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Abstract: In the photovoltaic and semiconductor industries silicon wafers are sliced using the
wire saw process. This process is also used to machine almost all kinds of brittle materials where
high yield and low surface damage is desired. The wire saw process induces roughness and long
waviness on the cut surface. These defects have to be removed by post-process techniques
including grinding and lapping, which increases costs. The present study investigated the long
waviness induced by the wire saw process. An analytical model for long waviness generation has
been developed. Experimental work was conducted with different process parameters. The ana-
lytical model is capable of explaining the long waviness generation observed in experimental
work. Process design recommendations with minimal waviness and high efficiency are

presented.
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1 INTRODUCTION

The wire saw process is widely used in slicing silicon
wafers in the photovoltaic and microelectronics
industries. The advantages of the wire saw with
respect to inner diameter saw are high productivity,
less wafer surface damage, and lower kerfloss [1]. The
wire saw process can also be used to cut all kinds of
brittle materials including sapphire, silicon carbide,
lithium niobate, rocks, high-density ceramics, and
foam ceramics [1-3].

In the 1990s, the wire saw process consisted of a
bare steel wire and abrasive-carrying slurry, resulting
in free-abrasive machining using elasto-hydrody-
namic forces [4, 5]. In order to increase the efficiency
and to cut harder materials, the diamond-impreg-
nated wire saw process, which leads to fixed-abrasive
machining, was developed [4]. The diamond-impreg-
nated wire saw process also eliminated the disposal of
high amounts of hazardous slurry, which was an
output of the abrasive-carrying slurry wire saw
process [6].

The wire saw process makes up 30 per cent of the
total silicon wafer production cost, which affects the
industry directly. The high cost of the process
requires the development of models relating process
parameters with outputs [7]. There have been three
main topics in wire saw literature: material removal
mechanisms, kinematics of the wire, and parametric
studies between the process inputs and outputs.

The material removal rate of the abrasive-carrying
slurry wire saw process, which leads to free-abrasive
machining, has been studied by different researchers
[5, 7]. The material removal mechanism for bead-
impregnated wire saw cutting of rock is a Hertzian-
type fracture that occurs due to the tensile field
resulting from the sliding bead [8]. Wire vibration
characteristics have been studied with respect to pro-
cess parameters [1, 9, 10]. The influence of process
parameters on slurry film pressure and thickness has
been studied for the free-abrasive wire saw process
(1, 5]. Experimental parametric studies relating sur-
face damage with process parameters for cutting var-
ious materials have also been conducted [2, 6, 11].
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Rigorous efforts have been devoted to removing wire
saw-induced waviness by post-processing tech-
niques [12-17].

In the present study, the long waviness generated
by the wire saw process was investigated. An experi-
mental study was conducted to explore the effects of
process parameters. An analytical model which is
based on the work of Bastawros et al. [18] was com-
pared with the experimental observations.

2 EXPERIMENTAL DESIGN

Wire saw experiments were conducted on alumina
ceramic. The wire bow angle «, wire axial speed V,,
and feed rate V, were measured during the wire saw
cutting tests. The surface waviness of cut surfaces was
also measured. The equipment used in these mea-
surements and the process parameters are presented
in this section.

2.1 The wire saw process and wire bow angle
measurement

A wire saw machine (Millennium model; Diamond
Wire Technology, Colorado Springs, Colorado, USA)
was used in the experiments. This spool-to-spool wire
saw machine with rocking motion of the wire can be
controlled by the wire speed V,, down-feed speed V,
and wire tension T. The tension is controlled by wire
tension pulleys powered by air pressure, while the
rocking motion is controlled by wire guide pulleys,
as can be seen in Fig. 1. The cut length of wire,
which is used during the cutting, is 310 ft (94.5m).
Thus, at every direction reversal, 310ft of wire is
transferred from one spool to the other.

The wire speed is a function of spool diameter as
the machine controls the speed via the angular fre-
quency of the spool. In order to get the actual average
speeds, a Strobex Systems model 236 stroboscope
(Chadwick-Helmuth Inc., El Monte, California, USA)
was used. The down-feed speed V, was measured by
tracking the position of a grid, which is on the yoke of
the machine, with respect to a stationary point on the
frame of the machine. As the yoke goes down, the grid
moves relative to the fixed point on the frame of the
machine. The time to travel 5 mm grids was measured
during the tests.

