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Abstract Wire sawing is one of the most prominent tech-
nologies for producing solar wafers. In the following paper
a numerical model for the simulation of the wire sawing
process at microlevel using the discrete element method is
presented. The abrasive particles are represented by convex
polyhedra. Based on the contact forces on the ingot, local
material removal rates are calculated. These local material
removal rates are then used to update the shape of the ingot in
a stepwise simulation. Themodel allows for detailed analysis
of the influence of different parameters on the micromechan-
ical processes during wire sawing. In particular the influence
of wire speed, lapping pressure, particle concentration, par-
ticle size, particle shape and debris on the sawing process is
investigated. In a post-processing macroscopic process char-
acteristics like kerf width, depth of surface cracks or sawing
rate are calculated. Thus, the processes at the microlevel are
related to the macroscopic process characteristics, which are
of interest when applying wire sawing in practice.

Keywords Wire sawing · DEM simulation · Polyhedral
particles · Material removal

1 Introduction

Wire sawing is the usual process for sawing silicon ingots
into wafers, which are used to produce solar cells or micro
chips. Due to the high influence on the manufacturing costs
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of solar cells, the wire sawing process has been in the focus
of research for several years. Numerous experimental and
numerical investigations deal with the macroscopic aspects
of wire sawing. Nevertheless detailed understanding of the
processes at the micro level is still lacking. Ishikawa et al.
[1], Kaminski et al. [2] and Liedke [3] performed experi-
ments of sawing into glass in order to directly observe the
sawing channel. Liedke [4] performed 2DDEM simulations,
where the abrasive particles where represented by polygons.
The material removal was modeled for every contact. Never-
theless the limitation to 2 dimensions is a great disadvantage
of the model. 3D DEM simulations have been performed
by Wagner and Möller [5] and Bierwisch et al. [6]. In these
models the abrasive particles are represented by spheres or
clusters of spheres, thus the sharp edges of the real abra-
sive particles are not represented. First 3D DEM simulations
with polyhedral particles can be found in [7]. These polyhe-
dral particles provide a very good representation of the shape
of real abrasive particles, including the sharp edges. Never-
theless in all 3D DEM simulations no material removal was
considered. This is a great disadvantage as the result depends
on the choice of the ingot geometry.

In the present paper the wire sawing process is simu-
lated at microlevel by 3D DEM simulations with polyhedral
particles. The contact forces between ingot and abrasive par-
ticles are used to evaluate the material removal. In a stepwise
simulation the ingot geometry is updated considering the cal-
culated material removal. As the micromechanical processes
aremodeled in detail, the influence of different parameters on
the behaviour at micro level can be investigated. In extensive
simulations the influence of wire speed, lapping pressure,
particle concentration, particle size, particle shape and debris
is investigated. When applying wire sawing in practice, sev-
eral macroscopic process parameters are of interest. The kerf
width defines the amount of silicon which is lost during the
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process and has to be recovered in costly recycling processes.
Thus, a small kerf width is desirable. After sawing, surface
cracks remain in the wafer as sawing damage. The smaller
the depth of these cracks the higher the stability of the wafer
and the lower the work needed in further production steps.
Furthermore, the sawing rates are of special interest. Due to
the low sawing rates one cut takes several hours. Therefore,
improvements in the sawing rate can lead to high savings
in process time and thereby significantly reduce the pro-
duction costs. These macroscopic process parameters are
calculated from the simulation results in a post-processing
routine. Thus, the microscopic effects are related to the
macroscopic process. On the one hand the microscopic sim-
ulations can be verified by macroscopic experiments. On the
other hand, the simulations on the micro level can help to
explain macroscopic observations. Furthermore, the micro-
scopic simulations can disclose possibilities to improve the
macroscopic process. It is necessary to perform simulations
since direct observation of themicromechanical mechanisms
is rather difficult.

2 Numerical model

Thewire sawingprocess is simulated bymeans of 3Ddiscrete
element method employing polyhedral particles. For details
onDEMwith this specific particle shape the reader is referred
to [8] and [9]. The interaction between particles andfluid flow
of the slurry is reported in [7] and [10]. In the following,
only the most important facts are summarized: The influence
of the fluid having a viscosity η on the particle motion is
estimated by Stokes law. For this, a particle is approximated
by a sphere of radius R surrounding the particle completely.
Then, the force FS

i acting on the particle is given as

FS
i = 6πηR

(
vfi − vi

)
, (1)

where vfi is the fluid velocity at the particle position and vi
denotes the particle velocity. A laminar plane Couette flow
is assumed in the sawing channel between wire and ingot,
which is orientated parallel to the wire. The fluid velocity
takes the velocity vwi of the wire at its surface and decreases
to zero towards the ingot surface. Thus, the fluid velocity
is linearly interpolated across the channel width h in radial
direction to the wire. The corresponding shear rate is calcu-
lated by γ̇ = |vwi |/h. In addition, a torque MS

i is exerted on
the particle, which is obtained by

MS
i = 8πηR3(γ̇i − ωi ), (2)

where γ̇i is the shear rate vector of the fluid at the position
of the particle, and ωi is the angular velocity of the particle.

