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Abstract

Sintering plays a significant role on powder technology which produces a new solid product from powders using thermal
energy. There are many parameters effect on sintering process such as: Temperature, time, size of particles, geometrical
structure of the powders, composition of the powder, density of the powders. Discrete element method is the best method
to simulate the behaviour of powders during sintering process. There are two styles of discrete element method used in this
report such as dynamic method and Qusi-static method. In this research will be compared of two types for DEM to simulate
sintering process between two powders. In this paper, the sintering process between copper powders was simulated using
discrete element method. The contact and shrinkage ratios were used to show the behaviour of copper powders during
sintering process, and it was made a comparison between two styles of discrete element method. Some parameters used in
the simulation to know the impact of these parameters on sintering process.

Keywords: Discrete element method, sintering process, grain boundary and surface diffusion.

1. Introduction

Sintering is an important stage in powder technology
operation and we need to understand the whole process of
sintering in order to overcome many errors in experimental
sintering process especially the diffusions between powders
[1]. There are different types of numerical solution but
discrete element method (DEM) is useful method which has
been used in this study. In addition, there are two styles of
discrete element method such as dynamics method used
Newton’s second law of rigid body and another Qusi-static
method without used dynamics model. In this study had used
two styles of DEM to represent the mechanism of sintering
between two particles.

Bouvard and McMeeking (1996)[2] used finite difference
method to simulate the sintering process between powders
theoretically using two types of diffusions such as grain
boundary and surface diffusion and comparing with analytical
formula. They noted that the numerical results of neck size
ratio and shrinkage ratio between powders have good
agreement with analytical formula. Parhami F., R.M.
McMeeking R.M.(1999)[3] simulated a model of the
densification between spherical powders during early stage of
sintering process via discrete element method using surface
and grain boundary diffusion to show the behaviour between
powders. Also they studied the effect of powder size, applied
force, and dihedral angle. They displayed that the results has
a good agreement with Coble's analytical [4]. Moreover, the
neck size ratio increased with increasing dihedral angle.

Martin C.L. et al (2003)[5] simulated sintering process
numerically using discrete element method to determine the
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behaviour of powders during process, and also they studied
the rearrangement of powders. They compared with
experimental results and concluded that the rearrangement of
powders effected on contact between powders. Peng Chen et
al(2008) [6] model the sintering process between powders
using discrete element method, also they studied the effect of
force and temperature of powders during sintering process.
They concluded that the numerical results had good
agreement with Exner (1979) [7] experimental results.
Nosewicz S. et al (2013) [8] simulated the solid state sintering
process for viscoelasticity model using discrete element
method for different types of material. They discovered that
the numerical results via viscoelasticity model matched with
experimental results.

Yan.Z et al (2014) [9] simulated the multilayer of
composite during co-sintering process using discrete element
method to investigate the influence of heat rate,
rearrangement, density and thickness. They concluded that
the electrode discontinuity decreases with increasing heat
rate, and the connectivity of the electrode enhanced via
rearrangement of powders. Martin et al (2015) [10] simulated
the bimodal powders using a discrete element method, and
also they studied the effect of the contact type of powders.
They concluded that the contact ratio depending on contact
types and size.

The mechanism of sintering process between powders
depends on the types of diffusions which controls atomic
transport between powders. The grain boundary and surface
diffusion represents basic mechanism to control atomic
transport between powders [1].

In this research, the simulation of sintering process
between copper powders are determined using two styles of
discrete element method, and comparing between two styles
to show the best style of behavior of powders during sintering
process. The numerical results for both DE methods were
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compared with experimental and analytical results to check
the numerical solution matches to real results.

2. Analytical formula for sintering process between
powders

The first model of sintering between particles of grain
boundary diffusion is proposed by Coble(1958)[4], after that,
the model was corrected by Coblenz et al[11]. The equation
(1) represents the correction model of grain boundary
sintering.

a 19 -2t 1/6
R - ( Tg ) M
and equation (2) represents T,
KTR*
Tg = 284Dgys (2)

3. Numerical models of sintering

There are different methods used to solve sintering between
particles i.e. Finite element method, finite difference method,
Monte Carlo method, Molecular dynamics method and
discrete element method. The numerical solution of sintering
is progressed with discrete element model which represents
group of spherical particles contacting and affect one to
another.