Diamond-grit-coated steel wire (a product of Well
Diamond Wire Saws Inc., Norcross, Georgia, USA)
was used in the experiments. The wire is manufac-
tured by mechanically impregnating the diamond
grits into the steel wire. The impregnation process
might be successful for some grits while others just
leave an indentation mark on the wire and cannot be
affixed, as seen in Fig. 2.

Coolant consisting of a mixture of water and lubri-
cant (Sawzit; Synthetic Lubricants, Inc., Greenville,
Michigan, USA) at a ratio of 50:1 was used during
the cutting tests.

Alumina ceramic samples having tensile strength
o= 300 MPa, Poisson’s ratio v=0.22, fracture tough-
ness Kic=4MPa m®°, Young’s modulus E=370 GPa
[19], and hardness H=22 GPa [20] were used in the
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Fig. 1 Single-wire, spool-to-spool wire saw machine
(DWT Inc., Millennium model) used in wavi-
ness tests. The wire track is marked by the
dashed line

Fig. 2 Scanning electron micrograph of diamond-
impregnated wire
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Table 1 Process parameter values used in the long
waviness tests

V. (m/s) V. (um/s) T(N) L, (mm)
TC20 2 6.35 13.3 25
TC21 2 6.35 26.7 25
TC22 2 12.7 26.7 25

<— Coolant

&
late

Fig. 3 Optical image showing the wire inclination
angle with the cutting direction at the entrance
and exit from the specimen for a waviness test

cutting tests. The cut length of the samples is
L,=25mm and the height is H;=60-90 mm. Three
tests were done with the process parameters pre-
sented in Table 1.

A Kodak Easy Share DX 7630 6.1 megapixel digital
camera was used to measure the wire bow angle as
seen in Fig. 3. The images of the wire and sample were
collected during the test and analysed using the
MATLAB image-processing toolbox to obtain the
angle o between the wire and the horizontal.
The average of the steady-state wire bow angles «
attained in the test was taken as the steady-state
wire bow angle of that test.

The Kodak digital camera was also used to obtain
the profile of the wire marks on the cut surface as seen
in Fig. 4. The cut surface images were processed using
the image-processing toolbox of MATLAB to obtain
the wire mark profile for each test.

2.2 Surface waviness measurements

The surface waviness of the cut surfaces was mea-
sured using an optical non-contact profilometer
(Zygo New View 6000; Zygo Corporation,
Middlefield, Connecticut, USA). A 2.5 xlens with
2 x zoom was used for the measurements. The profil-
ometer has a vertical resolution of the order of 3 nm;

Fig. 4 Wire marks on a wire saw-cut surface (TC22;
V.=2m/s, V,=12.7um/s, T=26.7N)

the resolution in the horizontal plane is 8.83 um,
while the field of view used is 1.41 mm x 1.06 mm.

In a stitch measurement, the profilometer took
continuous measurements of 1.41 mm x 1.06 mm
and stitched them together into one dataset. Stitch
measurements were applied in the direction of cut-
ting at the centre of the cut surface for each sample.
After the measurements were taken, the data were
processed using the software Metro Pro version
8.1.5 developed by Zygo Corporation. The best-fit
plane was removed and a low-pass filter was applied
to obtain the waviness profile of the cut surface.

3 WIRE SAW PROCESS-INDUCED WAVINESS
MODEL

The wire bows in the plane of the cut (X-Z plane) and
in the orthogonal (X-Y) plane. The definitions of the
planes are presented in Fig. 5. The string deflection
model is used to explain the wire bow in the X-7Z
plane, while energy competition between the oblique
cutting forces, the free-standing wire, and wire ten-
sion is used to explain the wire deflection in the X-Y
plane. The models are based on the work of
Bastawros et al. [18].
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3.1 The string deflection model

The deformation of a wire that is tensioned at both
ends and subject to a distributed load per unit length,
w, in the middle is presented in Fig. 6. An infinitesi-
mal region of the loaded string is presented in Fig. 7.
The horizontal and vertical equilibrium equations for
force are obtained using Fig. 7 and presented in equa-
tions (1) and (2), respectively

