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A B S T R A C T   

Liquid phase migration (LPM) and its potential impact on the phenomenon known as cobalt capping in cemented 
carbides have been investigated through experiments on fully densified, pre-sintered samples and simulations. A 
model for LPM was developed based on interface energies, grain size, and contiguity, and was implemented and 
integrated with Thermo-Calc software to make predictions about the final microstructure. The model’s pre-
dictions, when applied to cases with gradients in grain size and volume fraction of the binder phase, were found 
to somewhat match experimental observations. Additionally, it was obsereved that LPM can cause a phenomenon 
resembling cobalt capping due to gradients in carbon activity.   

1. Background 

Cemented carbides are metallic composites of hard prismatic WC (α 
phase) grains embedded in a tough, ductile metallic binder matrix (β 
phase), which is usually Co-based. Cemented carbide inserts are widely 
used in rock drilling and machining. For these applications, toughness, 
hardness, and resistance to chemical wear are crucial. These properties 
mostly depend on the fraction of the β phase and the grain size of the α 
phase. In plain cemented carbides (WC-Co), the smaller the α grains, the 
higher the hardness and the wear resistance, and the higher the fraction 
of the β phase, the higher the toughness and the smaller the wear 
resistance. Resistance against thermal fatigue and chipping also depends 
on the balance between the grain size of the α phase and the volume 
fraction of the β phase (fβ) [1–3]. 

To develop new grades of cemented carbides, engineering design of a 
proper combination of the volume fraction of β and grain size of the α 
phase is necessary. In addition, the performance of cemented carbides 
can be enhanced by designing in-homogeneous properties that are 
locally optimised for the operating conditions. In-homogeneous prop-
erties can be achieved by thermochemical processes such as gradient 
sintering and sintering of multiple powder pressing or additive 
manufacturing. 

During solid and liquid state sintering of cemented carbides, trans-
port of materials by diffusion and Liquid Phase Migration (LPM) are the 
key processes which can be used to create in-homogeneous properties. 
The theoretical and experimental aspects of diffusion in sintering of 
cemented carbides is studied extensively in the literature [4–9]. 

In the liquid phase sintering of cemented carbides, LPM is the bulk 
motion of the molten binder. When there is no remaining porosity, the 
driving force of LPM is the gradient in the local integral sum of the 
energy of αα grain boundaries (γαα) and αβ phase boundaries (γαβ). This 
energy gradient forces the system toward equilibrium at the minimum of 
the total free energy. 

In LPM, the contribution of interface energies to the system’s free 
energy may create a flux of liquid binder. In addition to the driving 
force, the LPM flux is proportional to a kinetic factor (ΓLPM), which is a 
function of the permeability of the liquid binder in the α phase skeleton 
and the viscosity of the liquid binder. The viscosity of the molten binder 
depends on the temperature and the chemical composition of the liquid 
metal, and the permeability depends on the microstructure and the ri-
gidity of the carbide skeleton, as well as the wetting of αα grain 
boundaries with the liquid binder. 

The LPM driving force is a result of several microscopic phenomena. 
First, any difference in the fβ results in the difference in the sum of the αα 
and αβ surface areas. Second, any difference in the grain size of α, affects 
the contact area of the αα and αβ boundaries. Third, any difference in the 
carbon activity of the system changes γαβ and γαα [10]. Finally, any 
combination of the abovementioned gradients results in LPM, and can 
level out an initial in-homogeneous distribution of the liquid binder or 
create an inhomogeneous distribution of the liquid binder from an 
initially homogeneous distribution. 

Experimental and theoretical studies of LPM during sintering of 
cemented carbides has been investigated previously by a number of 
different groups [11–22]. The experimental measurements of LPM in the 
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literature are usually obtained by sintering of double pressed green 
bodies. This approach provides a practical empirical understanding of 
the LPM, but it fails to differentiate between the capillary effect, which 
happens during the densification of the porous green body, and what 
happens after the densification step. After densification, during the 
remaining period of heating, isothermal keeping, and cooling until so-
lidification of the binder, the binder is in a liquid state. During this time, 
many events, such as grain growth, dissolution, and re-precipitation of 
the α grains, and some changes in the carbon activity occur. Any of these 
events forces the LPM. Investigating the effect of these events on the 
final microstructure is simplified by doing experiments on pre-sintered 
fully densified samples, which was the approach taken in the present 
work; this removes the capillary effect due to porosity. 

