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1. Introduction
Ceramic materials have good mechanical properties, such as high hardness, good wear
resistance and elevated-temperature anti-oxidation. So, Ceramic materials are widely
applied not only in the field of aeronautics and astronautics, building and mechanics in
modern technology, but also in the field of the cutting tool materials. Ceramic tool materials
are widely used in the dry cutting and high speed cutting. The preparation of ceramic tool
materials includes powdering, forming, hot-press fabrication and machining process. A
green compact before sintering is a porous packing of loose powder that is held together by
weak surface bonds. The individual particles fabricated together to form a dense, strong
monolithic part by sintering. The driving force for the sintering is the reduction in surface
free energy of the particle. This reduction is performed by diffusion transport of material.
Many factors affected the process of material transport and the exhalation of pores.
Therefore, the hot-press fabrication is a very complicated process in which the compact
formed of fine powder materials fabricated at the temperature below the melting point of
the main constituent for the purpose of gaining the enough strength of the compact by
bonding particles together. The hot-press fabrication is a key process, which governs the
mechanical properties of the ceramic tool materials as well as the components and content.
Most sintering theory models are based on the simple assumption of particle shape and the
mass-transport mechanisms. With the rapid development of the computer simulation
technology and the computational material science, modeling and numerical simulation of
ceramic sintering process becomes a new and promising approach to investigate the
sintering process on the micro- and meso- scale or macro-scale (Jagota& Dawson, 1990;
Bordère, 2002; Wakai et al, 2004, 2005; Mori, 2006; German, 1998). At the same time, it is very
significant to simulate Microstructural evolution of sintering process on the micro- and
meso-scale for the theory development and the evaluation of relationship between the
mechanical properties and the microstructure of ceramic materials (Guo, 1998). The twodimensional Monte Carlo grain-growth simulation methods, firstly developed by Srolovitz
and co-workers (Anderson et al, 1984; Srolovitz et al, 1984), is lately extended into the three
dimensional simulation. Monte Carlo Potts’ model is largely applied to simulate the solidphase sintering process of ceramics (Hassold et al, 1990; Chen et al, 1990; Tikare & Holm,
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1998; Tikare et al, 2003) . Because of no assumption of the particle shape, the model can be
properly used to simulate the mass-transport mechanisms. Computer simulation of finalstage sintering process of ceramics is initially developed by Hassold G N with Monte Carlo
Potts’ model (Hassold et al, 1990; Chen et al, 1990; Tikare & Holm, 1998). Tikare V et al
(Tikare et al, 2003) simulated the densification of ceramic sintering processes with Monte
Carlo Potts’ model, which is coupled with vacancy-annihilation method. However, the
mentioned simulation methods are only applied to simulate the sintering processes for onecomposition, single-phase ceramic system. To meet the need of the severe cutting conditions
and the durable tool-life in high speed cutting process, ceramic tool materials should have
good mechanical properties, such as high hardness, high flexural strength, high fracture
toughness, good wear resistance and elevated-temperature anti-oxidation. In order to
improve the mechanical properties further, the second-phase powders are combined on the
base of matrix powder to develop the composite ceramic tool materials by hot-press
fabrication (Lang, 1982; Guo, 1998, Mukhopadhyay et al, 2007; Belmonte et al, 2006).
In this paper, the new Monte Carlo Potts’ model for simulating the sintering process of
single- and two-phase ceramic materials is developed and the two-dimensional (2D) graingrowth process is successfully simulated with considering the presence of pores in the green
compact. A detailed description of the new Monte Carlo Potts model and simulation
procedure is presented. The simulation results are also discussed.

