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Abstract

The quality and efficiency of slicing will be reduced if the abrasives on the surface of a diamond wire saw shed in sawing.
Generally, the diamond abrasives are held on the surface of an electroplated diamond wire saw by a nickel-plated layer. The
abrasive retention state, reflecting abrasive shedding, can be characterized by the plastic deformation of the plating layer at the
interface between the nickel-plated layer and the abrasive. To gain an in-depth understanding of the abrasive shedding mecha-
nism, a finite element model that the double-cone diamond abrasive is embedded in a nickel-plated layer was established based
on the mechanical properties test of the nickel-plated layer in this paper to research the effects of the residual stress and hardness
of the nickel-plated layer as well as the protrusion height of the diamond abrasive on the abrasive retention capacity. The results
show that the residual stress on the surface layer of the nickel-plated layer was compressive stress. The abrasive retention capacity
was increased with the increase of the hardness or the decrease of the residual compressive stress of the nickel-plated layer. For
the same diamond abrasive, it was decreased with the increase of the protrusion height of the abrasive. Based on the results of the
finite element analysis, a calculation procedure of abrasive shedding rate was presented. Subsequently, the slicing experiment of a
single crystal silicon rod was carried out by the Meyer Burger RTD6800 multi-wire sawing machine and the electroplated
diamond wire saw with a core wire diameter of 65um. The abrasive shedding rate of the diamond wire saw caused by sawing
was analyzed theoretically and experimentally. The research work is of great significance to improve the quality detection and
evaluation of an electroplated diamond wire saw.
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1 Introduction

An electroplated diamond wire saw is widely employed for
the sawing of brittle materials due to its high sawing efficien-
cy, low environmental pollution, and low production and
manufacture costs [1-3]. With the development of photovol-
taic silicon slicing technology, there are higher and higher
requirements for the performance of a diamond wire saw
[4]. Generally, in the production process of the electroplated
diamond wire saw, the diamond abrasives are deposited on the
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surface of metal wire by composite electroplating [5], and then
attached by a nickel-plated layer. Therefore, the mechanical
properties of the nickel-plated layer have a significant effect
on the abrasive retention capacity on the surface of the dia-
mond wire saw which is the ability of the nickel-plated layer
to bond the diamond abrasive and prevent it from shedding. In
the sawing process of crystal material with the diamond wire
saw, the removal of the workpiece material is achieved by the
scratching of the diamond abrasive. The abrasive shedding
caused by sawing force will reduce the quality and efficiency
of slicing, and even lead to the wear failure of the diamond
wire saw. Therefore, the abrasive retention capacity on the
surface of the electroplated diamond wire saw is a key factor
that affects its working performance.

Generally, the abrasive retention capacity of nickel mainly
depends on the chemical and mechanical action of the inter-
face between them. The former makes the diamond abrasive
adhered by the chemical bond formed between diamond abra-
sive and nickel [6, 7], while the latter prevents the diamond
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abrasive from shedding by the mechanical occlusion [8]. For
the electroplated diamond wire saw shown in Fig. 1, the at-
tachment of the diamond abrasives mainly depends on the
occlusion effect of the nickel-plated layer. Therefore, the me-
chanical binding force plays a more important role for the
nickel-plated layer to hold the diamond abrasives, which is
the focus of this paper.

The quantitative characterization methods of the abrasive
retention capacity mainly include analysis on bending strength
and calculation by elasticity equation [9]. However, in order to
improve the sawing ability of a diamond wire saw, only the
characterization of the abrasive retention capacity cannot meet
the needs of engineering, so it is necessary to study the mech-
anism of diamond abrasive shedding. Webb [10] proposed the
diamond abrasive retention R, which reflects the relationship
between the forces of diamond abrasives participating in saw-
ing. The research shows that only when the R value is greater
than 1, the diamond abrasive can be well held on the metal
substrate. Xu et al. [11] believed that the abrasive shedding
was caused by the interface debonding between the diamond
abrasive and the metal-plated layer. When the interface sepa-
ration gap reaches a certain degree, the abrasive will shed.
Besides that, it has been observed that the shapes and orienta-
tions of diamond abrasives and the interfacial properties have
a significant influence on the abrasive retention capacity.
Romanski [8] reported that the abrasive shedding was caused
by the deformation of the metal-plated layer embedded with
the diamond abrasive. As shown in Fig. 2, one side of the
plating layer embedded with the diamond abrasive will be
squeezed by the loaded abrasive. And when the deformation
of'the plating layer reaches a certain value, there will be a large
gap between the plating layer and the diamond abrasive,
which makes the abrasive shed. According to Romanski’s
research, Konstanty et al. [12] analyzed the influence of the
different loading methods for diamond abrasive and the types
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Fig. 1 Morphology of electroplated diamond wire saw
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Fig. 2 Schematic diagram of diamond abrasive shedding

