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Abstract The knowledge of grain growth of carbide particles is very important for manufacturing micro-

grained cemented carbides. In the present study, continuous and discontinuous grain growth in WC-Co and

WC-VC-Co cemented carbides is investigated using the Monte Carlo computer simulation technique. The

Ostwald ripening process (solution/re-precipitation) and the grain boundary migration process are assumed in

the simulation as the grain growth mechanism. The effects of liquid phase fraction, grain boundary energy and

implanted coarse grain are examined. At higher liquid phase content, mass transfer via solid/liquid interfaces

plays a major role in grain growth. Growth rate of the implanted grain was higher than that of the matrix

grains through solution/re-precipitation and coalescence with neighboring grains. The results of these

simulations qualitatively agree with experimental ones and suggest that distribution of liquid phase and

carbide particle/carbide grain boundary energy as well as contamination by coarse grain are important factors

controlling discontinuous grain growth in WC-Co and WC-VC-Co cemented carbides. The contamination by

coarse grains must by avoided in the manufacturing process of fine grain cemented carbides, especially with

low Co.
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1. Introduction
 

WC grains grow during liquid phase sintering and the

change of grain size strongly affects the mechanical pro-

perties of the WC-Co and WC-VC-Co cemented carbides.

Therefore control of microstructure is very important to

produce highly qualified cutting tools. The grain growth

process on WC-Co and WC-VC-Co cemented carbides

can be characterized by continuous and discontinuous ones.

Continuous grain growth is recognized as a uniform growth

of the individual grains. Discontinuous grain growth is

known as an undesired formation of isolated coarse WC

grains which grow faster and larger than the surrounding

grains. In the production of micro-grained cemented car-

bides, controlling both continuous and discontinuous grain

growth in the microstructure has to be taken into account.

Especially, the isolated coarse grains deteriorates the

performance of the cemented carbides. One of the effective

methods for controlling grain growth is adding grain growth

inhibitors, such as VC and Cr3C2.
1-2) The grain growth in

liquid phase sintered materials, which is generally understood

as a solution/reprecipitation process called Ostwald ripening,

has often been studied from a theoretical point of view.3-8)

Most of studies assume that carbide grains are completely

surrounded by a liquid phase. These classical theories of

Ostwald ripening are not sufficient to explain the grain

growth mechanism in WC-Co and WC-VC-Co cemented

carbides,9-13) especially in the case of low liquid phase

content which is popular for industrial applications.

Because in that case WC grains are not completely

surrounded by a liquid phase, but contact with neighboring

solid grains. Simulation techniques seem useful examining

the effects of both solid/liquid and solid/solid interface on

grain growth behavior.14)

In the present study, the Monte Carlo computer simu-

lation technique is utilized to investigated continuous and

discontinuous grain growth mechanisms in WC-Co and

WC-VC-Co cemented carbides. The grain growth simu-

lation, which uses using the Monte Carlo method is

considered to be useful for understanding the grain growth

behavior in complicated systems.15-17) In addition to the

simulations, experiments on microstructures of WC-Co and

WC-VC-Co cemened carbides are preformed. Comparing



Computational and Experimental Study of Grain Growth in  WC-Co and WC-VC-Co Cemented Carbides 589

the simulations to the experimental results, the grain growth

mechanism is discussed with a special focus on the

presence of WC/WC grain boundaries.

2. Experimental Procedures

2.1 Computer Simulation

The grain growth simulation was carried out on the basis

of the Potts model using the Monte Carlo method.18-19) The

simulation parameters are selected referring to the

previous reports.17) The temperature term in the Boltzman

equation is set at zero. A two-dimensional lattice comprised

of solid (WC phase) cell and liquid (Co phase) cell was

used to simulate the microstructure of WC-Co and WC-VC-

Co cemented carbides. The lattice size was 200 × 200 cells.

The number of crystal orientations of solid particles, Q, was

fixed at 64. Two kinds of mass transfer were assumed in

the simulation algorithm. If a solid cell is selected in the

array, the mass transfer proceeds through grain boundaries

in the solid in the same way as the Potts model. If a

liquid cell is selected, the same transfer through the

liquid phase is designed in the algorithm as follows. The

selected liquid cell changes to a solid cell with an arbitrary

number of Q and the energy change (∆‚G1) is calculated,

then the solid cell undergoes a random walk until it hits

another solid cell without back steps in a liquid phase.