Fig. 1 Partitions of the ingot inwhich thematerial removal is evaluated

The feedback from the particle motion to the fluid flow is not
considered.

The wire is simulated by an assembly of brick-like parti-
cles glued together as shown in Fig. 1. The movement of the
wire in its axial direction is prescribed by the wire velocity,
which is held constant throughout the simulation. In vertical
direction, the wire is pressed against the ingot with a certain
pressure, called lapping pressure p. In the numerical model
the lapping pressure is directly applied by a defined constant
force on thewire. Thus, thewire is free tomove perpendicular
to its direction, depending on lapping pressure or interaction
with lapping particles. A damping force is applied, which is
proportional to the velocity.

The material removal during the sawing process is imple-
mented with a stepwise simulation. After simulating a
process time period of �T the DEM simulation is stopped.

The ingot is partitioned in the circumferential direction of
the wire, see Fig. 1. In these partitions the maximal normal
contact forces have to be determined. For every discrete ele-
ment in a partition the maximal normal contact forces have
to be found. The maximum normal force for an individual
contact is defined as the maximum normal force at a point,
where the critical force for material removal Fcrit = 3mN
is exceeded until the force falls below 1mN. This minimum
value of critical force required to breakmaterial outwas given
in Möller [11]. According to the same author [11] the vol-
ume removed by a single contact with the normal force F
is

V0(F) = πα
1
2 β	2

2 tan φH
1
2

F
4n+1
2 (3)

with the hardness H and the tip half-angle of the indenter
φ. α, β	 and n are constants, which depend on the shape of
the indenter and other factors. As in this work the aim is to
calculate an average material removal rate and the material
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removal of an individual contact is of minor importance, the
same average values for φ, α, β	 and n can be used for all
contacts. From all maximal normal contact forces Fi in a
partition the material removal rate r can be calculated by
averaging over the surface A of the partition and the simula-
tion time period �T .

r = 1

A�T

∑
i

V0(F
i ) (4)

In a next step a scaling factor s is calculated from themaximal
material removal rate rmax of all partitions in the current sim-
ulation step, the simulation time�T and a specifiedmaximal
material removal depth �u	 for one simulation step.

s = �u	

rmax�T
(5)

The material removal depth for one partition is defined as

�u = rs�T . (6)

Then the ingot geometry is updated by moving the discrete
elements radially outwards with the distance �u of the par-
tition. Elements in the circular part of the ingot have to be
widened at the same time, so that the ingot maintains a con-
tinuous body. The use of the scaling factor insures, that in all
simulation steps the maximal material removal is �u	. Due
to the short process time of one simulation step the statistical
spread of the calculated material removal rates is quite large.
The scaling factor insures, that simulation steps with very
large material removal in one partition do not lead to unreal-
istic large grooves in the ingot. On the other hand simulation
steps with very low material removal rates in all partitions
still have a visible contribution to the change of the ingot
geometry.

The simulations are run until a point is reached, where
the kerf width did not change significantly for 30 simu-
lation steps. This means, in the last 30 steps a stationary,
stabilized process is reached, which resembles the actual
sawing process. Therefore, only these last 30 steps of the
simulation are then evaluated in a post-processing, which
is described in the following. The average material removal
rates of the partitions in the last 30 simulation steps are calcu-
lated. To these local material removal rates a sinus function is
approximated with the method of least squares in the circular
part of the ingot (partition 9 to 33). If the material removal
along the kerf contour follows a sinus function the shape
of the kerf stays constant, which corresponds to a station-
ary sawing condition. The maximum of the sinus function
is considered as the material removal rate of the sawing
process. As the sawing is in a stationary state this mater-
ial removal rate or sawing rate is equivalent to the feed rate.
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Fig. 2 Current ingot geometry and cracks at the end of the simulation
for a wire speed of 5m/s and a lapping pressure of 0.1MPa. The maxi-
mal extensions in x-direction define the kerf width and the width of the
crack affected region for the whole process

Usually in wire sawing the feed rate is an input parameter
while the lapping pressure is a result of the feed rate and
other process parameters, but in the simulation the lapping
pressure is an input parameter and the feed rate or mater-
ial removal rate is a result of the lapping pressure and other
process parameters. This opposing approach does not affect
the results.