of the plating layer materials on the diamond abrasive shed-
ding and considered that if the deformation of the plating layer
reaches 4-8%, the diamond abrasive will be in the critical
shedding state.

Up to now, the previous research works mainly focus on
the evaluation of the abrasive retention capacity, but the study
on the influences of the properties of the plating layer material
embedded with the diamond abrasive on the abrasive retention
capacity is relatively insufficient. In this paper, a finite ele-
ment model was established to study the influences of the
residual compressive stress and hardness of the nickel-plated
layer as well as the abrasive protrusion height on the abrasive
retention capacity of the electroplated diamond wire saw.
Based on these, a simulation procedure was presented to cal-
culate the theoretical abrasive shedding rate of the diamond
wire saw after use. The reliability of the analysis method was
verified by the single crystal silicon sawing experiment. This
research will provide some guidance for the manufacture of an
electroplated diamond wire saw.

2 Mechanical properties test of nickel-plated
layer

2.1 Sample preparation

The abrasive retention capacity of an electroplated diamond
wire saw is significantly related to the mechanical properties
of the nickel-plated layer on its surface, including residual
stress and hardness. Since the electroplated diamond wire
saw is ultra-fine, it is difficult to directly measure the mechan-
ical properties of the nickel-plated layer. Additionally, the
mechanical properties are associated with the internal grain
size of the nickel-plated layer which is mainly affected by
the material properties and surface state of the substrate at
the beginning of the formation of the nickel-plated layer rather
than its shape and structure. Therefore, a T9A steel plate with
similar chemical composition and mechanical properties to
the core wire of an electroplated diamond wire saw is selected
as the substrate to prepare the nickel-plated layer sample with-
out diamond abrasive. The electroplated specimen with
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dimensions of 100x40x6mm is obtained. The structure of
electroplating experiment equipment is shown in Fig. 3.

In order to make the mechanical properties of the nickel-
plated layer of the specimen consistent with those on the sur-
face of the actual electroplated diamond wire saw, the process
of electroplating is set as follows: removing oil by alkali wash-
ing, activating by acid washing, plating A layer, plating B
layer, and plating C layer. The nickel-plated layers A, B, and
C correspond to pre-plating, sanding, and thickening in the
production process of an electroplated diamond wire saw,
respectively. According to the actual production process pa-
rameters of the electroplated diamond wire saw with a core
wire diameter of 65um in industry, including constant tem-
perature and PH value as well as cathode current density, the
main parameters of electroplating experimental are set as
shown in Table 1. In the experiment, the constant temperature
of electroplating solution is controlled at 50°C, and the nickel-
plated layers A, B, and C with the thickness of 0.1pm, 1.5pum,
and 1.6um respectively are obtained.

2.2 Measurement of residual stress in nickel-plated
layer

The residual stress in the nickel-plated layer is measured by
the X 'Pert Pro MPD instrument in Holland. Because the re-
sidual stress in the material is associated with the change of
crystal plane spacing, the lattice strain caused by the stress is
consistent with the macroscopic strain calculated according to
the elastic theory under a certain stress state [13]

1 .
Epw = 5S121k10¢S1n2Q + Zo.l_jsl]zkl (1)

where 1/ 2S§kl and S,"¥ are X-ray elastic constants, (¢, 1)) is
the azimuth of the measuring direction in the sample coordi-
nate system, o, and €, are the lattice stress and strain in the
measuring direction, respectively, and o;; is the component
related to stress. In the measurement process, the lattice strain
is expressed by the slip distance of the crystal plane Dpacing.
When Dspacmg~sin2w is linear, the stress value can be obtained
by the slope of the straight line, and a positive slope indicates
compressive stress whereas a negative slope indicates tensile
stress. In this paper, the relationship between Dgpqcing and

sin®tp of the sample is shown in Fig. 4. The measured results
are fitted by the linear fitting method, and it is obtained that the
residual compressive stress is 601.6MPa.