The hit solid cell is changed to a liquid cell and the

energy change (∆‚G2) is calculated again. If the total energy

change is less than zero (∆‚G1 + ∆G2 < 0), the trial is

successful; otherwise the trial is considered invalid.

When a solid cell neighboring at least one liquid cell is

selected, the same manner as above is carried out with

the opposite phase change. If a liquid cell is neighboring

to only one liquid cell, the trial is considered invalid.

This procedure is repeated for several hundred Monte

Carlo steps (MCS). The predominant parameters in the

present simulation are the interface energy between a solid

cell and a liquid cell (γsl), grain boundary energy between

solid cells (γss), which can be set low or high, and the

liquid phase content (fl). 

2.2 Experiment 

WC and VC powders with an average particle size of

about 1.5 µm and Co powder of 1.2 µm were used as

starting powders. The content of Co was varied from 10

to 40 in volume percentage. The atomic ratio of V/(V + Co)

for WC-VC-Co cemented carbides was fixed at 0.04. The

carbon content was in the higher side of the two phase

region. The powders were ball-milled in ethanol for 48

hours, dried in vacuum, sieved and then pressed. The

green compacts of the mixed powders were sintered at

1673 K for 1 hour in vacuum. Microstructures were

observed by SEM (HITACHI, S-800) and FE-TEM

(HITACHI, HF2000) equipped with EDS.

3. Results and Discussion

Fig. 1 is a series of simulated microstructures for

fl = 10%, γsl = 0.4 γss1 = 1.1 and γss2 = 0.9 as a function of

MCS, where γss1 and γss2 are higher and lower solid/solid

grain boundary energy, respectively. Two kinds of grain

boundary energy are set to give reality to the grain

boundary character. The values of γsl, γss1, and γss2 are

relative energies, which are chosen for grain growth

modeling where the energy ratios, γsl/γss1 and γsl/γss2, are

below 0.5. This means that the dihedral angle θ is zero,

because WC-Co cemented carbides are known to have

high wettability.10) 

On the other hand, two types of mass transfer mechanism

for grain growth are employed. One is a solution/

reprecipitation mechanism through the liquid phase. The

other is a mass transfer across the solid/solid grain

boundary. In Fig. 1, the solid phase and the liquid phase

are represented by gray and black areas, respectively. The

difference in darkness of gray area for the solid phase

corresponds to the different grain orientation.

Fig. 2 shows a series of simulated microstructures for

γsl= 0.4, γss1= 1.1 and γss2= 0.9 at 1000 MCS as a function

of liquid phase content. It is clear that the microstructure

is strongly influenced by the liquid phase content. At 5%

liquid phase content, the microstructure is relatively homo-

genuous. In contrast, at 10% liquid phase content, several

preferentially grown grains are observed, and a discon-

tinuous microstructure is formed. In these cases, these are

both solid/solid and solid/liquid interfaces. When a liquid

phase with thickness of one cell exits between two solid

particles, coalescence of particles easily takes place if their

grain orientations are the same. At more than 20% liquid

phase content, the microstructure is homogeneous, and the

liquid phase perfectly surrounds the solid grains.

These results would indicate that the grain growth at

lower liquid phase content occurs through two types of

mass transfer mechanisms: the through solid/liquid interfaces

and the solid/solid grain boundaries. At higher liquid phase
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Fig. 2. Simulated microstructures for γsl = 0.4, γss1 = 1.1 and γss2 = 0.9 at 1000 MCS as a function of liquid phase content. fl ; (a)

5%, (b) 10%, (c) 20% and (d) 40%.

Fig. 1. Simulated microstructures for fl = 10%, γsl = 0.4, γss1 = 1.1 and γss2 = 0.9 as a function of Monte Carlo steps. MCS ; (a) 0,

(b) 200, (c) 500 and (d) 1000.
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content, mass transfer via solid/liquid interfaces plays a

major role in grain growth.