Ticosty = Trcos0, =T (1)
T, sin6, + w(x)Ax = T sin 6, (2)

Solving equation (1) for 77 and T, and inserting into
equation (2) yields

T(tan#, —tan6;) = —w(x) - Ax 3)

Fig.5 The coordinate system defined for the wire saw
cutting process

Yorz W(X)
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Fig. 6 The model of a wire under tension and distrib-
uted load
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Fig. 7 The forces acting on an infinitesimal string
element

The string deflection is 8(x) as seen in Fig. 6. The
slope of the string at any point can be written as

_dé(x)
tan6 = ax (4)

Equation (3) can be updated using equation (4)

. <da(x)/dx]2—d8(x)/dx}1> () )

AX

In the limit where Ax approaches zero, equation (5)
can be written as

d?s(x) B
dx?2

The distributed load per unit length of the wire is

T —w(x) (6)

0, 0§x<L_2L0
w(x) =1 w, LZLOSxSLJ;L"Z (7)
0, LJ;LO<x§L

Using the boundary conditions §(0)=0, §(L)=0,
and the continuity of slope and deflection of wire,
equation (6) can be solved. The wire deflection is pre-
sented in equation (8). The displacement at the mid
span of the wire is presented in equation (9). The
maximum wire bow deflection in the X-Z plane in
the cut length seen in Fig. 6 is presented in equation
(10). In these equations, wis the distributed load, L, is
the cut length of the sample where the distributed
load is applied, T is the wire tension, and L is the
span of the wire between guide pulleys, as seen in
Fig. 6

1x, 0<x< _2L°
X _x_2+Lx_L L-L\° L_L°<x<L+L0
2L, 2L, 2L\ 2 )’ T2 ="="72
L+ 1L,
3(L — x), 3 <x<L
(8)
L wL,
a(g)ng (2L~ Ly) ©)
L L—L\ wI?
ST an

The wire deflection model presented in equa-
tion (8) is compared with the experimentally obtained
wire bow in the X-Z plane in section 4.
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3.2 The lateral deflection model in the X-Y plane

The string model presented in equations (8) to (10) is
the upper bound for the wire deflection in the X-Y
plane. The wire deflection in the X-Y plane is
controlled by energy competition between the obli-
que cutting forces, the wire tension, and the free-
standing wire loaded with a distributed load. Wire
saw cutting occurs due to the cutting action of the
individual grits in the cut length. Energetically, the
cutting action of the individual grits is oblique cut-
ting, which leads to divergence of the wire in the X-Y
plane and forms the long waviness. The total oblique
load w), acting on the wire is related to the normal
load w, with a proportionality factor 8 as follows

Wy =B x w, (11)

Experimental observations showed that the deflec-
tion in the X-Y plane, §,, increases up to a limit as
the cut depth z increases. As deflection in the X-Y
plane occurs due to oblique cutting action, the propor-
tionality between deflection in the X-Yplane, §,, and the
cut depth, z, is the same constant of proportionality as
between lateral oblique force, w), and normal force, w,

8y(L/2,z) =B x z (12)

The value of the proportionality factor, g, is deter-
mined from the surface profiles of each test using
equation (12).

3.3 The energy terms for surface waviness
generation

The long waviness occurs due to wire drifting in the
X-Y plane. The oblique cutting forces drift the wire
out of the cutting plane (X-2), while the wire tension
is applying a recovery work on the wire to bring the
wire into the cutting plane (X-7). The limiting energy
for the maximum deflection can be found using the
work done by the free-standing wire under oblique
load, w,. Three energetic terms governing the behav-
iour of the wire are introduced in this section.

3.3.1 Work done by the free-standing wire

The upper bound of the work done by the free-stand-
ing wire, WDk, is calculated at maximum lateral
deflection of the wire in the X-Y plane, as in equation
(13). The maximum deflection of the wire at mid
span, 8;, in equation (9) is used to calculate the final
result in equation (13)
(L+Lo)/2 w22
WDy = / w,85(x)dx = SYT" (2L — Ly)
(L—Lo)/2

(13)