2.3 Measurement of hardness of nickel-plated layer

The hardness and elastic modulus of the nickel-plated layer
are measured by Fischer’s HM200S nano hardness tester. The
standard pyramid Vickers indenter is used for measurement in
which the maximum load is set at SmN and the loading time is
5s. The load-displacement curve is shown in Fig. 5.
Subsequently, 4 points are measured on each specimen, and
the mean value is taken as the effective hardness value of the
nickel-plated layer. It is obtained that the surface elastic mod-
ulus and Vickers hardness are 166.6GPa and 3483MPa, re-
spectively. According to Tabor’s research results [14], the
relationship between Vickers hardness and yield stress can
be expressed as

HY =290, (2)

where HV is Vickers hardness and oy is yield stress.
According to Eq. (2), the yield stress of the nickel-plated layer
is 1201MPa.

3 Finite element model

3.1 Model of diamond abrasive and nickel-plated
layer

Although the primary diamond crystal is the octahedron, the
abrasives adhered on the surface of an electroplated diamond
wire saw are the crushed diamond crystal, most of which are
pyramidal in shape. And it is found that most of the cutting
edge shapes of abrasives with sawing effect are triangular
pyramid by scanning the three-dimensional shapes of dia-
mond abrasives on the surface of the diamond wire saw with
a laser microscope. The measurement results of the abrasive
geometry give the average angles of oy = 66° for the face
angle, o, = 76° for the ridge angle, and o, = 112° for the
wedge angle [15]. To simplify the calculation of the sawing
force of the diamond abrasive cutting edge, the diamond
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Fig. 3 Structure of electroplating experiment equipment
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Table 1 Main process parameters of electroplating experiment

Process PH value Cathode current density (A/dm?) Electroplating time (s)
A 3.8 7.9 4

B 4.8 27.3 18

C 3.8 27.3 18

abrasive tip can be regarded as an equivalent conical tip with
the average half-included angle v, = 76.903° [16]. On the
other hand, due to the strong randomness of the shape of the
abrasive, only a similar geometric body can be used for
modeling in the theoretical analysis process. Therefore, con-
sidering the overall shape of the abrasive and the simplifica-
tion of the model, the abrasive is assumed to be the double-
cone as shown in Fig. 6, so that its overall structure and ex-
trusion effect on the nickel-plated layer are similar to most of
the actual abrasives. According to the above, the double-cone
diamond abrasive model with a diameter of 10um and an
average half-included angle of 76.903° is established in this
paper and the abrasive protrusion height accounts for about 1/
3 of its diameter. The size of the nickel-plated layer embedded
with the diamond abrasive is much larger than the diameter of
the abrasive, and its material properties are consistent with the
results measured in the previous section, as shown in Table 2.

In the finite element model, the contact type between the
diamond abrasive and the nickel-plated layer is set as friction
contact, and the friction coefficient is 0.1 [8]. Considering the
difference of material properties between diamond and nickel
and the judgment basis of the abrasive shedding which is the
deformation of the nickel-plated layer, the diamond abrasive is
set as a rigid body in this analysis and the C3D4 linear tetra-
hedral element is used to mesh the model. Additionally, the
mesh refinement of the nickel-plated layer around the dia-
mond abrasive is carried out to reflect the variation of stress
gradient in the finite element model, which can ensure the
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Fig. 4 X-ray test result of residual stress in nickel-plated layer
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accuracy of finite element analysis. Based on the grid inde-
pendence analysis, the finite element model of the diamond
abrasive and the nickel-plated layer established in this paper is
shown in Fig. 6, and the specific parameters are shown in
Table 2.