Fig. 3 shows SEM images of the microstructures of

WC-(10-40)vol.% Co cemented carbides. The contiguity

of WC grains decreases with binder content, not reaching

zero even at 40% Co content. In the cemented carbides

with 20% binder content, the microstructures are inho-

mogeneous. In contrast, the discontinuous grain growth is

not observed in the cemented carbides with 10% Co and

more than 30% Co contents. These microstructures resemble

the simulated grain growth behavior grown in Fig. 2, though

the change in contiguity and the binder content which yields

the discontinuous grain growth are different. These differe

nces are considered to be caused by two dimension of

the simulation. From these simulation and experimental

results, the mechanism of discontinuous grain growth is

proposed as follows. In the lower cobalt content, even if

the dihedral angel θ is zero, some grain boundaries of

carbide particles are not wetted. The coexistence of the

wetted and unwetted grain boundaries plays an important

role in the grain growth behavior. At the wetted grain

boundary, the growth is pronounced by the effect of

Ostwald ripening and, if the binder layer is thin, coale-

scence of grains. On the other hand, at the unwetted grain

boundary, the growth is restricted by the grain boundary

migration. In other words, the localization of cobalt liquid

phase could contribute to the discontinuous grain growth.

Next, the effect of coarse grains on discontinuous micro-

structures were examined in the simulation. Some articles

report that coarse WC particles in a green compact act as

seeds for rapid grain growth.9) Then, a matrix with 10% fl

a single solid grain with a diameter 18 times greater than

the average of the matrix solid grains was implanted. At

the same time, the implanted coarse grain was set to be

surrounded by a liquid binder phase with a thickness of 2

cells, and the energy condition of the simulation was the

same as that of Fig. 1. 

Fig. 4 shows a series of simulated microstructures as a

function of MCS. As shown in Fig. 4, the discontinuous

grain growth occurs in the matrix similarity to Fig. 1.

Besides, growth rate of the implanted grain higher than

the matrix grains through solution/reprecipitation and coale-

scence with neighboring grains. This result, which agrees

with the result of Exner,9) suggests that the presence of

Fig. 3. Microstructures of WC-Co cemented carbides sintered at 1673K. Co content ; (a) 10 vol.%, (b) 20 vol.%, (c) 30 vol.%

and (d) 40 vol.%.



592 Soon-Gi Shin

Fig. 4. Simulated microstructures with an implanted coarse grain as a function of Monte Carlo steps for fl = 10%, γsl = 0.4, γss1 = 1.1

and γss2 = 0.9. MCS ; (a) 0, (b) 200, (c) 500 and (d) 1000.

Fig. 5. Simulated microstructures for grain growth with fl = 10%, γsl = 0.4, γss1 = 0.7 and γss2 = 0.6 as a function of Monte Carlo

steps, assuming an inhibitor doped system. MCS ; (a) 0, (b) 200, (c) 500 and (d) 1000.
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coarse grains in a fine grained matrix can be a reason for

the discontinuous growth in addition to the factors such

as fl and γss. Therefore, the contamination by coarse grains

must be avoided in the manufacturing process of fine

grain cemented carbides, expecially with low Co content.

In the previous study,13) it was reported that the contiguity

of WC in WC-VC-Co cemented carbides was higher than

that in WC-Co cemented carbides, which suggests that

the wettability in WC-VC-Co cemented carbides is reduced.

Therefore, the values of grain boundary energy were chosen

to give γsl/γss1 and γsl/γss2 to be above 0.5. Simulation

results for grain growth with fl = 10%, γsl = 0.4, γss1 = 0.7

and γss2 = 0.6 as a function of MCS is shown in Fig. 5. 

Fig. 6 indicates a series of simulated microstuctures at

1000 MCS for the same energy condition as in Fig. 5 as

a function of liquid phase content. These microstructures

are quite different from the above simulated microstructures

for the Fig. 1 and Fig. 2. The liquid phase exists in isolated

pockets between interconnecting solid particles. Most of

grains are only partly wetted by a liquid phase even at

40%. No discontinuous grain growth is expressed and the

grain size slightly increase with liquid phase content. 