Recent developments in computational physics and materials science 
have made it possible to calculate difficult-to-measure properties like 
viscosity, mean distance, grain growth, interfacial energies, thermody-
namic and kinetic properties etc. through ab-initio and molecular dy-
namics and CALPHAD modelling [3,10]. These developments provide 
an opportunity to look into the underlying physics of LPM and utilise the 
modelling tools to design new cemented carbide grades. 

Following the CALPHAD method and the Integrated Computational 
Materials Science (ICME) paradigm, this work studied LPM in cemented 
carbides by experimentation and modelling. In the experimentation 
phase, pre-sintered fully densified cemented carbides, to eliminate the 
capillary effect, were coupled and exposed to interrupted heat treat-
ments followed by quenching. Thus, the obtained experimental infor-
mation revealed the state of the couples in the liquid-solid two-phase 
region. 

Furthermore, to predict and design the final microstructure, a 
phenomenological model of LPM is developed and implemented in the 
YAPFI software [23]. In addition to interfacial energies, the presented 
model is based on well-known properties of the cemented carbide 
microstructure, such as contiguity, the volume fraction of the binder 
phase, carbon activity, and grain size. Furthermore, by coupling the 
model to the Thermo-Calc software [24], access to automated and ac-
curate thermodynamic variables and equilibrium properties such as 
volume fractions, molar volumes, and chemical potentials was provided. 

It is also shown that difficult-to-measure properties such as interfa-
cial energies and the permeability in the α skeleton can be potentially 
estimated or validated from controlled interrupted heat treatments of 
pre-sintered fully densified diffusion couples followed by studies of the 
as-quenched microstructure and modelling. 

2. Methods 

2.1. Experiment design and materials 

Cemented carbide samples of different binder content and grain size 
were provided in the form of SNUNs, i.e. sintered rectilinear pieces, and 
drill bits which were cut to rectilinear pieces (5̃x12x12 mm). The Co- 
magnetic (CoM) saturation is a measure of the magnetic saturation 
(MS) of a sintered cemented carbide sample in relation to the MS of pure 
cobalt with the same weight (see eq. (1)). The CoM can be used to 
determine how the MS of pure cobalt changes due to the presence of 
dissolved tungsten. By determining the fraction of W in the Co(FCC), 
thermodynamic equilibrium calculations can be used to calculate the 
total W and C content of the cemented carbide sample using the 
expression given in eq. (2) [25]. The chemical compositions of the 
samples, including the fraction of cobalt and the calculated fraction of C, 
are listed in Table 1. To calculate C content, eq. (2) is derived from the 
correlation factor (S) between CoM/Co and dissolved W in cobalt (FCC) 
[26], and by using the TCFE9 [27] thermodynamic database. Because 
the diffusion of W in cobalt (FCC) is frozen at 1000 ◦C, the equilibrium 
fraction of W in cobalt (FCC) at this temperature can be used to calculate 
the C content of the cemented carbide. 

CoM =
MSWC− Co

MSCo (1)  

W(FCC,W) = (1 − CoM/Co)× S (2) 

In addition, the measured line intercept (Heyn’s [28]) and calculated 
(Fischmeister & Exner [29]) average grain size of samples are presented 
in section:Results. 

In the design of experimental couples, an effort was made to include 
different combinations of grain sizes, binder fractions, and carbon ac-
tivity gradients. Heat treatment profiles in the two-phase liquid-solid 
region are tabulated in Table 2. 

All couples were heat treated in a tube furnace under a flowing argon 
atmosphere. To avoid oxidation of the samples and to maintain contact 
between the couples, graphite clamps, and crucibles were used (see 
Fig. 1a). 

It was attempted to minimize the contact between graphite and the 
surface of experimental couples by encapsulating the samples in 
graphite crucibles to ensure that only the diffusion couples’ edges were 
in contact with graphite. The clamps were in complete contact with the 
rack face of the samples to study the combination of LPM and the effect 
of carbon activity at the surface of the samples. 

An S-type ceramic protected thermocouple [30] was used to cali-
brate the furnace thermometer with the temperature of the hot zone. At 
the end of each heat treatment, the process was interrupted by pushing 
the graphite clamp or crucible out of the furnace and dropping it in 
water. 