3.2 Setting of residual stress in finite element model

The diamond abrasive is embedded and coated on the surface
of the electroplated diamond wire saw by the nickel-plated
layer. The electroplating process of a diamond wire saw, as
described in Section 2.1, mainly includes pre-plating, sanding,
and thickening. Due to the difference in the lattice constant
and thermal expansion coefficient of the plating layer and the
substrate, as well as the influence of the surface state of the
substrate on the crystallization of the plating layer, the residual
stress will be generated in the nickel-plated layer. According
to the measurement results in Section 2.2, the residual stress in
the nickel-plated layer formed by the composite electroplating
process is compressive stress. Generally, the residual com-
pressive stress will be decreased with the increase of thickness
of the nickel-plated layer [17]. So the residual compressive
stress in the nickel-plated layer can be applied to the analysis
model via the equivalent cooling method, which is achieved

Load F/ mN

0.05 0.10 0.15 0.20

Displacement % / pm

0
0.00 0.25

Fig. 5 Load-displacement diagram of indentation test of nickel-plated
layer
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Table 2  Parameters of finite element model
Parameters Value
T u sing
Diamond abrasive Nickel-plated layer Fy= hiH i -tan? (A 5 *,uCOS?ﬂaJ?) — ¢

Young’s modulus (GPa) — 166.6
Poisson’s ratio — 0.3
Yield strength (MPa) — 1201
Number of nodes 36586 152925

by pre-stress cooling of the finite element model without stress
[12]. However, due to the complex geometry of diamond
abrasive, the stress distribution in the finite element model is
also too complex to be accurately added. Therefore, in this
paper, the average stress oayg in a certain area Sg on the
surface of nickel-plated layer model without diamond abra-
sive is taken as the value of the surface residual compressive
stress in the finite element model, as shown in Fig. 7(a) and
(b). And then the residual compressive stress is applied to the
finite element model with the abrasive via the equivalent
cooling method with the same temperature difference value,
as shown in Fig. 7(c). The stress field shown in Fig. 7 indicates
that the residual compressive stress is decreased with the in-
crease of thickness of the nickel-plated layer, and the value is
higher at the geometric edge of the diamond abrasive, which is
consistent with the results of relevant studies [12, 17].

3.3 Sawing force of single diamond abrasive

In the process of diamond wire saw slicing, the sawing force
Fof the diamond abrasive cutting edge is associated with the
structure of cutting edge, workpiece material, and cutting
depth, and it can be decomposed into normal force F,, and
tangential force F; calculated by Eq. (3) [18]. According to
the relationship between £, and F, the direction of the sawing
force F¢loaded to the abrasive in the finite element model can
be obtained.

.2
1=sin”¢cos?e,

ththl-tanwa(H K ﬁ\/l—sinzqﬁcoszwadab)
cosy,
(3)

where 1/, is the half-included angle of diamond abrasive, H; is
the hardness of workpiece material, %, is the cutting depth of
single abrasive, and (s is the friction coefficient between the
diamond abrasive and the workpiece. If the sawing force load-
ed to the abrasive is large enough so that the deformation of
the nickel-plated layer reaches a critical value, there will be an
obvious gap between the nickel-plated layer and the diamond
abrasive, which will make the abrasive shed, as shown in Fig.
8.

4 Results and discussions of finite element
analysis

In the finite element analysis model, the stress and deforma-
tion in the nickel-plated layer are generated via applying the
load corresponding to the sawing force to the diamond abra-
sive, as shown in Fig. 9. When the plastic strain of the nickel-
plated layer embedded with the diamond abrasive reaches 4—
8%, there will be an obvious gap between the abrasive and the
nickel-plated layer. In this case, it can be considered that the
retention effect of the nickel-plated layer has failed, and the
diamond abrasive is in the critical shedding state [12].
Therefore, it is regarded as the judgment condition of abrasive
shedding that the plastic strain of the nickel-plated layer is
more than 8% in this paper. At this time, the sawing force
applied on the abrasive is defined as the critical load of abra-
sive shedding Ff.« which is the maximum holding force of
the nickel-plated layer to reflect the abrasive retention capac-
ity. As shown in Fig. 9, the maximum plastic strain caused by
the sawing force is found at the geometric edge of the extruded

Fig. 6 Finite element model of A
double-cone diamond abrasive
embedded in nickel-plated layer

10pm

Nickel-plated layer
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Fig. 7 Residual stress field in nickel-plated layer. a Schematic diagram. b Without diamond abrasive. ¢ With diamond abrasive

side of the nickel-plated layer, which is consistent with the
research conclusion of Konstanty J [12].