Fig. 7 shows the experimental microstructures of WC-

VC-Co cemented carbides. Regardless of the binder content,

a continuous grain growth of WC particles is observed.

In the low binder, the addition of VC effectively restricts

the grain growth. However, the effects diminish with in-

crease in binder phase content. This grain growth behavior

is similar to the simulated result. This might indicate that

the addition of VC decreases grain boundary energy, γss,

and that WC grains have; high contiguity as reported13).

In such a case, the growth rate of WC grains is considered

to be mainly controlled by the grain boundary migration. 

In the previous results, both simulation and experimental

results suggested that the existence of WC/WC grain

boundary has a remarkably strong influence on the me-

chanism of discontinuous grain growth and grain growth

inhibition. Some TEM studies confirmed the existence in

contiguous grain boundaries free from a cobalt phase.21-23)

On the contrary, Egami. and Sharma have reported that a

Fig. 6. Simulated microstructure for γsl = 0.4, γss1 = 0.7 and γss2 = 0.6 at 1000 MCS as a function of liquid phase content. fl ; (a)

10%, (b) 20%, (c) 30% and (d) 40%.
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cobalt phase layer is present between WC grains.24,25)

Therefore, in the present study, the grain boundary

structure was in detail investigated by TEM in order to

clarify whether the contiguous grain boundaries are present

or not. Fig. 8 shows the lattice image of a WC/WC grain

boundary in a WC-VC-10vol% Co cemented carbides.

According to the coincidence site lattice theory, this grain

boundary is identified as a Σ2 coincidence boundary. In

this image, no other phase is observed at the grain

boundary. However, EDS analysis of the grain boundary

detects Co and V element only at the grain boundary.26)

Figs. 8 and EDS result indicate that this type of WC/WC

grain boundary is contiguous at atomic level where Co

and V atoms cosegregate. The grain boundary structure in

a WC-Co cemented carbides is also analyzed.26) The TEM

and EDS results, which are not shown in the present

paper, indicate that the Co also segregates at the contiguous

WC/WC grain boundary. Therefore, it is considered that

Co segregation is not so effective as V for grain growth

inhibition according to the results in Fig. 3 and many

other investigations.9,13,20) The grain boundary segregation

of, above all, V atoms could decrease the grain boundary

energy and wettability of boundaries, and then both con-

Fig. 8. High resolution electron micrograph of a WC/WC grain

boundary in a WC-VC-Co cemented carbides. Left-side crystal

is aligned with its <0001> axis parallel to the electron beam,

and right-side crystal<1 10> axis.2

Fig. 7. Microstructures of WC-VC-Co cemented carbides sintered at 1673K. Co content ; (a) 10 vol. %, (b) 20 vol. %, (c) 30

vol. % and (d) 40 vol. %.
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tinuous and discontinuous grain growth is considered to

be inhibited by the low mobility of the V segregated grain

boundary. The present simulation model appears qua-

litatively to reproduce some features of the experimentally

observed grain growth behavior in cemented carbides.

There are, however, many unquantified variables and

kinetics in the grain growth model of cemented carbides.

Therefore, refinements are needed.

4. Conclusion

The computer simulation based on the Monte Carlo

method was performed in order to investigate continuous

and discontinuous grain growth in WC-Co and WC-VC-

Co cemented carbides. The Ostwald ripening process

(solution/re-precipitation) and the grain boundary migration

process were assumed in the simulation as the grain

growth mechanism. The effects of liquid phase content,

an implanted coarse grain and grain boundary energy are

examined. The results obtained were qualitatively agreed

with experimental results. The results of these simulation

suggest that distribution of liquid phase and grain boundary

energy balance as well as contamination by coarse grains

are important factors controlling discontinuous grain growth

in a WC-Co cemented carbides. In a WC-VC-Co cemented

carbides, in particular, grain boundary energy was con-

sidered to be a significant factor for grain growth inhibition.

The grain boundary segregation of V, which was revealed

by TEM-EDS analysis, could affect the energy, resulting

in a low mobility of the WC/WC grain boundary and

leading to remarkable grain growth inhibition.
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