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Abstract

Wiresaws have been widely used in industries to slice semiconductor ingots into thin wafers for
semiconductor fabrication. However, the surface roughness of a wiresaw-sliced wafer is usually not uniform
which can be a concern in the subsequent lapping and polishing processes. It is sometimes observed that
poor surface finish can occur at the beginning and the end of sliced round wafers when contact spans are
short. In this paper, the dynamics of a coupled wire/slurry non-conservative vibration system is analyzed
according to the rolling-indenting floating machining mechanism of typical wiresaw processes. Basic
approaches adopted are the linearization of the coupled nonlinear governing equations with respect to the
equilibrium, Galerkin-based discretization of the distributed non-conservative system, and the subsequent
modal analysis. For the purpose of model verification, a numerical scheme of direct-time integration to an
alternative finite element (FE) semi-discretized system is performed using the one-step Newmark’s method.
The results from the eigenanalysis of the Galerkin-based model are presented. These simulation results
indicate that the wire/slurry system consists of both real and paired complex eigenvalues, which correspond
to the over-damped modes and other vibration modes of the system. Parametric studies show that the
vibration displacement of the wire decreases when the contact span expands, which explains the typical
distribution of the surface roughness of a round wiresawn wafer. From the parametric studies, the tension
and bow angle of the wire are found to play important roles in the response of the wire. Finally, in order to
reduce the differential saw damage caused by the vibration of the wire, adaptive vibration control strategies
are proposed for the wiresaw slicing processes.
r 2004 Elsevier Ltd. All rights reserved.
see front matter r 2004 Elsevier Ltd. All rights reserved.
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Nomenclature

C1;C2 constants depending on the geometry of
the cross-section of the wire

EU error function in the vibration displace-
ment field of wire

EP error function in the transient pressure
field of slurry

f external excitation acting on the wire
f p distributed force generated from the

slurry pressure
f tot total distributed force acting on the wire
f 0 amplitude of the external excitation f

g geometric mapping factor
h total thickness of the slurry film
h0 equilibrium thickness of the slurry film
L length of wire between wire guides
L0 contact span, between wire and ingot

surface at contact interface
m mass density of wire per unit length
MRR material removal rate
NF number of the concentrated forces after

discretizing the distributed external ex-
citation f

Nn nominal cutting force generated from the
bow angle and tension of the wire

NP number of terms in the Fourier expan-
sion of the transient slurry pressure

NU number of terms in the Fourier expan-
sion of the wire vibration displacement

p transient hydrodynamic pressure in the
slurry film

P total hydrodynamic pressure in the
slurry film

Pavg average slurry pressure at equilibrium
P0 equilibrium hydrodynamic pressure in

the slurry film
q0 amplitude of the concentrated forces

after discretizing the distributed external
excitation f

Ra average surface roughness
rj jth Fourier coefficient in the Fourier

expansion of the transient slurry pressure
T wire tension
U transverse displacement of wire
uj jth Fourier coefficient in the Fourier

expansion of wire vibration displacement
U

U tot total transverse displacement of wire
U0 equilibrium displacement of wire
V speed of wire
a bow angle of wire
b the ratio between the magnitude of the

external excitation and the nominal
cutting load

of frequency of the external excitation f

m dynamic viscosity of the slurry flow
f shape (basis) function used in the Four-

ier expansion of wire vibration displace-
ment

c shape (basis) function in the Fourier
expansion of the transient slurry pressure
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1. Introduction

Wiresaw slicing technology has been playing an important role in crystal wafer production since
the early 1990s. Being capable of slicing large (in diameter) and very thin (in thickness) wafers
made of various materials, wiresaws have been employed widely in photovoltaic and
semiconductor manufacturing. In addition, wiresaws have also been applied in slicing sapphire,
III–V compound, silicon carbide, lithium niobate, and other wafers. According to the rolling-
indenting model [1–5] for material removal, slicing using a wiresaw has many unique advantages
over other wafer-slicing processes (such as slicing with the inner diameter or ID saws). These
advantages include high throughput batch slicing, less wafer surface damage, and lower kerf loss.
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A schematic of the modern wiresaw process is shown in Fig. 1. During the wiresaw slicing process,
a wire web comprised of a few hundreds of parallel strands of wire is fed through the crystal ingot,
which creates a small bow on the wire web. The wire web is formed by winding a single wire over
four (or three) wire guides on cylindrical capstans, as shown in Fig. 1. The wire moves back-and-
forth with a top speed of 10–15m/s at steady state, while maintaining a high and constant wire
tension at 20–35N. In the mean time, abrasive-carrying slurry is supplied to the slicing zone by the
slurry manifold and through the motion of the wire. As a result, a typical three-body abrasion
environment is formed at the slicing interface consisting of wire, hydrodynamic slurry film, and
the wire recess on the crystal ingot.
In this paper, we present the analysis of vibration of the wire in the slurry wiresaw process when