3.3.2 Work done by the oblique cutting forces

The work done by the oblique cutting force, WDy,
drifts the wire in the X-Y plane. The work done by the
oblique cutting force is calculated using lateral dis-
tributed load, w), minus the lateral reaction, R(2),
applied by the wall of the sample to the wire. The
lateral reaction on the wire R(z) changes with depth
of cut as seen in Fig. 8. The lateral reaction has its
maximum value at the beginning of the cut and
diminishes to zero at maximum lateral deflection §j
obtained at the cut depth z;. The lateral reaction is
presented in equation (14). The work done due to
oblique cutting is presented in equation (15). Using
equations (12) and (15), equation (16) is obtained for
the work done by oblique cutting

R(z) = wy(1 — z/21) (14)
Lo
WDy(2) = /O [w, — R@)]8,(x, 2)dx )
= [wy — R@)]Lody(L/2, 2)
WDqp1(2) = BLo wyzz/zl (16)

3.3.3 Work done by the wire tension

The work done by wire tension, WDr, to deflect the wire
back to the undeformed position in the X-Y plane is

O I
WDy =/ 2Tsin9§d9
- (17)
= TL/ sinfd® = TL(1 — cos 6f)

0
The angle 0 is between the wire and the horizontal
line in the X-Yplane as seen in Fig. 6. 6 is a function of

wire length and mid-span deflection as presented in
equation (18). The work done by wire tension can be

Lateral Deflection

| : t Wire Cross Section

Cut Trench

y|< jR
Wy|< 1;{
W :
ol _V_I.O|R=o

v

v

Cut Depth z

Fig. 8 The variation of lateral reaction with cut depth
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written using equations (12), (17), and (18), as pre-
sented in equation (19)

L2

COS Gf = m (18)
WDy =TL| 1 —L 19
Dr = BN (19)

3.4 The mechanisms affecting long waviness

The mechanisms affecting the long waviness forma-
tion via the energetic terms presented in section 3.3
are examined in this section.

3.4.1 Mechanism 1

Mechanism 1 occurs when the oblique cutting forces
drifts the wire in the X-Y plane until the critical cut
depth z; is achieved. The work done by oblique cut-
ting WD,y increases with depth of cut until the crit-
ical cut depth z;, at which WD,y is equal to the work
done by the free-standing wire WD, as presented in
equation (20) and Fig. 9. At cut depths greater than z,,
the wire will continue with the same lateral deflection
until a process disturbance changes the oblique cut-
ting conditions and drifts the wire back into the cut-
ting plane X-7, as seen in Fig. 10. The rate of work
done by oblique cutting is greater than the rate of
work done by wire tension, as presented in equation
(21). Mechanism 1 occurs when the wire tension is
low, which leads to a flexible wire. Mechanism 1 leads
to tapered edges and high-frequency roughness in the
middle of the cut surface as seen in Fig. 10

WDobl = WDfsw (20)
WD,y OWDr
> 21
0z 0z @
A
WDfSW
_______________ r—-—
° .
5 /
< /
2 WD,p WD 4
/7
,°
e
PE
- - Cut depth z
21 22 .

Fig. 9 Energy plot for mechanism 1

3.4.2 Mechanism 2

Mechanism 2 occurs when the oblique cutting forces
drift the wire in the X-Y plane until reaching the cut
depth z3, at which the work done by oblique cutting is
equal to the work done by wire tension as seen in
equation (22) and Fig. 11. Work done by wire tension
will reverse the oblique cutting direction, drifting the
wire back into the cutting plane X-Z and forming
waviness as seen in Fig. 12. The repetition of this pro-
cess will lead to waviness with a wavelength of 4z; as
presented in Fig. 12. The rate of work done by oblique
cutting is smaller than the rate of work done by wire
tension as seen in equation (23). Mechanism 2 occurs
when the wire tension is high, which leads to a stiff

Surface Profile

z; Cutdepth z

Fig. 10  Surface profile due to mechanism 1

Work Done
~

Z3  Cutdepth z

Fig. 11 Energy plot for mechanism 2

Surface Profile

ANEVA YA Vv
\VARVERV/

Fig. 12 Surface profile due to mechanism 2

Proc. IMechE Vol. 225 Part B: J. Engineering Manufacture

Downloaded from pib.sagepub.com at Universitaet Bonn on March 19, 2015


http://pib.sagepub.com/

Investigation of long waviness induced by the wire saw process 1159

wire. The amplitude of the waviness obtained in
mechanism 2 will be smaller than the amplitude of
the wire drift in mechanism 1

WDqp = WDr (22)
WDy, WDy

23
0z = 0z 23)

4 RESULTS AND DISCUSSION

The upper bound for the wire deflection in the cutting
plane X-Z and the oblique plane X-Y was derived
using the string model. A lateral deflection model,
including oblique cutting of abrasive grits, energetic
terms affecting wire deflection, and the mechanisms
based on the energetic terms and governing the sur-
face profile, was derived.