2. Porosity and mean pore size of green compact
2.1 Porosity of green compact
Although the fine powders of ceramic are tightly packed by the effect of the pre-pressure
and the gravity, the pore is present among the powders. Assuming the fine powders are the
sphere which is equal in the radius, the porosity can be calculated by the ball-packed model.
According to the crystal structure of metallurgy (Jin et al, 2002) , as Fig.1 was shown, it is a
hypothesis that there are three types of the particle arrangement, the body-centered cubic
(BCC), the faceted-centered cubic (FCC) and the hexagonal closed-packed (HCP).
The porosity of three types of the particle arrangement is given by Eq. (1), Eq. (2) and Eq. (3),
respectively.
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Fig. 1. Schematic Diagram of Three Type of the Particle Arrangement (Jin et al, 2002)
The particle arrangement of green compact is not as tight as the atoms in the crystal
structure of metallurgy. The particle size has some distribution, and the smaller particles in
the size are filled into the bigger hole. So, it is proper that the porosity of green compact is
30% during the simulation.
2.2 Mean pore size of green compact

Pore size is a function of the particle size, the particle shape and the density of the green
compact in the green compact. For the specific particle size and density, the mean pore size
of green compact is given by Eq. (4) (Myers et al, 1989).
d

2 D(1  f )
3f

(4)

where, d is mean pore diameter, D is powder particle diameter and f is the density of green
compact.
As mentioned above, the porosity is 30% in the initial simulation system, that is to say, the
value of f is 0.7. According to Eq. (4), the mean pore diameter (d) is 0.29D. Therefore, during
the initialization of simulation system, the function of pore initialization is implemented
when the particle diameter is the finial initialized particle size. Then, the initialized process
is not finished until the required particle size is obtained.

3. Simulation method
The two-dimension Monte Carlo Potts simulation model utilizes two different approaches to
simulate the grain growth and annihilation of pore (Braginsky et al, 2005) . It can model the
following processes:
1.

Simulation of grain growth by short range diffusion of atoms from one side of grain
boundary to the other side;
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Simulation of long range diffusion of pores by the surface diffusion and of
vacancies/material by grain boundary diffusion;
Simulation of vacancy-annihilation at grain boundaries.

3.1 Monte Carlo Potts model of single-phase ceramic tool materials containing pores

In the Monte Carlo Potts’ model for simulating the sintering process of single-phase ceramic
tool materials with pores, the fine powders and pores are mapped onto a set of twodimensional and discrete hexagonal sites. In order to describe the state of a site i, two
parameters, Si and Pi, are required. Si represents the orientation of the grain that the site
belongs to. Pi represents the phase state of the site. The fine powder sites are given one of Q
distinct, degenerate states, where the individual state is designated by the symbol Si. The
value of Si for the solid phase is from 1 to Q and Q is the maximum value for the grain
orientation. At the same time, the Pi of fine powder sites is given 1, which is the symbol of
solid. The pore sites can be assumed only one state, Spore=Q+1 , and the Pi of pore sites is
given 3, which is the symbol of pore. Continuous fine powder sites of the same state Si forms
the fine powders and the value of Pi for the continuous fine powder sites are 1. Continuous
pore sites forms a pore and the value of Pi for the pore sites are 3. During evolution of
simulation, grain boundaries exist between neighboring grain sites of different states, Si, and
pore-grain interfaces exist between neighboring pore and grain sites. There are two different
boundaries in the simulation system. The boundary-one is formed between neighboring
grain sites of different states, and its energy is J1. The boundary-two is formed between
neighboring pore and grain sites, and its energy is J2.
The equation of state for these simulations is the sum of all the neighbor interaction energies
of single-phase ceramic tool materials with pores can be written as:
ETol  E1  E2

(5)

N n1

E1  J 1  1   (Si , S j )

(6)

i 1 j 0

N n2

E2  J 2  1   (Si , S j )

(7)

i 1 j 0

where, ETol is the total energy (J). E1 is the energy of the neighboring grain sites (J). E2 is the
energy of the neighboring pore and grain sites (J). N is the sites number of solid phase. n1 is
the solid-phase site number around one specific site of solid phase(≤6). n2 is the pore-phase
site number around one specific site of solid phase(≤6). And  (qi , q j ) is the Kronecker
function defined as  (Si , S j ) =1 for Si  S j and otherwise  (Si , S j ) =0, with Si and S j
denoting the orientation parameters of the neighboring sites i and j.
3.2 Monte Carlo Potts model of two-phase ceramic tool materials containing pores