The higher bound of time to melt the binder was estimated by 
melting slabs of carbon-saturated Co of the same weight as the experi-
mental couples at 1673 K. The Eutectic point of Co–C is at 1594 K. The 
observed melting time of the slabs was 300 s. The weights of the couples 
were measured before and after each heat treatment with a ±1 ⋅ 10− 7 kg 
accuracy, and no weight change was observed. The mass of the couples 
was ~0.02579 ± 1 ⋅ 10− 5 kg. 

can you provide the heat treatment time-temperature profiles? What 
is the melting temperature for the slabs? The melting time of the slabs 
was 300 s. Does this mean the holding time 300 s at the heat treatment 
temperature is just to melt the binder?(which could not be simulated by 
the equilibrium thermodynamics. 

After quenching, samples were cut perpendicular to the connecting 
interface with a diamond cutting disk. Samples were then mounted in 
conductive resin and polished. Polishing was done for 20 min with a 9 
μm diamond suspension and 20 min with a 2 μm. Samples were then 
cleansed and prepared for EDS analysis. 

Table 1 
Chemical composition of cemented carbide samples presented alongside 
measured CoM values which are used to calculate the C fraction.   

CoM W(Co)% W(C)% W(W)% Hc[kAm− 1] 

A 9.14 10.0 5.50 

Balance 

7.92 
B 10.95 12.0 5.36 7.20 
C 11.08 12.0 5.37 8.06 
D 14.35 15.0 5.21 5.00 
E 8.95 9.5 5.54 6.45 
G 6.20 6.5 5.73 2.85 
H 5.55 6.0 5.75 11.10  

Table 2 
List of experimental couples and heat treatment conditions.   

A-B A-B A-B B-C D-E G-H G-H 

Time[s] 300 600 900 600 600 900 2400 
T[K] 1693 1693 1693 1693 1673 1673 1673  
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2.2. EDS analysis 

Energy Dispersive X-ray Spectroscopy (EDS) was used to analyse the 
chemical composition of samples [31]. Analytical analysis was acquired 
using the FEI Quanta 3D Scanning Electron Microscope (SEM) equipped 
with Oxford Instrument’s Energy Dispersive X-ray spectroscopy (EDS) 
detector, and Hitachi S3700N SEM equipped with Bruker QUANTAX X- 
ray spectrometer. 

Before the quantification analysis, EDS analysis was performed on 
the standard Co samples to measure the beam current and reliability of 
the EDS data. The quantification was carried out on the test samples by 
selecting a 180 × 295 μm2 rectangle by optimizing the processing time 
and dead time of the detector. The analysis was carried out on different 
regions of the samples, from the top surface to the bottom. The data was 
processed using the Oxford Instrument’s Aztec software and ESPRIT 
software by removing the carbon peak and deconvoluting the oxygen 
peak. Quantification results onto the standard samples were close to the 
stated composition in The maximum standard deviation of measure-
ments of the raw samples is 0.46 and the maximum mean average error 
is 0.37. 

The results acquired from the test samples indicated the trend of the 
mass transport and were reproducible. Analysis was performed on the 
points of a geometrical grid on the cross-section of experimental couples. 
On each grid point, a probe current of 70 μA was used to map an area of 
180x295μm2 for 300 s. 

Since the total mass of experimental couples was conserved after the 
heat treatment, measured concentrations were adjusted to the initial 
integral mass of elements. After this, it was possible to compare the 
integral surfaces averages (∯wt%Co dS

S ) of experimental concentrations to 

the integral line averages (
∫

wt%Co dl
l ) of the simulation concentration 

profiles. 

2.3. Phenomenological model 

The contribution of the interface energies to the internal energy in a 
composite material is given by eq. (3). 

EV =
∑N

i,j=1
γi,j⋅Si,j

[
Jm− 3] (3) 

In eq. (3), γi, j is the energy of interface i, j [J m− 2] and Si, j is the 
surface area of i, j interfaces per unit volume [m− 1]. Therefore, the unit 
of EV is J m− 3 which has the same dimension as pressure and stress, γi, i 
represents the grain boundary energy between solid particles of the 
same phase. In a pore-free two-phase liquid-solid cemented carbide at 
the liquid phase sintering temperature, the contribution of interface 
energies to the EV is the sum of the αβ phase boundary energy and the αα 

grain boundary energy, i.e. 

EV = γαβ⋅Sαβ + γαα⋅Sαα (4) 

Hence, the contact area between α and β should be known to 
calculate the total interfacial energy contribution. The contiguity (C) 
can be used to determine the contact areas from the volume fraction of 
the binder and grain size. By definition, contiguity is the relative degree 
of mutual contact between grains of α (eq. (5)). 