The profiles of the wire marks obtained from the
cut surfaces in the X—Z plane are presented in Fig. 13.
The discrete data points are measurements obtained
from the cut surfaces of each test, while the continu-
ous curves are the string model predictions. The dis-
tributed load on the wire was obtained using equation
(24). The wire bow angle o was measured from the
images captured during the test. The distributed load
w, wire tension T, cut length L,, and span length L
were inserted in equation (8) to obtain the string
model predictions for the wire bow, as presented in
Fig. 13. The string model estimations for the wire pro-
file in the X—Z plane were satisfactory

2T sina
W=————

L (24)

The doubling of tension decreased the wire bow
amplitude almost by half, while increasing the feed
speed increased the wire bow amplitude as seen in
Fig. 13. These trends are captured by the string model
very well, as also seen in Fig. 13.
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Fig. 13 Variation of wire bow as a function of wire
tension and feed speed in the cut plane (X-7)

The surface profiles obtained from profilometer
measurements for each test are presented in Figs 14
to 16. The proportionality factor 8 in equations (11)
and (12) was determined from the slopes of the
dashed lines representing the out-of-plane deflection
of the wire due to oblique forces, as presented in
Figs 14 to 16. The average of the slopes of these
lines was attained as $=0.0123. The energy plots of
the tests are presented in Figs 17 to 19, respectively.
All of the energy plots showed mechanism 1 behav-
iour, in which the work done by oblique cutting is

150 [

§ TC20
100 | Vz=6.4pum/s

* T=13.3N
PV=199um

Surface Profile (um)
3

Cutdirection

L —
-100 L L L L

0 20 40 60 80
Cut depth (mm)

Fig. 14 Surface long waviness profile of test TC20
40
_ TC21
1S [ Vz=6.4um/s
Z 0 T=26.7N ’
o F PV=69um
= L
o I
a of
° I
o
&
520+t
(%)
Cutdirection
—
—40 I I L I L I
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Fig. 15 Surface long waviness profile of test TC21
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Fig. 16 Surface long waviness profile of test TC22
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Fig. 18 Energy plot of test TC21

limited by the work done by the free-standing wire, as
in Fig. 9. Although all of the energy plots showed
mechanism 1 behaviour, increased wire tension or
feed speed had a marked effect on the long waviness,
which can still be explained by the waviness model.
The increase of wire tension leads to a stiff wire,
which will lead to mechanism 2, a wavy surface,
while the increase of feed speed increases the oblique
cutting forces, which will lead to mechanism 1. All the
tests in this work had mechanism 1 type energy plots
as presented in Fig. 9. However, the increase of wire
tension decreases the difference z, — z;, which drives
the system towards mechanism 2 and, ultimately,
when z, — z; = 0, mechanism 2 will be obtained ener-
getically, as in Fig. 11. There is not a strict boundary
between mechanism 1 and mechanism 2. While a
system is energetically in mechanism 1, because of
high wire tension the difference z, — z; will decrease,
driving the system towards mechanism 2, as in Fig. 20
for TC21 with respect to TC20. Increase of feed speed
will increase the oblique cutting forces, driving the
system towards mechanism 1 and increasing the dif-
ference z — z;, as seen in Fig. 20 for TC22 with
respect to TC21.