In the Monte Carlo Potts’ model for simulating the sintering process of two-phase ceramic
tool materials with pores, the fine powders and pores are mapped onto a set of two-
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dimensional and discrete hexagonal sites. In order to describe the state of a site i, two
parameters, Si and Pi, are required. Si represents the orientation of the grain that the site
belongs to. Pi represents the phase state of the site. The fine powder sites are given one of Q
distinct, degenerate states, where the individual state is designated by the symbol Si. The
value of Si for the solid phase is from 1 to Q and Q is the maximum value for the grain
orientation. At the same time, the Pi of fine powder sites is assigned the value of 1 or 2,
which is the symbol of solid phase-one or phase-two. The pore sites can assume only one
state, Spore=Q+1, and the Pi of pore sites is assigned the value of 3, which is the symbol of
solid. Continuous fine powder sites of the same state Si forms the fine powders and the
value of Pi for the continuous fine powder sites is 1 or 2. Continuous pore sites forms a pore
and the value of Pi for the pore sites is 3. During evolution of simulation, grain boundaries
exist between neighboring grain sites of different states, Si, and pore-grain interfaces exist
between neighboring pore and grain sites. If two adjacent sites are phase-one and phase-two
and their grain orientation is the same, then the composite grains are formed and the two
phases exist diffusion each other. If two adjacent sites are single phase and their grain
orientation is the same, then the grains for single phase are formed. Grain boundaries exist
between neighboring grain sites of different states, Si, and pore-grain interfaces exist
between neighboring pore and grain sites. There are five different boundaries in the
simulation system. The boundary-one is formed between the phase-one sites with different
orientations, the boundary-two is formed between the phase-two sites with different
orientations, the boundary-three is formed between the phase-one and phase-two sites, the
boundary-four is formed between the phase-one and pore sites and the boundary-five is
formed between the phase-two and pore sites. And their grain boundary energy is J11, J22, J12,
J13 and J23, respectively. It is assumed that the grain boundary energy is dependent on the
grain boundary and independent of the misorientation of the adjacent grains and of the
grain orientation. Each of mass diffusion was performed by one site in the simulation.
The equation of state for these simulations is the sum of all the neighbor interaction energies
of two-phase ceramic tool materials with pores can be written as:
ETol  E11  E12  E22  E

13

 E23

(8)

N 1 n1

E11  J 11  1   (Si , S j )

(9)

i 1 j 0
N 2 n2

E22  J 22  1   (Si , S j )

(10)

i 1 j 0
N 3 n3

E12  J 12  1   (Si , S j )

(11)

i 1 j 0

N 1 n4

E13  J 13  1   (Si , S j )

(12)

i 1 j 0
N 2 n5

E23  J 23  1   (Si , S j )
i 1 j 0
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where, ETol is the total energy (J). E11 is the energy of the neighboring phase-one grain sites
(J). E22 is the energy of the neighboring phase-two grain sites (J). E12 is the energy of the
neighboring phase-one and -two grain sites (J). E13 is the energy of the neighboring pore and
phase-one grain sites (J). E23 is the energy of the neighboring pore and phase-two grain sites
(J). N1 is the sites number of phase-one. N2 is the sites number of phase-two. N3 is the smaller
sites number of that of phase-one or phase-two. n1 is the phase-one site number around one
specific site of phase-one(≤6). n2 is the phase-two site number around one specific site of
phase-two(≤6). n3 is the phase-two site number around one specific site of phase-one when
N3 is the phase-one site number(≤6), otherwise, n3 is the phase-one site number around one
specific site of phase-two when N3 is the phase-two site number(≤6). n4 is the pore-phase site
number around one specific site of phase-one(≤6). n5 is the pore-phase site number around
one specific site of phase-two(≤6). And  (Si , S j ) is the Kronecker function defined as
 (Si , S j ) =1 for Si  S j and otherwise  (Si , S j ) =0, with Si and S j denoting the orientation
parameters of the neighboring sites i and j.
3.3 Monte Carlo algorithm
3.3.1 Simulation algorithm of grain growth

The Monte Carlo simulation of the grain growth processes is implemented by the following
steps:
1.
2.

3.

4.