4. Discrete Element Method (DEM)

The Discrete Element Method (DEM) is a numerical
technique used to calculate the forces, displacements and
acceleration between particles in a shape containing a great
number of particles such as powder. There are two styles of
DEM to determine the sintering process between copper
powders.

5. First Method: Dynamics method

Discrete Element Method (DEM) is any group of
numerical techniques that used for calculating the motion of
a big number of particles for different scale sizes. DEM is
very nearly interconnected to molecular dynamics.
Nowadays, DEM is reaching widely agreed as an active
method to solve engineering problems in granular and
discontinuous materials, especially in granular, powder, and
rock mechanics. Although the method was initially used by
scientist’s researches in Mechanics of rock, but it has
effectively been applied to model micro structural evolution.
The movement of solid particles is defined by the Newton’s
second law of rigid body dynamics.

miA Fi (3)

where m; is the mass of particle; F; is the sum of all the
forces, and F; is represent two types of force which first
external load Fe, and second contact force with neighbouring

particles Fjc [15].

Fi = Fpe + XL, Fije )
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The model represents bond between two particles during
free sintering. The classical model was developed by [15, 16,
17] and was actually used in pervious applications of the
discrete element method. The normal force (F,,) between two
spherical particles for same radius (R) is given by the equation
(5) which equal two forces such as viscous resistance force
(Fy) and the sintering force (F).
F,=F +F ®)

The viscous resistance force (F.) is given by equation (6),
and the sintering force (F;) is given by equation (7)

4
Fr=30-Va ©)
L4 N 4
Fs = my;[4R(1 — cos ;) + asin ;] @)

Fig. 1 shows the effective geometry parameters in two
particles sintering model.
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Fig. 1. geometry parameters of two particles sintering [8]

The effective grain boundary diffusion coefficient of
vacancy movement between particles is given by equation (8)

0
D, = o 8y Dop €Xp (_ g_:) (®)
The growth of neck radius of overlap between particles is
controlled by coble’s model using equation (9).

©)

The condition of complete sintering process between
particles occurs when the neck radius (a) reaching maximum
value (am) which gives by equation (10).

R .
Ay = 5 sin y (10)
It can be used for different sizes by changing particle

radius (R) in all the equation with the effect particle radius
(Re) which is given by equation (11).

2RiR;j
e Ri+Rj

)

The viscous sintering model can be represented by
rheological outline shown in Fig. 2 [8].

6. Second method: Qusi-static model

The Qusi-static model focuses on bond between two
neighboring particles during free sintering. This model was
first used by Parhami F, R.M. McMeeking [14] to simulate
the sintering between particles. In this model, the center of
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particle is considered by a node, and any connection between
two neighbouring particles by a discrete element method [14].
Fig. 3 shows the two dimensional of two powders connected
together in a small position which known neck [13].
Bouvard and McMeeking (1996) proposed appropriate
formula for the axial velocity of the particle centre [2].

8D 2 . v
v, =a—2”[a+ysK(r) —%sm;] (12)
where:
D, = 228 (13)

N
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Fig. 2. rheological of viscous model [8]

Fig. 3. Qusi-static model of two powders [13].

The summation of the curvatures is shown in equation

(14)

1 1 . ¥

K(a) =—5+=-sin> (14)

Coble (1958)[4] has suggested that the model of the two
spherical particles bonding by neck part with radius of free
surface curvature S is constant.
1 ¥, 4R
;— [1—COS;]; (15)

Substitution of equations (15) and (14) into equation (12)
gives equation (16).

8Dp 8Dpys

Vo= a2 at

[4R(1 — cos %) +a sing] (16)

The rate of growth of neck radius is controlled by coble’s
model using equation (17).

RVp
a

= a7

The normal applied stress on the inside particle grain

boundary is given by equation (18).
Fn

na? ( 1 8)
The equilibrium condition of complete sintering process

between particles occurs when the neck radius (a) will reach

maximum value (am) which gives by equation (19).

_ Rsin¥
2

am

(19)
7. Parameters input and computer code
Input parameters of copper powder

Copper and Alumina have been selected in this report. Table
(1) shows the data of copper.