4.1 Influence of residual stress in nickel-plated layer
on abrasive retention capacity

It is assumed that the stress in the nickel-plated layer changes
linearly with temperature [19]. According to the principle of
the equivalent cooling method, the residual compressive stress
oavg in the nickel-plated layer is modified via the adjustment
of temperature difference of cooling. Then, the residual com-
pressive stress field is applied to the finite element model of
the nickel-plated layer according to this method proposed in
Section 3.2. The sawing force is added to the diamond abra-
sive in the nickel-plated layer with a certain stress field. When
the plastic strain of the nickel-plated layer reaches 8%, this
sawing force is considered as the critical load of abrasive
shedding. The influence of the residual compressive stress in
the nickel-plated layer on the abrasive retention capacity is
shown in Fig. 10. With the increase of the residual compres-
sive stress in the nickel-plated layer, the critical load of dia-
mond abrasive shedding is decreased, which will reduce the
abrasive retention capacity of the nickel-plated layer so that
the abrasive is easier to shed. This is because the nickel-plated
layer is squeezed by the diamond abrasive loaded with sawing
force to produce compressive stress. The superposition of the
compressive stress produced by the external force and the

Fig. 8 Sawing force of diamond
abrasive
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residual compressive stress generated in the electroplating
process causes the plastic strain on the extruded side of the
nickel-plated layer. Meanwhile, there is a certain gap on the
other side. Therefore, the greater the residual compressive
stress in the nickel-plated layer, the smaller the external force
required to make the plastic strain of the material on the ex-
truded side of the nickel-plated layer reach 8%, that is, the
lower the abrasive retention capacity. So the existence of re-
sidual compressive stress in the nickel-plated layer is not con-
ducive to the abrasive retention capacity [20].

4.2 Influence of hardness of nickel-plated layer on
abrasive retention capacity

The hardness of the nickel-plated layer is an important param-
eter to reflect its mechanical properties. However, hardness
cannot be directly set as a material parameter in ABAQUS.
Therefore, the Vickers hardness is transformed into the yield
stress of the material by Eq. (2) to accomplish the modification
of the hardness of the nickel-plated layer material in the sim-
ulation, so as to obtain the critical loads of diamond abrasive
shedding in the nickel-plated layer with different hardness
values, as shown in Fig. 11. The higher the hardness of the
nickel-plated layer, the greater the load needed to produce the
same degree of plastic deformation, which will make the re-
tention effect of the nickel-plated layer stronger so that it is
more difficult for the abrasive to shed from the surface of the
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Fig. 9 Critical shedding state of
diamond abrasive

nickel-plated layer. The data analysis shows that when the
hardness of the nickel-plated layer is increased by about
108%, the abrasive retention capacity of the nickel-plated lay-
er is enhanced by about 23%. On the other hand, from the
overall change trend of the curve, the 3rd point of the 5 data
points in Fig. 11 is different from the other 4 points. This is
because that the 8% plastic strain of the nickel-plated layer
caused by the critical load of abrasive shedding is far greater
than the yield limit of the material, which makes the bottom of
the loaded abrasive produce a displacement opposite to the
load direction. When the hardness of the nickel-plated layer
is at a high level (the 4th and 5th data points), the contact area
between the abrasive and the nickel-plated layer is smaller
than that at a low level (the 1st and 2nd data points). Due to
the change of contact area, the 4th and 5th data points are
below the linear fitting line of the 1st and 2nd data points.
Therefore, there is a transition region where the hardness of
the nickel-plated layer is at a middle level (the region where
the 3rd data point is located), and the trend of curve change is
relatively smooth in this region.