the wire is subjected to an external excitation, which can result from the multi-point contacts
between the wire and abrasive particles/impurities in the slurry or from other system noises.
Compared to our previous studies [6,7], we present new results of coupled hydrodynamic and
vibration analysis by taking into consideration the effects of the abrasive carrying slurry on the
vibration characteristics of the wire. These effects include non-classical (in the sense that the
modes are complex) damping and an added stiffness. Basic theoretical model is constructed by
coupling the vibration equation of the wire and the nonlinear Reynold’s equation describing the
tribological behavior of the slurry flow.
Linear and nonlinear vibration behaviors of a translating media (string, sheet, beam,

etc.) have been studied since the early 1990s. The vibration of a moving media which is
directly related to the wiresaw process has been studied in Refs. [3,7–12]. The vibration
response of a moving wire subjected to simple viscous damping and harmonic excitations was
studied in Ref. [7]. The extensive studies of foil bearing systems have provided valuable
knowledge regarding the dynamics of an elasto-hydrodynamic lubricated moving media.
For example, the free linear vibration analysis has been conducted in Ref. [9] to investigate the
dynamics of the head/tape coupled system. The author’s approach has provided efficient
means of evaluating the natural frequencies, damping, and mode shape of the tape displacement
and the pressure of the air bearing. Basic approaches adopted in Ref. [9] include the
system linearization, the global Galerkin-based discretization, and the general eigenvalue
analysis. Furthermore, the effects of tape translating speed and the position of the head
on the system dynamics were analyzed. Recently, Galerkin-based modal analysis was
Fig. 1. Schematic of the modern wiresaw system and the details at the contact interface.
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proven to be a useful tool in the vibration analysis of linear and nonlinear distributed-parameter
systems [13–15]. Compared to other alternatives such as direct-time integration, the
Galerkin-based modal analysis is more systematic and physically intuitive with reduced
computation cost.
This paper discusses the forced vibration of a wire in a slurry wiresaw process by taking into

account the elasto-hydrodynamic interaction at the wire/slurry interface. Similar to Ref. [9], basic
approaches adopted in this paper include Galerkin-based discretization and the subsequent modal
analysis of the non-conservative system obtained through the linearization about equilibrium. The
Galerkin-discretized model is verified by applying an alternative direct-time integration scheme
using Newmark’s method to piecewise-interpolated the finite element (FE) semi-discretized
system. Combining our elasto-hydrodynamic analysis of the equilibrium wire/slurry system
[6,16] and this Galerkin-based model, the vibration characteristics of the wire is studied when
it is subject to distributed harmonic excitations acting along the contact span. The simulation
results indicate that the tendency of higher surface roughness occurs when the contact spans
are small near the wire’s initial engaging and exiting parts of the wafers with circular cross-section.
This is confirmed by the statistical measurement of the surface roughness of a typical
wiresaw-sliced silicon wafer. Next, important process parameters affecting the vibration of the
wire are identified and investigated through parametric studies. In order to avoid excessive
vibration of the wire and to obtain uniform low roughness over wiresaw sliced wafers, adaptive
control strategies for adjusting process parameters during the wiresaw slicing processes are
proposed in Section 5.
2. Theoretical modeling

