C, pink = Cr. In addition, an isosurface is enclosing a Cr-rich
region. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

for the three materials. The results reveal that the addition of minor
amounts of Ti, i.e. 0.025 wt%, in co-doped material remarkably reduces
the residual stresses compared to Cr-doped system. The Ti-doped and the
co-doped materials, on the other hand, exhibited relatively similar stress
levels which were lower than Cr-doped material. The results suggest that
the Ti addition has a predominant role in residual stress reduction.
Furthermore, whilst higher compressive residual stresses, i.e. more
negative values, are observed in the transverse direction for the Cr- and
Ti-doped materials, axial and transverse residual stresses have similar
values in the co-doped material.

Fig. 10 show the microstrain (intragranular strain) and crystallite
size of WC phase in the three materials, respectively. It is revealed that
the microstrain and crystallite size values vary significantly with the
minor changes in the composition. As seen in Fig. 10a, the highest
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microstrain values in WC are observed in the Cr-doped material. The
addition of Ti reduces the microstrain in WC. The Ti-doped material has
the lowest microstrain at about 700 x 1075 in axial and 550 x 107% in
transverse direction, compared to 925 x 107 (axial) and 975 x 10°°
(transverse) for the Cr-doped material. As expected from the average WC
grain size values determined by EBSD, Fig. 10b reveals that Ti-doped
material has the highest WC crystallite size followed by Cr-doped and
co-doped materials, respectively. For all materials, higher crystallite size
values are observed in the transverse direction.

4. Discussion
4.1. Microstructural evolution

The results in this study show that the most fine-grained material is

50 nm

Fig. 6. Reconstruction of an atom probe tomography analysis of the WC-Co
material with Ti additions. Each atom is represented with a dot, blue = Co,
green = W, red = C, pink = Ti. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)

Concentration (Atomic %)

Distance (nm)

Fig. 5. Proxigram of a binder/WC interface in the WC-Co material with Cr additions.
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20 nm

Fig. 7. Reconstruction of an atom probe tomography analysis of a WC/WC
interface in the WC-Co material with Ti additions. Each atom is represented
with a dot, blue = Co, pink = Ti. (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)
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Fig. 8. Typical TOF neutron diffraction pattern of WC-Co cemented carbides
studied in the present work.

Table 9
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the co-doped material with both Cr and Ti. It has the smallest WC grain
size, the highest hardness and the highest coercivity. The material with
the largest WC grain size, the Ti-doped, is the softest of the three ma-
terials and show the lowest coercivity. It was expected that 1 w% Cr
additions would have a larger grain growth inhibiting effect than 0.025
w% Ti additions [1].

The thermodynamic calculations cannot verify the solubility differ-
ences in the Co-rich binder depending on doping as observed by APT.
The calculations show the same trend but opposite. One reason is that
the thermodynamic evaluation for these systems needs to be re-assessed.
Another possibility is that the proximity to the phase boundary make the
chemistry different from that in the bulk.

The proxigram of the WC/binder interface suggests that the WC
phase is understoichiometric. However, this is rather a sign of difficulty
of analysing carbides where a fraction of the C atoms is missed in the
detection due to clustering in the field evaporation process [21].

Segregation of Cr has been observed at the WC/binder interfaces
several times [2,5]. Also, segregation of Ti to WC/binder interfaces has
been reported [6]. The presence of atoms from the dopants are believed
to hinder the WC grain growth. Analysis of interfaces with APT is
difficult, thus the statistics in terms of number of analysed interfaces is
poor. Also, it is not possible to know afterwards which orientation
relationship that was present for the interface as the specimen has been
consumed.

This study revealed the possible presence of a 5-10 nm sized Cr-rich
particle at the WC/binder interface. Based on the composition it is
assumed to be a M;C3 phase. Comparing with the phase diagrams this is
also the stable phase. If the calculated composition of the M;C3 phase at
the graphite limit and 1000 °C is compared with the analysed compo-
sition with APT the agreement is rather good. The largest differences can
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Fig. 9. Residual stresses in WC in axial and transverse directions.