C =
Sαα

Sαα + Sαβ
=

Sαα

Sα
(5) 

[Note: the contiguity is sometimes written as C = 2Sαα/Sα instead of. 
2Sαα/(2Sαα + Sαβ) [32], but Sij is then the number of ij intercepts when 

the contiguity is estimated from the linear intercept method.] 
Thus, by combining eq. (5) and eq. (3) the interfacial energy per unit 

volume of the system can be expressed in terms of contiguity, interface 
energies and the total surface area of α particles (eq. (6)). 

EV = γαβ⋅Sα⋅(1 − C)+ γααSα⋅C (6) 

Contiguity varies in a highly complex manner with the volume 
fraction of phases (f), the grain size (d), and the grain size distribution 
(σ). However, multiple authors have derived various relations, some of 
which are listed in Table 3. By assuming that eq. (6) is valid in both the 
liquid-solid and the solid regions, and if the changes in phases fractions 
and grain size of the α grains are known, it is possible to extrapolate any 
empirical relations of contiguity at solid state to the liquid state. 

While it is possible to incorporate any of the mentioned expressions 
of contiguity into the model, in this work, Stjernberg’s [35] expression is 
used (eq. (7)). 

C ≃ 1 −
̅̅̅̅̅̅̅̅̅̅̅̅̅

1 − f 2
α

√

(7) 

[Note: fα + fβ = 1.] 
For cemented carbides, an empirical relation between contiguity, 

volume fraction, and average grain size of the α phase (Heyn’s grain size 
[28]) can be derived by using Smith & Guttmans [36] postulate on the 
measurement of internal boundaries in 3D structures by random 

Fig. 1. a) The experimental setup for heat treatment of diffusion couples. b) The schematic heat treatment profile.  

Table 3 
Empirical expressions relating contiguity to the volume fraction of the binder.  

Reference Contiguity 

Roebuck & Bennet [33] C = 0.85 − 1.8fβ 

Exner & Fischmeister [29] C =
0.074

fβ 

Golovchan et al. [34] 
C = 1 − f0.644

β exp
(

0.391
(σα

dα

))

Stjernberg [35] C = 1 −

̅̅̅̅̅̅̅̅̅̅̅̅̅

1 − f2
α

√
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sectioning of a 2D image (eq. (8)). 

dα =
4fα

Sα
(8) 

By combining eqs. (6) to (8), it is trivial to arrive at an expression of 
EV as a function of dα, fα, γαα, and γαβ. By multiplying the result to the 
molar volume of the system (Vm [m3 mol− 1]) an expression for Em [J/ 
mol] is obtained 

Em =
4fα

dα
⋅
[

γαα

(

1 −
̅̅̅̅̅̅̅̅̅̅̅̅̅

1 − f 2
α

√ )

+ γαβ

̅̅̅̅̅̅̅̅̅̅̅̅̅

1 − f 2
α

√ ]

⋅Vm (9) 

Various gradients can be modelled with the analytical expression eq. 
(9). Grain size, volume fraction and interface energies can be expressed 
as a function of temperature, time, distance, composition, and any 
outputs of the Thermo-Calc software equilibrium calculator, e.g. γi, j as a 
function of carbon activity, dα as a function of time and distance, and fα 
as a function of chemical composition or directly from Thermo-Calc 
output. Thus, under the assumption that the internal friction is suffi-
cient to nullify Newton’s first law, the LPM flux is given by 

Jk = − ΓLPM
k

∂Em

∂z
(10) 

Here, Jk and Γk
LPM are molar flux and LPM kinetic coefficient of the 

multiphase mixture of component k in β, respectively. 
In addition to calculating the material transport during LPM another 

possible application of the phenomenological model is to estimate the 
permeability κ. Darcy’s law for flow of a fluid through a porous medium 
states that in the absence of gravitational forces and in a homogeneously 
permeable microstructure, for slow viscous flow, flux of a liquid JV [m 
s− 1] or Jm [mol m− 2 s− 1] is given by the proportionality between the 
permeability κ [m2] of the solid, the dynamic viscosity of the fluid μ 
[Pas], and the pressure difference over distance (eq. (11)). 