The system energy is computed using Eq. (5) for the single phase material system or Eq.
(8) for the two phase material system.
A site is randomly selected. If the site is solid-phase and located on the boundary, a new
possible crystallographic orientation of the site is randomly chosen from one set of
crystallographic orientations of neighboring solid-phase site.
The total energy of the simulated system with a new crystallographic orientation is
computed using Eq. (5) for the single phase system or Eq. (8) for the two phase system
and the difference (ΔE) between the new energy and the old is calculated.
As shown in Eq. (14), the energy difference (ΔE) is applied to compute the transition
probability for the site with a new crystallographic orientation.
1

E
P( E)  
exp kBT


E  0
(14)
E  0

where, T is the temperature of the site which is considered and kB is the Boltzmann’s
constant.
5.

6.

As the transition probability P(ΔE) is calculated, a random probability R is generated in
a range of 0~1. The site with a new crystallographic orientation is accepted to change
into the new crystallographic orientation if R≤P(ΔE), otherwise the old site orientation is
kept.
The system energy for the current configuration is assigned to the step (1). The
simulation procedure is repeated from the step (2). The attempted N (total sites number
in the simulation system) times is regarded as one Monte Carlo Step (MCS).
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During the simulation, the site leaps to the nearest-neighbor cell across the grain boundary
if one which belongs to the cell has attempted a crystallographic orientation of that and been
accepted during the reorientation attempt, which leads to the grain-boundary migration and
the microstructural evolution. The leap of the site simulates the evaporation-deposition
mechanism by the atoms during the sintering processes. The cell that loses the sites starts to
shrink, on the other hand, the cell that gains the sites starts to grow. So, the growth or
shrinkage of grains can be properly simulated during the fabrication of ceramic tool
materials in the simulation system.
3.3.2 Simulation algorithm of pore migration

In order to keep the same total number of pore sites and grain sites throughout the
simulation in the simulation system, pore migration is simulated using conserved dynamics
(Hassold et al, 1990).
The Monte Carlo simulation of pore migration processes is implemented by the following
steps:
1.
2.

3.
4.
5.

The pore site neighboring grain boundary and the solid-phase site neighboring the pore
site are chosen at random.
The two sites are temporarily exchanged with the solid-phase site assuming a new state
S where S results in the minimum energy. This minimum-energy, pore-grain exchange
simulates pore migration by surface diffusion.
The change in energy (ΔE) for this exchange is calculated using Eq. (5) for the single
phase system or Eq. (8) for the two phase system.
The change in energy (ΔE) is applied to compute the transition probability for the pore
migration attempt with the above mentioned Eq.(14).
As the transition probability P(ΔE) is calculated, a random probability R is generated in
a range of 0~1. The temporarily exchange is accepted if R≤P(ΔE), otherwise the old
microstructure is kept. The attempted N (total sites number in the simulation system)
times is regarded as one Monte Carlo Step (MCS).

At lower temperatures, the pores do not have sufficient energy to diffuse in the grain
structure, and only can coalesce into small isolated pores and stagnate microstructural
evolution. Therefore, the simulation temperature of the pore migration is kBT=0.7. This higher
temperature is necessary for accurate simulation of pore migration (Tikare & Holm, 1998).
3.3.3 Simulation algorithm of vacancy annihilation

During Monte Carlo simulation of ceramic tool material system with pores, vacancy is
defined as a single pore site which is surrounded by grain sites. The densification of
material in simulation is achieved by vacancy annihilation (Braginsky et al, 2005). In
DeHoff’s stereological theory of sintering densification (DeHoff et al, 1989), the densification
mechanism comprises vacancy migration from pores to grain boundaries and vacancy
annihilation at the grain boundaries. The densification is the process of vacancies being
painted on the grain boundary, with an entire monolayer of vacancies annihilated, so that
the mass centers of adjacent grains move towards the grain boundary. The rate of
densification is governed by the time of vacancies that diffuse and cover the entire grain
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boundary. The densification is simulated with the algorithm of vacancy annihilation as
shown in Fig.2. The schematic diagram of this algorithm is shown in Fig.3.
Site chosen at random
Y
N
Pore site
Y