Table 1. Input parameters of copper used in numerical model [12, 18]

Parameter Value Parameter Value
Specific surface energy yS 1.72 J/m? Initial particle radius R 22.5%10-6m
Specific grain-boundary energy ygb 1 J/m? Atomic volume Q 1.18x10-29 m?

Grain-boundary thickness pre- 5.12 x 10-15m%/s
exponential grain-boundary diffusion
coefficient 3gb Dgbo

Gas constant Rr

8.3144621 J/(mol K)

146°
1027°C

Dihedral angle

Sintering temperature

Activation energy for grain 1.05%105 J/mol

1.3806503%10-
23m*kg/(s2K)

Boltzmann’s constant k

boundary diffusion Qgb

Computer Programming

This study used Fortran program code to describe the two
styles of the discrete element method (DEM) to solve
sintering between particles in solid state. The flowchart of
program of the dynamics style of DEM is shown in Fig. 4.
Fig. 5 shows the flowchart of program of another style of
DEM.
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8. Results and discussions

The general condition of sintering simulation in this study is
free sintering which means that the stress equal zero. Copper
powders were used in numerical simulation, and parameters
of these powders were used input in computer program. The
viscous model has been used, and this model contains overlap
between two sphere powders. Two styles of discrete element
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method have been used in the numerical simulation such as
dynamics and Qusi-static method. Neck size ratio plays an
important role in sintering process because we can know
sintering stages depends on this factor, and this factor equal
the neck radius to powder radius. Fig. 6 shows the neck size
ratio as a function of the sintering time for sintering between
two copper powders, and this result has been achieved using
the numerical model which represents qusi static method of
discrete element method. The neck ratio significantly
increases with increasing sintering time and reaches 0.4. After
that, the curve slightly increases to the end of the curve. The
figure also shows a very fast initial stage of sintering process
comparing to the final stage.

C sTART
- -
Input data of particles:

; density(raw).size(R).volume(V)._diffusion
coefficient J

[ = ]
I

| Calculate Total Force |
It

Calculate acceleration
from (mdv/dt=Ft)

Integrate the equation of motion
to calculate a new positions and
velocities of particles

LOOP

=quilibrium conditiofs
am=RsinDeh/2

/ Print time &
neck size
ratio

Fig. 4. flowchart of first style of DEM: Dynamics method

Shrinkage is define as the linear dimensional change
AL/Lo which means that the change in the initial length to the
final sintered length given as AL to original length Lo. Fig. 7
shows the shrinkage ratio as a function of the sintering time
for sintering process between two copper powders, and this
result was reached from numerical model which represented
by Qusi-static method of discrete element method. Over all,
the shrinkage ratio increases with increasing sintering time,
and it can be seen that the maximum shrinkage ratio is 0.425
with sintering time 430 hr.

The surface area reduction, is define as the reduction in
surface area AS/So which means that the change in the initial
surface area to the final sintered surface area given as AS to
original surface area So. Fig. 8 shows the surface area
reduction with time curve of sintering between two copper
particles, and this result was reached from numerical model
which represented by qusi-static method of discrete element
method.

Equation (20) was used in numerical model program to
determine the surface area reduction, and the Particle
coordination number NC is equal 2 which used as an input in
the computer program. It can be seen that the surface area
reduction increases with increased the neck size ratio.
Moreover, the surface area reduction slightly increase in the
initial sintering stage while sharply increase in the final
sintering stage.

162

d START D

— =

4 Input data of particles:-size(R).diffusion
coefficient

L

t=0 |
E

| Calculate axial velocity Vn |

Calculate rate of
growth of the neck

Integrate the equation of motion
o calculate a new positions and
wvelocities of particles

NO
d/q
\ﬁRSlnDeh/Z/

/

—
YES

Print time &
neck size

LOOP

ratio
— ™.,
{ END )
— —
Fig. 5. flowchart of second style of DEM: Qusi-static method
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Fig. 6. neck ratio and time of copper for DEM Qusi static method
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Fig. 7. the shrinkage ratio and time of copper particles for DEM- Qusi-
static method
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Fig. 8. the surface area reduction for copper powders