JV = −
κ
μ⋅

∂p
∂z

⇒Jm = −
κ

μ⋅V2
m

⋅
∂Em

∂z
(11) 

If Darcy’s conditions are met in the LPM process, then it is possible to 
calculate permeability κ by knowing ΓLPM matrix through eq. (12) 

κ = ΓLPM⋅μ⋅V2
m (12) 

In the present work the α grain size was allowed to vary with dis-
tance, but not with time. It is left for future work to incorporate the grain 
growth to the model. 

2.4. Mass transport model 

The LPM was incorporated as an extension of the so-called homog-
enization model [37,38] as implemented in the YAPFI software [23]. 
Disregarding, for the moment, the LPM part, the homogenization model 
allows for multiphase simulations by a coarse-graining – homogeniza-
tion – approach by assuming that locally, at each numerical grid point, 
the state is at all times fully equilibrated. Thus, the local phase fractions, 
phase compositions, chemical potentials, etc. are given by an equilib-
rium calculation with the local composition, temperature and pressure 
as equilibrium conditions. The flux of an element k in a lattice-fixed 
frame of reference is given by 

Jk = − Γ⋆
k

∂μl.eq
k

∂z
, (13)  

where Γk
⋆ is an effective kinetic coefficient of the multiphase mixture, 

and μk is the chemical potential of element k. The l.eq. embellishment is 
added to emphasise that a locally equilibrated state is assumed. In a 
cemented carbide, all long-range mass transport occurs in the binder 
phase, and Γk

⋆ was here taken as 

Γ⋆
k = f βcβ

k Mβ
k = f β xβ

k

Vm
Mβ

k = f β uβ
k

VS
Mβ

k (14)  

where fβ is the volume fraction β, ck
β, xk

β and uk
β are the concentration, 

mole fraction and u-fraction of element k in β, respectively. The u- 
fraction [39] is obtained from the mole fraction as 

uk =
xk

∑
j∈Sxj

(15)  

where j ∈ S means that the summation should only be taken over the 
substitutional elements. The partial molar volume is assumed to be zero 
for interstitial elements and constant and equal to VS for all substitu-
tional elements. In the present work, carbon is taken as an interstitial 
element and cobalt and tungsten as substitutional. Using the u-fractions 
allows the fluxes Jk evaluated in a lattice-fixed frame of reference to be 
transformed to fluxes Jk

′ in a volume-fixed frame of reference by the 
following expression [39]. 

J’
k = Jk − uk

∑

j∈S
Jj (16) 

The Jk
′ fluxes are then combined with the equation of continuity. 

∂ck

∂t
=

∂
∂z

(
− J

′

k

)
(17) 

The LPM was incorporated by adding a second term to Jk, viz. 

Jk = − Γ⋆
k

∂μl.eq
k

∂z
− ΓLPM

k
∂Em

∂z
(18)  

2.5. Model parameters 

2.5.1. Interface energies 
Atomic-scale modelling of interfaces in cemented carbides and the 

effect from local chemistry is extensively studied in [10], where models 
of interfaces were created based on experimental observations of grain 
orientations and local chemical composition at the interfaces was taken 
into account by substitution of interface atoms. In addition, the effect of 
temperature was evaluated based on the study of temperature- 
dependent interface energies in cemented carbides. A summary of 
calculated interface energies at Tm

Co + 100 K are presented in Fig. 2 and 
were used for the modelling of the LPM in this work. 

2.5.2. Grain size 
The most accurate way of measuring the grain size, orientation, and 

size distribution is the Electron Backscatter Diffraction (EBSD) analysis. 
However, sample preparation, measurement, and data analysis of EBSD 
are time-consuming. Therefore, we used simple qualitative grain size 
measurement methods in this case study. It is worth mentioning that if 
the EBSD data is available, it is straightforward to couple it to the model. 
Other, common methods of measuring dα are the Heyn’s [28] linear 
intercept method (eq. (19)), and the Fischmeister & Exner [29] method 
based on the coercivity (Hc) and fα (eq. (20)). 

dα =
L
N

⋅fα (19) 

In eq. (19), L is the total length of random intersecting lines, and N is 
the number of intercepted α grains. Heyn’s method is destructive and 
needs cutting of the sample for imaging. 

dα =
5.81
Hc

⋅(1 − C)⋅
1 − fβ

fβ
[μm] (20) 

In eq. (20), Hc [kA m− 1] is the coercivity, C is the contiguity and fβ 
the volume fraction of the binder phase. Coupling any of the expressions 
in Table 3 to eq. (20) gives a relationship between fβ and Hc to dα. Using 
Stjernberg’s [35] relation for the contiguity, results in eq. (21). 