Vacancy
site

N

Calculation of mass center of grain
which is neighboring the vacancy site

Drawn a line between the mass center
and vacancy site

Determined the surface grain site which
is at the intersection of the line

Exchange between the vacancy and
grain site

Assigned the grain orientation to the site
which lead to the minimum energy
Fig. 2. Simulation Algorithm of Vacancy Annihilation
During pore annihilation, if the site chosen randomly is a site of vacancy, the grain site for
the exchange is chosen at the intersection of a line which is drawn from the site of vacancy
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through the mass center of the adjacent grain and the outside boundary of the sintering
compact. The grain site is assigned the state of the adjacent grain if the exchange is
successful. The pore site, which jumps from inside to outside and coalesces with the others,
can visualize the pore exhalation. The grain site which jumps from the outside to the inside
can visualize the mass center of the grain migrated to the site of the vacancy. The whole
process can conceptualize the densification of ceramic tool materials during fabrication. The
site number and the contents of the solid phases are constant to keep the mass conserve
during the simulation.
3.4 Simulation conditions

The software is developed with the Visual C++ compiler. The program was implemented in
a Pentium-Pro 233MHz computer with 1 GB of RAM. The simulation domain is consisted of
500×500 hexagon sites. The edge length of hexagonal site is 0.6mm in simulation domain, so
the area of each site is 0.9353mm2.
The maximum value of orientation (Q) is 180. It is proved that the simulation results of
different Q are nearly indistinguishable from each other when Q>50 is used (Hassold et al,
1990). The simulation time is expressed in term of the number of Monte Carlo Steps (MCS).
Because the present simulations are performed on 500×500 sites, one MCS is equal to 250000
attempts in the computational domain. The ratio of the specific grain boundary energy is
J1:J2=1:1.4 in the simulation of microstructural evolution of single-phase ceramic tool
material. The ratio of the specific grain boundary energy is J11:J22:J12:J13:J23=1:4:1:1.4:4.5 in the
simulation of microstructural evolution of two-phase ceramic tool material. These values are
comparable to the values of Al2O3 and SiC ( Handwerker et al, 1990; Tanaka & Kohyama,
2003; Jiao et al, 1997). The simulation numerical data are the average results of the 10
independent simulations so as to eliminate the statistical fluctuations.

Mass
Center
Vacancy

(a) Pore Annihilation

(b) Local Magnification near Pore Annihilation

Fig. 3. Schematic of Pore Annihilation

4. Simulation results and discussion
4.1 Simulation of microstructural evolution of single-phase ceramic tool material

As mentioned above, there are 500×500 hexagon sites in the simulation domain, including
the 75000 pore sites. That is to say, it is assumed that the porosity of green compact is 30%.
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Initialization is needed to perfectly simulate the green compact. The initialization of pore is
performed when the mean diameter is 0.29um. The initialized simulation microstructure is
shown in Fig. 4. The white region denotes grains, and the black region denotes pores. Fig. 4
(a) is the part of the outside boundary, and the Fig. 4 (b) is the part of the inner. It is found
from Fig. 4 (a) that pores exist in the inner of simulation domain and the density is lowest.
Neighbor pore sites coalesce together. The bigger the pore is, the more the grain is around
the pore. The state of the distribution of simulation microstructure is similar with the real
green compact.

Upper
Boundary

Left Boundary

(a)

(b)

(White region denotes the grain, black region denotes pore)

Fig. 4. Initialized Simulation Microstructure of Single-phase
The resulting microstructure at 100 MCS is shown in Fig. 5. Compared Fig.5 with Fig.4, most
of pore sites migrate from the inside to the outside. This is implied that the vacancy is
annihilated and exhaled from the inside of simulation domain. Companied by the process,
the densification and the grain size also increases. Kingery and Francois (Kingery &
Francois, 1965) proposed that pores should exist at the grain boundary, especially, at the
triple junction point of grain boundary when the porosity of green compact is fabricated. As
shown in Fig.5, the simulation results accord with the theory. It is also seen in Fig.5 that the
isolated pore site exists at the grain boundary, which means that the pores diffuse along the
grain boundary. It is useful for the pore exhalation and the densification of material.
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Upper
Boundary

Left Boundary (a)

(b)

(White region denotes the grain, black region denotes pore)

Fig. 5. Microstructural Evolution of Single-phase Ceramic Tool Materials
4.2 Simulation of microstructural evolution of two-phase ceramic tool material