270 T T T T T T

250 '\ .
HV =3480MPa "
24.5 L h,=3.3pum i
dol —
400 500 600 700 800 900 1000 1100
Osvg/ MPa

Fig. 10 Influence of residual compressive stress in nickel-plated layer on
abrasive retention capacity

4.3 Influence of abrasive protrusion height on
abrasive retention capacity

The protrusion height of the diamond abrasive is one of the
important parameters that affect the sawing efficiency of the
diamond wire saw. Generally, the reasonable protrusion
height should be 1/3—1/2 of the diameter of diamond abrasive
[21]. In addition, the abrasive protrusion height has a non-
negligible influence on the abrasive retention capacity of an
electroplated diamond wire saw. In this paper, the protrusion
height values are divided into five cases, as shown in Fig. 12.
The dotted line in the figure represents the upper surface of the
nickel-plated layer embedded with the diamond abrasive. In
the finite element analysis, the dotted line 1 (%, = 3.3um) is
taken as the initial abrasive protrusion height, and the thick-
ness of the nickel-plated layer is gradually reduced at the
interval of 0.5um on the premise that the material properties
and residual compressive stress of the nickel-plated layer are
constant.

The influence of the abrasive protrusion height on the crit-
ical load of abrasive shedding is shown in Fig. 13. With the

33 T T T T T T
31 F /l :
z 29+ . ]
g
27 .
./I
5r Opvg = 601.6MPa
. hy=3.3um

23 1 1 1 1 1 1
2500 3000 3500 4000 4500 5000 5500 6000
HV'/ MPa

Fig. 11 Influence of hardness of nickel-plated layer on abrasive retention
capacity
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Dotted line 1

'

Dotted line_S

Fig. 12 Schematic diagram of protrusion height of diamond abrasive

increase of the protrusion height, the critical load of abrasive
shedding is decreased, which indicates that the abrasive reten-
tion capacity of the nickel-plated layer is weakened. The data
analysis shows that the abrasive retention capacity of the
nickel-plated layer is decreased by about 31% when the pro-
trusion height of double-cone diamond abrasive is increased
by about 61%.

5 Abrasive shedding rate in sawing
5.1 Simulation procedure of abrasive shedding rate

The abrasive shedding on the surface of an electroplated dia-
mond wire saw is associated with the sawing force. In order to
predict the abrasive shedding rate which can directly reflect
the abrasive retention capacity of the diamond wire saw in
sawing, it is necessary to establish the abrasives distribution
model to determine the position of the randomly distributed
abrasives, so as to calculate the cutting depth of each abrasive
and then obtain the abrasive sawing force [21, 22]. As shown
in Fig. 14, the wire saw surface is meshed into mxn grids,
where m and n are the number of grids along the circumfer-
ential direction and the axial direction respectively. The unit
length of the two directions is the same to ensure that the

28 — T

24

o I j

Fiax / MmN

20F 04y =601.6MPa ]
HV =3480MPa

18 1 1 1 1 1 1 1 1
3.0 3.5 4.0 4.5 5.0 55

hy/ pm

Fig. 13 Influence of abrasive protrusion height on abrasive retention
capacity
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i=1,2,...m (Circumferential direction)

Fig. 14 Mesh model of the surface of electroplated diamond wire saw

possibility of the existence of diamond abrasive in each grid
is equal, which can be expressed as
nd 1
e 4
pral (4)
where d is the outer diameter of the diamond wire saw and / is
the contact length between the saw wire and the workpiece in
sawing.