A. Salmasi et al.                                                                                                                                                                                                                                 
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dα =
5.81
Hc

⋅
( ̅̅̅̅̅̅̅̅̅̅̅̅̅

1 − f 2
α

√ )

⋅
fα

1 − fα
[μm] (21) 

In eq. (21), if the chemical composition of the cemented carbide is 
known, the calculation of fα with computational thermodynamic tools 
such as Thermo-Calc software is trivial. Since the measurement of Hc is a 
non-destructive method, eq. (21) represents a non-destructive way of 
evaluation of the dα. In Fig. 3, results of measurement of dα with both 
aforementioned methods are listed. 

All samples used in this work were first sintered in a standard sin-
tering cycle, after which the grain size was evaluated. However, during 
the heat treatment of couples, α grains dissolve in the liquid binder and 
the grain size decreases. Assuming that grains are prismatic and the size 
distribution is narrow, differentiation of smith & Guttman function (eq. 
(8)) can be used to estimate the shrinkage (eq. (22)). 

Δd =
Δfα

∂V
∂d

⃒
⃒

d0

=
Δfα

8d2
0

(22) 

In this work eqs. (21) and (22) were used to estimate the input dα of 
the models. 

2.5.3. Volume fractions and molar volume 
The model implementation allows the volume fractions and molar 

volumes to be obtained from the equilibrium calculator of the Thermo- 
Calc software by Thermo-Calc Software TCFE Steels/Fe-alloys thermo-
dynamic database version 9 [27]. 

2.5.4. Boundary conditions 
In the simulations of the A-B and B–C couples, a boundary condition 

for carbon was set corresponding to equilibrium with graphite to 

Fig. 2. Interface energies (γ) [J m− 2] at Tm
Co + 100K after Gren et al. [10].  

Fig. 3. Measured dα with the Heyn’s [28] method and the Fischmeister & Exner [29] method, and estimated grain size at the heat treatment temperatures (TH) of 
experimental couples in the two-phase liquid-solid region. 
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account for the contact of the rack faces of the couples with the graphite 
clamps. A closed boundary condition was used for carbon in the simu-
lation of the D-E and G-H couples. In all simulations, closed boundary 
conditions were used for cobalt and tungsten. 

3. Results 

In this section, the results of the interrupted heat treatments of 
experimental couples are presented. Results include EDS analysis of the 
grid points on the cross sections of the couples and measured grain sizes 
of the original pre-sintered fully densified samples. In addition, LPM 
simulation results are presented and compared to the measured con-
centration profiles of Co. 

3.1. Grain size 

The measured grain sizes of the pre-sintered fully densified samples 
and the estimated grain size at the heat treatment temperatures are 
presented in Fig. 3. 

3.2. EDS measurement of chemical compositions 

3D representations of EDS measurements of the Co concentration on 
cross sections of heat-treated cemented carbide couples are shown in 
Fig. 4. 

The plots are from heat treatment cycles of the A-B cemented carbide 
couples for 5, 10,and 15 min are shown in Figs. 4a to 4c, respectively. In 
all plots, the high Co concentration at the surface and the deep con-
centration of Co in the middle of the couples are observable. 

The measured Co concentration profile of the B–C couple, after 10 
min of heat treatment, is shown in Fig. 4d. Enrichment of cobalt at the 
surfaces and minima in the concentration of Co in the middle of the 
sample is visible in Fig. 4d. 

The measured Co concentration profile of the D-E couple, after 10 
min of heat treatment, is shown in Fig. 4e. The composition profile 

agrees with the expectations from the LPM process. The Co enrichment 
at the surface is not observed in this sample. 

The measured Co concentration profile of the G-H couple, after 40 
min of heat treatment, is shown in Fig. 4f. The Co enrichment at the 
surface is not observed in this sample. 