As mentioned above, there are 500×500 sites in the simulation domain, including 75000 pore
sites. It is assumed that the porosity is 30% in the initialization. The second-phase content is
5vol%. In order to perfectly simulate the real green compact, it is necessary to initialize the
simulation domain. The initialized simulation microstructure of two-phase ceramic tool
materials is shown in Fig.6. Fig.6 (a) is the part of simulation domain at the boundary, and
Fig.6 (b) is the part of simulation domain at the inside. It is seen from Fig.6 (a) that the pore
sites is in the inside of simulation domain. However, the second-phase sites are the boundary
or in the inside of simulation domain. It is similar to the initialized single-phase microstructure
where neighbor pore sites coalesce together. The second phase is randomly distributed in the
composite and some of them agglomerate. Pore is surrounded by the composite and secondphase particle. It is accordance with the distribution of particle and pore in the green compact.
The simulated microstructure after 100 MCS is shown in Fig.7, where white region denotes
the composite, black region denotes the pore and grey region denotes the second-phase
particle. Fig.7 (a) is the boundary part of simulation domain. Fig.7 (b) is the inside part of
simulation domain. Compared Fig.7 (a) with Fig.6 (a), it is seen that many pore sites jump
from the inside of simulation domain to the outside and coalesce with the boundary pores.
This implies the isolated pore is annihilated and exhaled from the inside. The density of
simulation domain increases with the decrement of pores. It is similar to the simulation
results of the single-phase microstructure. Grain size of simulation domain gradually grows.
However, by comparison with Fig.5, it is seen from Fig.7 that the rate of grain growth is
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Upper
Boundary

Left Boundary

(a)

(b)

(White region denotes composite phase, black region denotes pore and grey region denotes second phase)

Fig. 6. Two-phase Microstructure of Initialized Simulation Domain

Upper
Boundary

Left Boundary (a)

(b)

(White region denotes composite phase, black region denotes pore and grey region denotes second phase)

Fig. 7. Two-phase Microstructure of Simulation Domain
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slower than that of single-phase grain because the pores continuously migrate and some
second-phase particles play a role in pinning effect. The inhibition of pore for composite
grain growth is weaker than that of second-phase inhibition for composite grain growth, so
that the size of grain around pore is commonly bigger than that of grain around secondphase particle. Just like the simulation results of single-phase system, the pore diffusion
along the grain boundary is also found in Fig.7.
The pores in the simulated microstructure gradually disperse and become smaller, and the
mass center migrates towards the pores because of pore diffusion along the grain boundary
and pore annihilation in both single-phase and two-phase simulation results. And most
pores exist at the triple junction point of grain boundary.
4.3 Densification and grain growth
4.3.1 Densification

The simulated microstructure and SEM fracture surface of Al2O3 ceramic tool materials are
shown in Fig.8. It can be seen from Fig.8 (a) and (b) that some vacancy are surrounded by
grains and become voids (or air cavities). As shown in Fig.8 (c), some voids is also found in
the Al2O3 ceramic tool materials. Voids not only lead to the lower densification, but also lead
to the lower mechanical properties because of stress concentration. Some pores are
separated from the grain boundary in Fig.8 (a) and (b). The vacancies at the grain boundary,
which separate from the grain boundary and become the part of grain, form voids in the
process of simulation or sintering, companied by grain growth.
Comparing Fig.8 (a) and (b), it is seen that there are more pores separated from grain
boundary in Fig.8 (a) because the grains of single-phase material grow faster than that of
two-phase material. Therefore, the perfect content of second phase is useful for the grain
refinement as well as elimination or decrement of vacancies, which leads to the
improvement of mechanical properties.
The densification of microstructure is calculated by Eq.(15) at simulation time t.



Ng
At

A0 N g  N p (t )

(15)

where,  is the densification, At is the area of the simulation region at simulation time t, A0
is the area of the simulation region at the beginning, Ng is solid-phase site number, Np(t) is
the pore-phase site number which is not annihilated at simulation time t.
The relationship between the densification and the simulation time (MCS) is shown in Fig.9.
The change trends of the densification curve for single-phase and two-phase material are
similar. At some stage of simulation, the densification of two-phase material is slightly
lower than that of single-phase material. This is the reason that the growth rate of two-phase
grain is slower than that of single-phase grain. At the beginning of simulation, the rate of
densification is slower because most pores don’t migrate along the grain boundary to form
vacancy. The densification is up to 90%, and the ration of pores drastically decreases. Then
the rate of densification is gradually slow.
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Fig. 10 is the calculated densification curves at final stage sintering of an alumina powder
compact (Kang & Jung, 2004) . Comparing Fig.9 and Fig.10, it is found that the densification
curves of simulation are very similar to those of calculated results. This means that the
simulation result is correct and accurate.