The total number of abrasives in the contact length between
the saw wire and the workpiece with an abrasive density of n
is

N = 7ndl (5)

The meshed wire can be seen as a two-dimensional zero
matrix M with m rows and n columns. N non-zero numbers are
randomly inserted into the matrix without repetition, and the
row number i and column number j of non-zero element M;; in
the matrix are recorded. In the following process of defining
the abrasive properties, the ith row and jth column with the
non-zero numbers are calculated successively until the defini-
tion of N abrasives is completed. The position angle of

Sliced surface

Nickel-plated layer Abrasive

Fig. 15 Cutting depth of arbitrary abrasive on wire cross-section
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Fig. 16 Simulation procedure of
abrasive shedding rate

Input parameters:
wire saw parameters,
workpiece parameters, ¢ <

process parameters

Calculate the resultant

force Fy; of abrasive

Generate the random position and ¢
proprusion height 4, of abrasives

Sum = Sum+1

Calculate the critical
loads Fiiax; by FEM

>y

Calculate the cutting depth Yes
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Sum_Shed = Sum_Shed+1

L=L+AL

Calculate the normal force F),; and
tangential force Fy; of abrasives

njj

abrasive is
0y =2m(i—1/2)/m (6)

The cutting depth model of arbitrary abrasive on the wire
cross-section is shown in Fig. 15. In order to simplify the
calculation program, the change of abrasive size is ignored
in this paper. The abrasive protrusion height defined as a ran-
dom one of the five height values in Section 4.3 can be
expressed as

hyj = round [ (ny=1)rand(1)] Ahy + hyy (7)
where n,, is the selected number of the abrasive protrusion
Fig. 17 Schematic diagram of

single crystal silicon rod sawing
with diamond wire saw

orce balance:
F,;sing; =2Tsin6y ?

Yes

Output parameters:
abrasive shedding rate
(Sum_Shed/N)

Guide spool

height values, n, = 5; Ah,, is the interval of the abrasive pro-
trusion height values, Ak, = 0.5um; and £, is the initial
abrasive protrusion height, which is 1/3 of the diameter of
diamond abrasive, /,; = 3.3um.

Therefore, the cutting depth of diamond abrasive can be
obtained as

haij = LSiIleij_ (hpmaxj_hpij) (8)

where L is the displacement of downward movement of the
wire cross-section in the simulation and /tpy,y; 18 the maxi-
mum abrasive protrusion height in the jth section. If 6,€[,
2m] or hyy; <0, By = 0.

Single crystal silicon rod

T
Diamond wire saw
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Table 3 Process parameters

Parameters Value

Wire speed (m/min) 27.3

Feed speed (mm/min) 9

Tension force (N) 10

Substituting Eq. (8) into Eq. (3), the sawing force of the
abrasive can be calculated by

Frj=\/F;

i

+ Fy 9)

The simulation procedure for predicting the abrasive shed-
ding rate shown in Fig. 16 mainly includes three steps: (1) The
position and protrusion height of the abrasive are generated by
the input parameters including the geometric and mechanical
properties of the saw wire and the workpiece as well as the
sawing parameters. Meanwhile, the critical load Fpyayx; of
abrasive shedding with the different protrusion height of the
abrasive embedded in the nickel-plated layer with a certain
residual compressive stress and hardness is calculated on the
basis of the finite element analysis method in Section 3; (2) the
normal force and tangential force of each abrasive are solved
according to the displacement L. In the slicing process, it is
necessary to meet the requirement that the sum of the sawing
forces in the feed direction of the abrasives is equal to the
normal sawing force caused by the bending of the saw wire

Fig. 18 Structure of the Meyer Burger RTD6800 multi-wire sawing
machine

@ Springer

Fig. 19 Sawing process

at all times. In this paper, the abrasive shedding state is judged
by the sawing force of the abrasive at the maximum bow angle
0y, in sawing. Therefore, the simulation procedure is carried
out with the increase of displacement L until the sum of the
normal forces on the abrasives in the feed direction ) F,;sinf;;
is balanced with the component of the tension force in this
feed direction 275inf,. Based on these, the sawing force F; of
each abrasive is obtained; (3) taking the critical load of abra-
sive shedding as the limiting condition, it is considered that
this abrasive will shed as long as the sawing force Fy; is great-
er than the critical load Flyay;;. Then, the number Sum_Shed of
abrasives that have shed can be obtained by the above judg-
ment method to calculate the abrasive shedding rate. Due to
the random distribution of the position and protrusion height
of the abrasive, there will be a certain calculation deviation in
the simulation procedure. Therefore, it is necessary to simulate
the same set of parameters many times, and take the average
value of the output results as the valid abrasive shedding rate.
Furthermore, taking into account the small deflection of the
wire in the contact region [23], it is assumed that this part of
the diamond saw wire in contact with the workpiece in sawing

HMUD11.8x800

Fig. 20 Morphology of electroplated diamond wire saw after experiment

100 pm
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Fig. 21 Analysis test of abrasive
number on the surface of

electroplated diamond wire saw Camera lens

Fixture

will not be bent and deform as a straight line / in the paper, as
shown in Fig. 17.