3.3. Simulation results 

Simulated wt%Co profiles of interrupted heat treatments of the A-B, 
B–C, D-E and G-H couples are presented in this section along with the 
simulated profile of wt%Co to the steady state. In addition, the 2D 
projection of the measured Co concentration profiles are added to the 
plots for comparison (diamond markers and error bars in red). The error 
bars show the maximum and minimum Co concentration along the grid 
lines perpendicular to the axis of the cross-section, and diamond 
markers show the mean of grid lines. The orange line is the simulated wt 
%Co profile. The blue line is the initial wt%Co profile. The green dotted 
line is the integral line average of the simulated profile of wt%Co, and 
the purple dotted line is the integral surface average of the experimental 
profile of wt%Co measured on the cross-section of the couple. For 
comparison to experiments, the red diamond markers are the mean of 
the experimental profile of wt%Co measured on lines perpendicular to 
the axis of the couple, and the red error bars are the minimum and 
maximum of those measurements. 

Simulation results of LPM and the effect of carbon activity on the 
surface of A-B couples for 5, 10, and 15 min of heat treatment are shown 
in Figs. 5a to 5c. Results of simulating the steady state are presented in 
Fig. 5d. 

Simulation results of LPM and the effect of carbon activity on the 
surface of the B–C couple for 10-min heat treatment are shown in 
Fig. 7a. The results obtained by running the simulation to the steady 
state are presented in Fig. 7b. 

Simulation result of LPM of D-E couple for 10 min heat treatment is 
shown in Fig. 8a. Results of running the simulation to the steady state 
are presented in Fig. 8b. 

Fig. 4. 3D Co concentration profile of cross sections of heat treated cemented carbide couples measured with EDS.  
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Simulation results of LPM of G-H couples for 40 min of heat treat-
ment are shown in Fig. 9a. Results of simulating steady state are pre-
sented in Fig. 9b. 

The kinetic factors ΓLPM which are used in simulations, are tabulated 
in Table 4. 

4. Discussion 

The results of the experimental study and the simulations of LPM 
including the effect of carbon activity on the surface were presented in 
section 3. In couples, A-B and B–C where the rack faces were in direct 

contact with the graphite clamp an enrichment in Co content at the 
surface (Figs. 4a to 4d) which resembles the so-called cobalt capping 

Fig. 5. Simulated Co concentration profiles of A-B couples for 5, 10 and 15 min heat treatment, and 20 h heat treatment at 1693 K.  

Table 4 
Applied ΓLPM , temperatures, interface energies and simulation times.   

Time 
[s] 

ΓLPM γαα [J m− 2s] γαβ [J m− 2s] T[K] 

A-B 300 7 × 10− 15 8 × ac(C) + 1.46 3.25 × ac(C) + 1.34 1693 
A-B 600 7 × 10− 15 8 × ac(C) + 1.46 3.25 × ac(C) + 1.34 1693 
A-B 900 6 × 10− 15 8 × ac(C) + 1.46 3.25 × ac(C) + 1.34 1693 
B-C 600 2 × 10− 15 8 × ac(C) + 1.46 3.25 × ac(C) + 1.34 1693 
D-E 600 30 × 10− 15 1.9 1.5 1673 
G- 

H 
2400 30 × 10− 15 1.9 1.5 1673  Fig. 6. Cobalt enrichment at the surface of sample A-B 300 s resembles the co- 

capping phenomenon. 
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(Co-capping) phenomenon (see Fig. 6) was observed. Co-capping results 
in the formation of a thin cobalt layer on top of cemented carbides [40]. 
With regard to the formation of the Co-rich layer, the heat treatment 
cycle is the most important difference between experiments n this work 
and previous studies where cemented carbides went through a standard 
sintering cycle [40,41]. In this work, the samples were in the liquid state 
for a short time and quenched after heat treatment. Since the micro-
structure of the initial samples A, B, and C were homogeneous, it seems 
that the formation of the enriched Co layer at the surface in such a short 
time cannot be explained by diffusion or abnormalities in the cooling 
step. 

Simulating the LPM process of the A-B and B–C couples with carbon 
boundary conditions set to equilibrium corresponding to the activity of 
graphite and allowing the interfacial energy to be a function of carbon 
activity can answer the underlying cause of the observation. Simulated 
Co concentration profiles of the A-B and B–C couples (Figs. 5 and 7) 
show the same enrichment of Co at the surface while the effect of the 
gradient of volume fraction binder and grain size is visible at the center 
of the couple. From experimental observations and simulation results, it 
can be inferred that high carbon activity at the surface changes the 
interface energies and create a driving force for the migration of the 
binder toward the surface. The absence of Co-capping in couples D-E and 
G-H, which were not in direct contact with graphite, strengthen the 
conclusion. The simulated Co concentration profile in the A-B, B–C, D- 
E, and G-H couples follow the same trend as the experimentally observed 
profile, but there is a discrepancy in the magnitude of the profiles. 