Test TC20 was done with wire tension 7=13.3 N,
while TC21 was done with T=26.7 N; both tests had

25
WDgy
E 2F Z
=+ [ WD y
L obl —
Z I /T Whr TC22
o151 ! Vz= 12.7umis
5 , T=26.7N
1
T 1 F
4 L ’
=3 t '
S , /
Sosf //
g ’
’
[ /7 17
0 1 L
0 5 10 15 20

Cut depth (mm)

Fig. 19 Energy plot of test TC22

TC21 TC22 TC20
Vz=6.4um/s Vz=12.7um/s Vz=6.4um/s
T=26.7N T=26.7N T=13.3N
PV=69um PV=86um PV=199um
Z,Zy (mm)=  1.25 2.25 2.54
«— _—

Mechanism 2 Mechanism 1

Fig. 20 Domains for long waviness mechanisms

the same wire speed V, and feed speed V,. The
increase of wire tension decreased the difference
2z — 71 for TC21 with respect to TC20, driving test
TC21 towards mechanism 2, as seen in Fig. 20. Test
TC20, being closer to mechanism 1, had a step-like
surface, as in Fig. 14, which complies with the expec-
tations for a step-like surface for mechanism 1 as pre-
sented in Fig. 10. Test TC21, being closer to
mechanism 2 with respect to TC20, had a wavy sur-
face as presented in Fig. 15. The peak-to-valley (PV)
value, which is the height difference between the
highest and lowest points on a surface profile, is
also affected by the change in wire tension.
Experiment TC20, having a lower wire tension of
T=13.3N, had a higher PV=199 uym, while experi-
ment TC21, having a higher wire tension of
T=26.7N, had a lower PV=69 um. The increase of
wire tension T decreased the PV value, which is
expected as mechanism 1 creates a high-amplitude
step while mechanism 2 creates lower-amplitude
waviness.

Test TC21 was done with a feed speed of
V,=6.4um/s, while TC22 was done with
V,=12.7um/s; both had the same wire speed and
tension. The increase of feed speed increased the
oblique cutting forces, driving TC22 towards mecha-
nism 1. The increase of feed speed increased the dif-
ference z, — z; for TC22 with respect to TC21, driving
TC22 towards mechanism 1, as seen in Fig. 20. The PV
value was also affected by the change of feed speed.
Experiment TC21, having a lower feed speed of
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V,=6.4um/s, had a lower PV=69 um, while experi-
ment TC22, having a higher feed speed of
V,=12.7 um/s, had a higher PV =86 um. The increase
of feed speed increased the PV value, which is
expected as mechanism 1 creates a high-amplitude
step while mechanism 2 creates lower-amplitude
waviness.

Figure 20 shows that as the difference z, — z;
increased, the PV value increased for all three exper-
iments and the system evolved towards mechanism 1,
while decreasing difference z; — z; led to mecha-
nism 2. High wire tension reduced the PV value,
while high feed rate increased the PV value. The
increase of PV value will lead to more post grinding
and polishing of the cut surface and an increase in
expenses. In order to increase the efficiency without
increasing the PV value, the wire tension can be
increased proportional to feed speed.

5 CONCLUSIONS

The long waviness on the cut surface induced by the
wire saw process has been investigated in this study.
Experimental work including different wire tensions
and feed speeds was conducted. The string model was
used to model the marks made by the bow of the wire
on the cut surface and satisfactory results were
obtained. The increase of tension decreased the
wire bow amplitude, while increase of feed speed
increased the wire bow amplitude, which was pre-
dicted by the string model and observed in the
experiments.

The long waviness formation has been explained
with energetic terms that define two mechanisms
leading to different surface profiles. The defined
mechanisms were used to explain the evolution of
the surface profile and peak-to-valley value with
respect to process parameters. The increase of wire
tension led to a wavy surface with a lower peak-to
valley-value, while decreasing wire tension led to a
step-like surface with a high peak-to-valley value.
The increase of feed speed led to a high peak-to-
valley value. The increase of peak-to-valley value
leads to more post grinding and polishing of the cut
surface and increases in expenses. In order to
increase the efficiency without increasing the peak-
to-valley value, the wire tension can be increased pro-
portional to feed speed.
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APPENDIX

Notation

E
H
H;

Young’s modulus
hardness
height of the sample

Kic

fracture toughness

length of the wire

cut length of the sample

lateral reaction on the wire

wire tension

wire axial speed

feed rate

distributed load on the wire

work done by free-standing wire

work done by oblique cutting forces
work done by wire tension

cut depth

critical cut depth at which WDgy,,=WDyy,
wire bow angle

proportionality factor

string deflection

angle between the wire and the horizontal
line in the X-Y plane

Poisson’s ratio

tensile strength
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