From the maximal normal contact force in a partition the
crack depth can be evaluated. Following Möller [11], the
depth lc of median cracks resulting from a force F is

lc =
(

βF

KIc

) 2
3

, (7)

using the parameter β = 1/7 and the fracture toughness
KIc = 0.75MPa

√
m for large grained polycrystalline sil-

icon. As at the end of the simulation a stationary process
stage is reached, the results can be used to estimate the
kerf width and the width of the crack affected region for
the whole process. As illustrated in Fig. 2, the kerf width
is obtained from the largest extensions of the ingot geom-
etry in x-direction, and in the same way the crack affected
region is obtained from the largest extensions of cracks in
x-direction.

The simulation region has a length of 1mm in wire direc-
tion with periodic boundaries. And the wire diameter is
140µm. The process time period in one simulation step is
�T = 25µs and the maximal material removal depth for
one simulation step is �u	 = 2µm. If nothing else is men-
tioned in the text the velocity of the wire is 5m/s and the
abrasive particles have a size distribution of F800 according
to norm DIN ISO 8486-2. The used material parameters for
ingot (Si), abrasive particles (SiC) and wire (steel) can be
found in Table 1. The parameters for the indentation fracture
model are given in Table 2.
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Table 1 Material parameters

Material Young’s modulus
E(GPa)

Poisson’s ratio ν Densityρ
(

g
cm3

)

Si 165 0.4 2.33

SiC 450 0.3 3.21

Steel 210 0.3 7.85

Table 2 Parameters for the calculation of material removal (α, β	, H
and n see [11])

α β	 µm/Nn Half-angle φ Hardness H(GPa) n

2.0 13.76 70◦ 10.9 0.85

3 Influence of particle concentration

Although the particle concentration in the slurry before enter-
ing the sawing channel is well known, it is hard to obtain
information about the particle concentration in the sawing
channel. There are several possibilities which could change
the particle concentration. At the point where the wire enters
the ingot particles might get wiped off. Also air could enter
the sawing channel and thereby change the particle con-
centration. In the sawing channel particles might leave the
process zone. Unfortunately as far as the authors know there
are no measurements of the particle concentration during
sawing so far. In general in these simulations 4800 abrasive
particles are placed in the process zone. The particle vol-
ume fraction in the initial state is 7.67%. This seems rather
low, but during the simulation the wire moves towards the
ingot. Thus, the volume between wire and ingot decreases
and the volume fraction of the abrasive particles increases.
In order to investigate the influence of this parameter addi-
tional simulations where performed with 7200 and 9600
abrasive particles. The volume fractions of the particles in
the initial state was 11.56 and 15.14%. Since the volume
fraction during the simulation is higher than in the initial
state and the real volume fraction is expected to be lower
than in the initial slurry these values are expected to be in
a realistic range. The results are presented in Figs. 3 and 4.
The results of all three simulations are in the same range.
No dependency of the results on the particle number can
be concluded. This can be explained by the observation,
that in general the largest particles induce material removal.
Thus, when increasing the overall particle number, the num-
ber of particles actually removing material stays constant.
This leads to the conclusion, that this unknown process
parameter has minor influence on the results and thus an
exact knowledge of the particle concentration is not essen-
tial. Even if there might be some error in the choice of the
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Fig. 3 Lapping pressure versus material removal rate/wire speed for
different particle concentrations
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Fig. 4 Kerf width and width of crack affected region versus lapping
pressure for different particle concentrations

particle concentration, the presented simulations are valu-
able.

4 Influence of wire speed and lapping pressure

In order to investigate the influence of wire speed and lap-
ping pressure on the wire sawing process, simulations were
performed with a wire speed of 5, 10, 15 and 20m/s and a
lapping pressure of 0.1, 0.3, 0.5 and 0.7MPa. Figure 5 shows
the geometrical configuration at the start and at the end of the
simulation for a wire speed of 5m/s and a lapping pressure
of 0.1MPa. Figure 6 shows the kerf width with respect to
the number of simulation steps for a wire speed of 5m/s. It
can be seen, that at the beginning of the simulation the kerf
width increases. After several simulation steps a stationary
state is reached, where the kerf width is almost constant. This
final kerf width is considered as the realistic kerf width for
the given conditions. As mentioned before, only this station-
ary state is evaluated in post-processing. In this figure it can
also be seen, that the kerf width decreases with increasing
lapping pressure. Figure 7 shows the material removal rate
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Fig. 5 Initial (left) und final (right) configuration for a wire speed of
5m/s and a lapping pressure of 0.1MPa
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Fig. 6 Kerf width with respect to the number of simulation steps for
a wire speed of 5m/s. The region used for post-processing is marked
with dots
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Fig. 7 Material removal rate of the partitions for a wire speed of 5m/s.
Solid lines show the results of the DEM simulation. Dashed lines show
an approximated sinus function