It should be noted that the surface Co enrichment which resembles 
the Co-capping, is in conflict with the studies which show that liquid-Co 
tends to migrate from regions with higher C content to regions with 
lower C content. Since the argon atmosphere was similar in all experi-
ments, it seems that, if the effect is rooted in the composition of the 
atmosphere, then the enrichment should be observed in all diffusion 
couples. However, this phenomenon was only seen in samples that were 
in direct contact with graphite. Two differences that can possibly explain 
the inconsistency are, 1) previous experimental observations of Co 
migrating were from the sintering of green bodies. 2) quenching of 
diffusion couples was not tried before and samples were cooled slowly in 
the furnace. In the presented model in this work, the carbon activity 
affects LPM in diffusion couples of fully sintered samples in two different 
ways, first, WC grain shape tends to be more round at higher carbon 
activity, and second, the energy of WC-liquid Co grain boundary is 
dependent on the C activity [10]. However, it should be pointed out that 
there may be other driving forces for Co-capping that the present model 

does not take into account (e.g. volume changes during solidification). 
In addition to the Co enrichment at the surface, in the A-B couples the 

simulated and experimentally obtained profiles for 5, 10, and 15 min 
(Figs. 5a to 5c), show a dip and a peak in the center which is due to the 
sharp gradient in the grain size which results in a depletion on the left- 
hand side of cobalt and an enrichment on the right-hand side. It seems 
that compared to the overall movement of the binder from left to right 
because of the gradient in the volume fraction, the effect of grain size is 
local to the interface between samples. However, in Fig. 5d, the profile 
obtained for long-time simulations show different behavior. At longer 
times, the effect of carbon activity on the surface diminishes, which can 
be because of the saturation of the sample. Since the carbon activity of 
the samples is below that of graphite, the carbon concentration does not 
exceed the value corresponding to the carbon activity of the boundary 
conditions, and the gradient in the interfacial energy eventually levels 
out. Therefore, the final profile at the steady state is under the influence 
of the gradient in the grain size only, i.e. the final profile of the volume 
fraction holds steady indefinitely if there are no further changes in the 
grain size since. In reality, grain growth will upset this equilibrium. 

For the B–C couple, the LPM driving force is created by the carbon 
activity boundary conditions and the gradient in grain size. As for the A- 
B couples, in the short term, the grain size gradient has a local effect 
close to the interface. In the long term, on the other hand, the effect of 
the carbon activity gradient fades, and the final concentration profile is 
representative of the minimum free energy. The D-E and G-H samples’ 
simulated and experimental concentration profiles show the expected 
trend. Nevertheless, the kinetic factor to fit the simulations to the 
experimental profiles is three times larger than that of the B–C and A-B 
couples. The difference can be because of the temperature dependency 
of ΓLPM

k in the form of an inverse Arrhenius expression in eq. (23). 

ΓLPM = 7.659⋅109 × exp
(
− 35.7⋅105

R⋅T

)

(23) 

The applied interface energies are calculated with ab-initio methods 
and molecular dynamics. The accuracy and precision of such calcula-
tions depend on the underlying assumptions and used potentials. Since 
measurement of interface energy at the sintering temperature is diffi-
cult, if not impossible, the difference between calculated values and 
tangible energy of interfaces is a source of error. 

Another possibility is that the expression used to relate the contiguity 
to grain size and volume fraction or to simplify the grain size and dis-
tribution to dα introduces an error in the calculations. It has been shown 

Fig. 7. Simulated Co concentration profiles of the B–C couple for 10 min heat treatment, and 20 h heat treatment at 1693 K.  
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that for dα < 3 μm the expression due to Roebuck & Bennet [33] gives a 
better estimation of the contiguity while for dα > 3 μm Stjernberg’s 
expression [35] is more accurate [42]. 

If the grain size and distribution and expression for contiguity are 
accurate, a ΓLPM following an Arrhenius behavior is an indicator of the 
precision of the interfacial energies. On a final note, there is a fair 
agreement between the experimental observations and the simulation 
results. Hence, the presented phenomenological model can explain LPM 
and Co-capping in cemented carbides with some limitations. However, 
more accurate models of the microstructural properties can be used to 
enhance the quantitative predictions of the model. 
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