Lattice parameters of WC and Co-rich binder phases in axial and transverse directions determined by Rietveld refinement. For reference at room temperature: (i)
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be seen for W and Co, where the calculations show higher Co and lower
W values compared to the analysed composition. However, it is known
that the M;Cg composition can vary within the C range and hence this
may be a natural variation between the material and the compared
graphite limit composition.

Segregation of Co and Ti to WC/WC grain boundaries has been re-
ported before where the segregation is believed to have a strengthening
effect [4,6]. The amount of segregation analysed in this study is higher
than what has been reported earlier. The striped pattern of the segregant
atoms has also been observed in the past and it is believed to be due to
dislocations at the interface [6].

4.2. Estimation of residual stresses in binder

Residual stresses in the Co-rich binder phase are estimated using two
approaches: (i) according to force balance by using the WC residual
stress values and calculated volume fractions, i.e. in the absence of
external load and assuming no macro-stress gradient, the sum of the
volume-averaged stresses in WC and Co should be zero, and (ii) by using
the lattice parameter of pure fcc-Co (3.5447 A and Egs. 1, 4 and 5,
incorporating isotropic diffraction elastic constants s;= —1.5166 x
10~ MPa~! and $2/2= 6.2559 x 10~ MPa~! [19,22]. The estimations
of the Co-rich binder residual stresses based on these two approaches are
presented in Table 10. It should be noted that uncertainties exist in these
estimates because, firstly, the overall macroscopic picture of residual
stresses including the possible sub-surface gradients are not known and
the assumption used means the stresses are balanced between phases,
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that is not true if there are macro-gradients where e.g. the compressive
WC stresses in the center are balanced by tensile WC stresses at the
surface; secondly, the lattice parameter of the binder phase may vary
due to varying amounts of solutes in the binder phase. Nevertheless,
using the force-balance estimation, we observe residual stress values
similar to the previous findings [22]. The high tensile stresses in the
binder phase suggest that it experiences severe plasticity during the
cooling. One interesting finding is that, although the binder phase
fraction and composition in Cr-doped and Cr and Ti co-doped systems
are relatively identical, a trend opposite to that predicted by the force-
balance assumption was observed. This suggests that estimating
binder residual stresses is indeed a complex task and the calculation of
residual stresses in the binder phase using force balance is an over-
simplification. For a reliable quantitative view, one should account for
the possible gradients within the components.

4.3. Evolution of residual stresses in WC

The results from this study show that the addition of Ti and Cr can
significantly affect the residual stresses in the bulk WC-Co cemented
carbides. Microstructural investigations as well as calculations reveal
that the Cr and Ti addition alters the WC/WC grain and WC/Co interface
boundary structure, the average WC grain size, and the Co-rich binder
composition.

It has been reported that the magnitude of residual stresses in WC
increases with reducing average WC grain size and increasing binder
content [23]. As listed in Table 7, the EBSD findings show that average
WC grain size varies within a narrow range from 0.377 pm (co-doped) to
0.418 pm (Cr-doped). Furthermore, the Cr-doped and co-doped mate-
rials have similar binder volume fractions as predicted by thermody-
namic calculations. The observed presence of lowest WC residual
stresses in the co-doped material can therefore not be explained by
neither the average WC grain size nor the variation in binder volume
fraction. We must therefore explore additional mechanisms contributing
to the residual stresses observed in the three materials. It is known from
a prior in-situ neutron diffraction study on the WC-Co (17 vol%)
cemented carbide system that compressive residual stress starts to build-
up in WC phase below 800 °C during cooling [24]. Various approaches,
including Eshelby and Gurland models, have been used for the predic-
tion of residual stresses in WC, where various parameters including in-
situ binder yield strength, Young’s modulus, and thermal expansion
coefficients are considered [25,26]. The results from our study reveal
that the binder composition varies due to the additions of Ti and/or Cr.
Such variations in binder composition may not only affect the me-
chanical and thermal properties of binder phase but also influence the
equilibrium conditions as depicted by equilibrium thermodynamics
calculations (see Fig. 2). The phase diagrams show that the addition of 1
wt% Cr results in about 40 °C reduction in solidus temperature of binder
phase and further reduction is predicted for co-doped system. Such
difference in solidification temperature will surely influence the devel-
opment of residual stresses, where a higher solidification may lead to
more thermal mismatch considering the whole cooling cycle, while on
the other hand the plastic accommodation of stresses is generally higher
at high temperature. Regarding the calculated volumetric thermal

Table 10
Residual stresses in Co-rich binder estimated by using force balance and the
lattice parameter of pure fcc—Co.