of the partitions for a wire speed of 5m/s and the approx-
imated sinus function. Although the material removal rates
show some numerical spread it can be seen, that the average
behaviour follows a sinus function.

Figure 8 shows the lapping pressure with respect to mate-
rial removal rate/wire speed. The DEM results are compared
to experimental results by Liedke [3]. Qualitatively the same
behaviour can be seen in the simulation and in the experi-
ment. The material removal rate increases with wire speed
and lapping pressure. This is in accordance with the law of
Preston [13]. The quantitative divergence between experi-
ment and simulation might be due to some unknown process
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Fig. 8 Lapping pressure versus material removal rate/wire speed for
different wire speeds
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Fig. 9 Normal contact forces for a wire speed of 5m/s and a lapping
pressure of 0.1MPa

parameters of the experiment like particle shape or particle
concentration in the sawing channel. The simulations also
provide the possibility to take a detailed look at the individ-
ual interaction forces between abrasive particles and ingot.
Figures 9 and 10 show the normal contact forces for a wire
speed of 5m/s and a lapping pressure of 0.1 and 0.7MPa. An
increase in lapping pressure leads to more frequent contacts
as well as higher contact forces. Figure 11 shows the kerf
width and the width of the crack affected region with respect
to the lapping pressure for different wire speeds. Except a
slight decrease in kerf width with increasing lapping pres-
sure no clear dependencies can be concluded.

5 Influence of particle size

An important parameter inwire sawing is the size of the abra-
sive particles. Simulations where performed with different
size distributions ranging from larger to smaller size F400,
F500, F600 and F800 according to norm DIN ISO 8486-2.
In order to make the results comparable, the particle concen-
tration has to be constant. Here the area fraction of particles
is better used than volume fraction, as the distance between
wire and ingot in the stationary state depends on the parti-
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Fig. 10 Normal contact forces for a wire speed of 5m/s and a lapping
pressure of 0.7MPa for particles with a size distribution of F800

0.1 0.2 0.3 0.4 0.5 0.6 0.7
lapping pressure [MPa]

170

175

180

185

190

195

200

ke
rf

w
id
th
,c

ra
ck

re
gi
on

[µ
m
]

kerf, v = 5m/s
crack, v = 5m/s
kerf, v = 10m/s
crack, v = 10m/s
kerf, v = 15m/s
crack, v = 15m/s
kerf, v = 20m/s
crack, v = 20m/s

Fig. 11 Kerf width and width of crack affected region versus lapping
pressure for different wire speeds

cle size and is unknown in advance. This is realized by the
relation

πd2s50n
P

4Aw = const., (8)

where ds50, nP and Aw are the mean particle size, the num-
ber of particles and the surface area of the wire, respectively.
Thus, for larger abrasive particles the particle number is
reduced. The results are presented in Figs. 12 and 13. It
is clearly visible, that larger particles lead to higher mate-
rial removal rates. This is in accordance with experimental
results by Skomedal et al. [14] and Retsch et al. [15]. As
expected, the kerf width increases with the particle size. Fur-
thermore, the difference between the width of the kerf and
the crack affected region increases with the particle size. This
means that deeper cracks will remain in the wafer after saw-
ing, when larger particles are used. In Fig. 14 the normal
contact forces for a wire speed of 5m/s and a lapping pres-
sure of 0.7MPa for particles with a size distribution of F400
are shown. Compared with the results for a finer particle dis-
tribution of F800 in Fig. 10 it can be seen, that simulations
with larger particles lead to less frequent contacts but higher
forces, which cause deeper cracks. This is in accordance with
experimental results by Bidiville et al. [16].
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Fig. 12 Lapping pressure versus material removal rate/wire speed for
different particle sizes
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Fig. 13 Kerf width and width of crack affected region versus lapping
pressure for different particle sizes
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Fig. 14 Normal contact forces for a wire speed of 5m/s and a lapping
pressure of 0.7MPa for particles with a size distribution of F400