(a) Simulated Microstructure of Single-phase

(b) Simulated Microstructure of Two-phase

7.5um

(c) SEM Fracture Surface of Al2O3 Ceramic Tool Materials
Fig. 8. Simulation Microstructure at 300MCS and Fracture Surface of Al2O3
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1.00
0.98
0.96

Single-phase material
Two-phase material(5vol%)

Relative density

0.94
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0.90
0.88
0.86
0.84
0.82
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0.74
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0.70
0
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1000 1200 1400 1600 1800 2000 2200

Simultion time (MCS)

Fig. 9. Relative Density vs. Simulation Time

Fig. 10. Calculated Relative Density vs. Sintering Time of an Alumina Powder Compact
(Kang & Jung, 2004)
4.3.2 Grain growth

Fig.11 is the relationship between average grain size R and simulation time t (MCS). The
average grain size of single- and two-phase material grows slowly from 0 to 400 MCS. The
average grain size of single-and two-phase material grows fast when the simulation time is
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more than 400 MCS. However, the average grain size of single-phase material is bigger than
that of two-phase material during the whole process of simulation. The reason can be found
from Fig. 9. The densification is lower, that is to say, the content of pore is more, when the
simulation time is less 400 MCS. The strong pinned effect of pores on the grain growth leads
to a low rate of grain growth. However, the pinned effect of pores on the grain growth
which is gradually weak with a decrement of pores leads to a high rate of grain growth,
especially after 400 MCS. The rate of grain growth is slow in the whole process because the
grain growth is inhibited by not only pores but also second-phase particles and the
inhibition of second-phase particles become stronger with the grain growth of composite.
40
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Fig. 11. Average Grain Size ( R ) vs. Simulation Time (MCS)
The simulation results have been validated by the hot-press fabrication of Al2O3 ceramic tool
materials. The fracture surface of the pure Al2O3 material and the Al2O3 /SiC composite
material is shown in Fig. 12 (a) and (b), which are fabricated by the hot-press at the same

(a) Al2O3

(b) Al2O3/5%SiC

Fig. 12. SEM Fracture Surface of Al2O3 Ceramic Tool Materials

www.intechopen.com

Numerical Simulation of Fabrication for Ceramic Tool Materials

167

fabrication technologies. By the comparison of Fig. 12 (a) and (b), it can be found that the
grain size of Fig. 12 (b) is significantly smaller than that of Fig. 12 (a) because the growth of
matrix, Al2O3, are inhibited by the second phase, SiC. As the arrows are shown in Fig.12 (a),
there are voids inside the grains because the grains grow fast and vacancy is separated from
the grain boundary, which leads to vacancy trapped by the grain.
According to the theory of sintering, at the final sintering stage the grains grow fast. It is
considered that the simulation of microstructure evolution is the final sintering stage of
ceramic tool material because the rate of grain growth becomes high and the content of
pores drastically decrease after 400MCS.

5. Conclusions
A computer simulation for the sintering processes of single- and two-phase ceramics has
been performed using a two-dimensional hexagon lattice model mapped from the realistic
microstructure. Different types of boundary energy, the initial grain size, the composition
content, the initial pore size and the content of pore are considered in the new simulation
model. Because of the different boundary energy, the phase-two and the pore can pin the
composite of phase-one and decrease the growth rate of phase-one during the
microstructural evolution, which has been invalidated experimentally. The second-phase
particle is useful for the refinement of composite grain, which can significantly improve the
mechanical properties of ceramic tool material, especially the flexural strength and fracture
toughness. The high rate of grain growth is disadvantage of the exhalation of pores
according to the result of simulation and experiment. A preliminary investigation shows
that the simulation results can accurately prove the relevant sintering kinetics theories and
is consistent with the experiment results.
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