9. Effective parameter of sintering

Three general parameters have been used in numerical
simulation to show the effect of each parameter on sintering
process. The first parameter is dihedral angle which defines
as an angle of contacting between two powders (see figure 9).
Figure (10) shows comparison between three curves of
different dihedral angles, and the vertical axis represents the
neck size ratio and horizontal axis represents sintering time,
this study used three different dihedral angles i.e. 130, 146
and 160 As can be seen, the impact of the dihedral angle is
small effective on sintering process, when the dihedral angle
is changed.
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7gb

4 L)
cos| =— } = —
2 2ysy

Fig. 9. Dihedral angle and balance energy
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Fig. 10. comparison between three curves represents three different
dihedral angles

Another important parameter is the size of the powder
which uses in numerical program. Fig. 11 shows comparison
between four curves of different particle sizes of copper
particles, the vertical axis represents the neck size ratio and
the horizontal axis represents sintering time. Four different
particle sizes i.e. 9, 12, 18 and 22.5um were used in this
research to study the effect of particle size in sintering
process. The sintering time increases with increased particles
size but the sintering process is very fast when particle size is
smaller

Neck size ratio
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0.1

; L L

50 00 150
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—
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Fig. 11. comparison between four curves represents four different
particle sizes

Sintering temperature is a significant parameter in
sintering process. Fig. 12 illustrates comparison between
three curves of different sintering temperatures of two copper
particles. Three different sintering temperatures: 1100, 1200
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and 1300°C were used in this study to investigate about the
effect of sintering temperature on sintering process. The
sintering time increases with decreased sintering temperatures
which mean that the sintering process is very fast by
increasing the temperature.

10. Validation of Numerical Results

Coble (1958) [4] had constructed sintering model, and the
model was corrected by Coblenz et al (1980) [11]. The final
model became new formula in equation (3.7) which used in
comparison with numerical simulation. Fig. 13 shows
comparison between two different methods of discrete
element model and analytical solution by Coble (1958) [4].
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Neck size ratio
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Sintering time (hr)

T

Fig. 12. comparison between three curves represents three different
sintering temperatures

The analytical solution spends more time than numerical
model but it close to the two curves; in addition, the curve of
dynamics method is higher than two curves.
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Fig. 13. comparison between two different methods of DEM and
analytical solution by coble
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Fig. 14. comparison between numerical model and Exner’s experimental

Exner (1979) [7] has used copper particles to make
experimental sintering and to compute the relative density of
particles. He analysed and drew the curve between relative
density and time to show the behaviour of particles with time.
Fig. 14 & Fig. 15 Shows a comparison between numerical
model and experimental Exner’s result of relative density
with the time of sintering between two copper particles.
Equations (21) & (22) were used in numerical model program
to determine the relative density [8], and the initial relative
density is equal 0.64 which used as an input in the computer
code [12]. It can be seen from the two figures that the
numerical model curve is close to the experimental Exner’s
curve.

1
Pr=Poan (21
AL
e=% (22)

Fig. 15 shows the comparison between numerical model
and experimental Exner’s result (1979). Exner’s result is clear
available for the early stage of sintering but the numerical
results continue to the end of sintering process which is shown
in Fig. 14, and the numerical results agree well with the
experimental results.
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Fig. 15. comparison between numerical result of initial stage sintering
and Exner’s experimental [7]
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11. Conclusions

This research focuses on simulation of sintering between two
copper powders using two styles of discrete element method,
such as, dynamics method and Qusi-static method. Firstly, the
two styles of discrete element methods were compared using
contact ratio to find the easier method of DEM. Secondly,
Three parameters are used on simulation to study the effect of
these parameters on sintering process between copper
powders numerically.

My research clarified the following points:

1. In general, the contact ratio (neck radius to powder
radius) increased with increasing sintering time.
The period of time for initial stage of sintering
process is very fast comparing to the final and
intermediate stages.

2.

3. The Qusi-static method is easier than Dynamics
method for applying of computer program.

4. The numerical results show the good agreement
with analytical and experimental results.

5. The effect of the dihedral angle between powders is
insignificant comparing with anther parameters.

6. The sintering time increases with increasing particle
size whereas the sintering process becomes faster
when particle size is smaller.

7. The sintering time increases with decreasing a

sintering temperature which means that the sintering
process is very fast by increasing the sintering
temperature.

This is an Open Access article distributed under the terms of the Creative
Commons Attribution License
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