Force balance fee-Co lattice parameter

Cr Ti additions  Axial Transverse Axial Transverse
additions (w%) (MPa) (MPa) (MPa) (MPa)
(w%)

1 0 3365 3900 3857 3818

0 0.025 2278 3128 4556 4504

1 0.025 1997 1772 4342 4381
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expansion coefficient, it was found that the mismatch between WC and
the binder phase was predicted to largely vary with the relatively small
changes in binder composition. These results are highly uncertain but
would clearly affect the residual stresses after cooling.

The change of binder composition can also affect its strength by
solute solution hardening and altering the stacking fault energy (SFE).
At a constant binder volume fraction, mean free path, and thermal
expansion coefficient, strengthening of the binder phase can lead to
higher compressive residual stresses in the WC phase as Co-rich binder
phase undergoes plastic deformation during the cooling after liquid
phase sintering [26]. This is because a higher-strength binder phase
would exert a greater load on the WC grains during contraction to
maintain the volume consistency. It has been reported that Cr addition
reduces the SFE of Co phase, which could facilitate the formation of
Shockley partial dislocations and lead to more pronounced work hard-
ening during cooling [27]. This increased work hardening may
contribute to the higher WC residual stresses observed in the Cr-doped
system. However, it is clear from the thermodynamic calculations that
Cr is not the only element that changes, instead changes to Cr also af-
fects, for example, W and C in solid solution.

As discussed in the APT section above there are changes to the
interface segregations due to the doping, and the thermodynamics pre-
dictions at 1000 °C also show the formation of additional phases. Both
interfacial layers and additional phases have the potential to contribute
to the residual stress build-up. Whilst M;Cs-type carbide formation is
predicted in Cr-doped and co-doped systems, (Ti,W)C-type carbide is
expected to be present in the Ti-doped material (see Tables 2 and 3).

As discussed above, the additional mechanisms behind residual
stress development in doped WC-Co cemented carbides are unclear, but
a number of possible mechanisms have been presented and we here
propose further investigations on: i) how the interfacial layers and sec-
ondary carbide phases, thermal expansion mismatch and ii) SFE and
mechanical properties of the binder phase affect residual stress devel-
opment in cemented carbides. Furthermore, the contiguity of WC phase
may also affect the residual stress development. It is believed that load
sharing for WC is more effective with higher contiguity, similar to what
is observed in a percolating dual-phase martensitic structure [28]. A
higher load sharing capability should distribute macroscopic load more
and results in less microscopic gradients build up, highlighting conti-
guity as an important parameter for future investigation.

5. Conclusions

(1) Co-doping of both Cr and Ti is advantageous for grain growth
inhibition over just Cr- or Ti-doping.

Small (5-10 nm) Cr-rich particles can form at the phase boundary
region between WC and the binder phase. These particles are of
the M;Cs phase which is a stable phase during sintering.

(3) The addition of Ti and Cr significantly affects the residual stresses
in WC. Notably, the Cr and Ti co-doped material exhibits the
lowest WC residual stresses despite similar WC average grain
sizes and binder phase volume fractions compared to the Cr-
doped material. This suggests that factors beyond grain size and
Co-rich binder volume fraction such as binder SFE, thermal
expansion coefficient and interface structure could be responsible
for the observed differences in the WC residual stresses.

In general, there are room for improvement of the assessment for
the three systems in the used database for the thermodynamic
calculations. As several phases needed to be removed during
calculations and since phase solubility and stability not always
agrees with experimental observations.
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