6 Influence of particle shape

In general the particles in the simulation have a random shape
which is produced by startingwith a cube and adding random
cutting planes [9]. If starting with a prolate (2 × 1 × 1) or
oblate (2× 2× 1) cuboid and with little cutting depth of the
random cutting planes, particles are obtained, which are ran-
dom, but tend to have a prolate or oblate shape. Simulations
where performed with these three shapes (normal, prolate
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Fig. 15 Lapping pressure versus material removal rate/wire speed for
different particle shapes
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Fig. 16 Kerf width and width of crack affected region versus lapping
pressure for different particle shapes

Fig. 17 Alignment of prolate particles perpendicular to the wire axis

and oblate) and a mixture of the three particle shapes. The
results are shown in Figs. 15 and 16. It can clearly be seen,
that the particle shape has a strong influence on the sawing
process. The favourable particle shape is the prolate shape.
In this case the highest material removal rates are obtained,
while the width of the kerf and the crack affected region is
minimal. Figure 17 shows the wire and the prolate particles
at the end of the simulation. It can be seen, that during the
simulation the particles align themselves perpendicular to
the wire axis, so that an optimal rolling motion is obtained.

This rolling motion leads to more frequent contacts between
abrasive particles and ingot, which explains the highmaterial
removal rates. Furthermore, the alignment reduces the min-
imal distance between wire and ingot, thus producing the
small kerf width.

7 Influence of debris

During wire sawing the amount of silicon debris in the slurry
is increasing since silicon is removed. This changes the prop-
erties of the slurry during the sawing process. Bidiville et al.
[17] presented experiments investigating the influence of the
amount of debris in the slurry on the sawing process. They
noticed, that an increasing amount of debris leads to increas-
ing wafer roughness, lower fracture strength of the wafers
and the apparition of sawmarks. In order to better understand
the reason for this observations simulations were performed
without silicon debris and with additional silicon debris of a
volume equalling 5.67 and 11.37% of the volume of SiC. A
wire length of 500µm is simulated. The results are shown
in Figs. 18 and 19. It can be seen, that a higher amount of
debris leads to higher material removal rates. Also the width
of the crack affected region increases. In Figs. 20 and 21 the
normal contact forces for a wire speed of 5m/s and a lapping
pressure of 0.5MPa for a slurry with no debris and a slurry
with a debris volume equalling 11.37% of the volume of
SiC are shown. The results show, that the forces are higher
when a slurry containing debris is used. This explains the
higher material removal rates. This result also agrees with
the higher roughness and lower fracture toughness of the
wafer observed by Bidiville et al. [17] when using slurry
with a high amount of debris. The higher material removal
rates for slurries containing debris are similar to the exper-
imental results of Bhagavat et al. [18]. They added smaller
abrasive particles to the slurry and obtained higher mater-
ial removal rates, compared to slurry only containing large
abrasive particles.
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Fig. 18 Lapping pressure versus material removal rate/wire speed for
different amounts of debris
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Fig. 19 Kerf width and width of crack affected region versus lapping
pressure for different amounts of debris
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Fig. 20 Normal contact forces for a wire speed of 5m/s and a lapping
pressure of 0.5MPa for a slurry with no debris
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Fig. 21 Normal contact forces for a wire speed of 5m/s and a lapping
pressure of 0.5MPa for a slurry with a debris volume equalling 11.37%
of the volume of SiC

8 Conclusion

In the present paper, a new approach in modeling the wire
sawing process at micro level was presented. The abrasive
particles were simulated by convex polyhedra. These polyhe-
dra provide a good representation of the shape of real abrasive
particles. By means of extensive DEM simulations, the par-
ticle motion and the interaction forces between particles and
ingot are computed. The local material removal during the

sawing process was taken into account by a model based on
indentation cracking. The calculated local material removal
rates were used to update the shape of the ingot in a step-
wise simulation. From the results of the simulation at micro
level, the macroscopic process parameters kerf width, mate-
rial removal rate and the width of the crack affected region
were evaluated in a post-processing step. The model was
applied to study the influence of different aspects on the saw-
ing process. First of all, the material removal rate increases
with increasing lapping pressure and increasing wire speed.
Larger particles lead to higher material removal rates but at
the cost of larger kerf width and larger crack affected region
due to higher forces. The particle shape has a significant
influence on the sawing process. Prolate particles are found
to have the best characteristics as they lead to a high mate-
rial removal rate, small kerf width and small crack affected
region at the same time. When debris is present in the slurry
higher forces occur, which explains the higher roughness
and lower fracture toughness in the experiments of Bidiville
et al. [17].
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