5.2 Sawing experiment

In this paper, the Meyer Burger RTD6800 multi-wire sawing
machine is used for this sawing experiment, as shown in Fig.
18. The core wire diameter of the electroplated diamond wire
saw is 65um, and the diameter of the single crystal silicon rod
is 60mm. It is generally considered that the wire saw bow
should not exceed 10mm in slicing [24, 25]. Therefore, it
can be obtained that the bow angle should not exceed 4°
during sawing according to the structure of the Meyer
Burger RTD6800. However, to improve the experiment effi-
ciency, the feed speed is increased within a certain range, and
the process parameters are shown in Table 3. After a period of
sawing, the bow angle of the wire saw reaches 7.3°, as shown
in Fig. 19, and exposes a trend of sustained growth, which can
be considered that sawing performance of the wire saw has
declined significantly. The contact length between the wire
and the workpiece is about 40mm in this case. At the same
time, it can be seen that the surface of the wire saw after

Table 4 Input parameters in simulation

Parameters Value
Wire outer diameter d (pum) 90
Density n (abrasives/mm?) 300
Half taper angle of abrasive 1, (°) 76.903
Abrasive diameter d, (Lm) 10
Hardness of nickel-plated layer HV (MPa) 3483

Residual compressive stress of nickel-plated layer ooyg (MPa) 601.6

Hardness of silicon H; (GPa) 10
Friction coefficient between abrasive and workpiece 1 0.2
Length of contact between wire and workpiece / (pm) 40x10°
Tension force 7' (N) 10
Wire bow angle 6, (°) 7.3

Electroplated diamond wire saw

sawing has been visibly worn via the observation of the scan-
ning electron microscope, as shown in Fig. 20.

A KBXIJ-I wire saw topography analyzer is used to analyze
the abrasive shedding on the surface of the electroplated diamond
wire saw before and after the experiment, as shown in Fig. 21.
This device is based on the image detection method to measure
the number and protrusion height values of abrasives. There are
10 analysis regions in this measurement, and the total length of
measurement is 15mm. For this detection equipment, the cutting
edge rate is calculated by the number of the abrasives whose
cutting edge height is greater than 3um. The results of measure-
ment show that the abrasive cutting edge rate is 288.9 abrasives/
mm before sawing and 204.8 abrasives/mm after sawing. So, it
can be obtained that the actual abrasive shedding rate is 29.4% in
the above experiment.

Furthermore, based on the simulation procedure of abra-
sive shedding rate described in the previous section, it can be
concluded that the theoretical abrasive shedding rate of the
wire saw surface after sawing is 24.6% (+1.55%) by the input
parameters that are shown in Table 4. The relative error be-
tween the actual abrasive shedding rate and the theoretical
calculation value is about 16.3%.

6 Conclusion

(1) A finite element analysis method is established to study the
abrasive retention capacity on the surface of an electroplated
diamond wire saw. The residual stress in the nickel-plated
layer can be applied by the equivalent cooling method.

(2) The residual stress on the surface layer of the nickel-
plated layer is compressive stress. The abrasive retention
capacity can be enhanced through the decrease of the
residual compressive stress and the abrasive protrusion
height as well as the increase of the hardness of the
nickel-plated layer. And with the increase of hardness
by 108% and the decrease of the abrasive protrusion
height by 61%, the abrasive retention capacity is in-
creased by 23% and 31%, respectively.

@ Springer
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(3) Tt is reasonable for the calculation program of the abrasive
shedding rate developed based on the results of finite ele-
ment analysis in this paper, which has been verified through
the single crystal silicon sawing experiment.
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