2.1. Computational model

In the wafer slicing process using slurry wiresaws, the wire is usually made of plain carbon steel
with a typical diameter of 150–175mm and low mass density per unit length (typically 0.1876 g/m).
The computational model of a typical wiresaw slicing process is shown in Fig. 2. During steady
slicing, the wire is subject to high tension T (20–35N) and moves with a constant speed V
(10–15m/s) between two rotating wire guides. During the slicing process, the wire reverses
directions periodically in order to slice through the crystal ingot, which can take 4–6 h typically.
However, over 90% of time the wire moves in one direction at top speed. Our modeling is focused
on this period of cutting operation when the wire travels at the constant top speed along one
direction. The slicing performed during the transition, the brief period for reversing directions, is
minimal and will be neglected in the analysis.
The computational model of wire on ingot is shown in Fig. 2, in which the fixed distance

separating the two wire guides is L. The axial translation (þX direction in Fig. 2) of the wire
together with the vertical cutting force generated by the bow angle a and tension of wire T
cause a thin slurry film to be trapped in the narrow gap between the wire and the wire
recess on the surface of the ingot substrate. The bow angle of wire is kept small
(about 2�–4�) during slicing processes. With such a small bow, the tool mark (or cut profile
of the wire) along the axial direction is nearly a circular arc of very large radius of
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Fig. 2. Computational model for the vibration analysis of the wire in wiresaw process.
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curvature (typically larger than 2m for 100mm contact span). Therefore, the tool marks
on the ingot substrate can be safely assumed as flat (ddðxÞ=dx � 0; where dðxÞ is the tool
mark on the ingot) with its length being the contact span L0 (from x1 to x2). Without loss of
generality, the vertical feeding of ingot (þU direction) is considered as quasi-static, i.e., the ingot
substrate stays stationary and is separated from the moving wire by a distance h0: Note
under floating machining condition (the wire is fully supported by the hydrodynamic pressure
of the slurry flow) of normal slicing, this h0 is the thickness of developed slurry film between the
wire and ingot recess. Usually it is a function of x [6,16]. During wiresaw slicing, the wire
undergoes transverse vibration (U direction) due to the distributed external excitation f along the
contact span. The excitation may come from the contacts of abrasive particles (featured by
‘‘direct-contact’’ and ‘‘semi-direct contact’’ when the cutting load is supported entirely or partially
by the abrasive particles instead of the hydrodynamic pressure of the slurry film) and/or other
system noises.
2.2. Theoretical formulation

As presented in Refs. [7,11], the transverse motion of an axially moving string can be described
by the following partial differential equation:

m
q2U totðx; tÞ

qt2
þ 2mV

q2U totðx; tÞ

qxqt
� ðT � mV2Þ

q2U totðx; tÞ

qx2

¼ f totðx; tÞ½Hx1ðxÞ � Hx2ðxÞ
; ð0pxpLÞ; ð1Þ

where U tot is the transverse displacement of the wire, m is the mass density of the wire per unit
length, V is the speed of the wire along the þX direction, T is the tension of the wire, f tot is the
distributed force acting transversely on the wire, and H stands for Heaviside function. Due to the
high tension and low mass density of the wire, the translating speed, V, of the wire is
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low enough so that it plays very limited role in the transverse vibration characteristics.1 Therefore,
the connective acceleration term in Eq. (1) can be safely removed in order to reduce the
complexity of the analysis. This leads to the dynamic equation describing the transverse vibration
of a stationary wire

m
q2U totðx; tÞ

qt2
� T

q2U totðx; tÞ

qx2
¼ f totðx; tÞ½Hx1ðxÞ � Hx2ðxÞ
; ð0pxpLÞ: (2)

The flexural rigidity of the wire is neglected in both Eqs. (1) and (2) due to the very small cross-
section area of the wire. According to the nature of the wiresaw processes, the distributed force
acting transversely on the wire is composed of two parts [6,16,17]:

f totðx; tÞ ¼ f ðtÞ þ f pðx; tÞ; (3)

where f pðx; tÞ is the distributed force generated from the hydrodynamic pressure in the slurry film
and f ðtÞ is the external excitation resulting from the multiple contacts between the wire and the
abrasive particles and/or other system noises. Without loss of generality, f ðtÞ is assumed to be
harmonic with an amplitude f 0 and a frequency of : It can be expressed as

f ðtÞ ¼ f 0e
iof t: (4)

Essentially, the slurry flow trapped between the wire and its recess on the ingot substrate is a 2D
flow. From the finite-element analysis of the equilibrium elasto-hydrodynamic interaction in the
wiresaw process [6,16], however, the slurry pressure is nearly constant along the lower
circumference of the wire cross-sections except at the boundaries of the slurry film where the
pressure suddenly tapers to zero (see also Section 2.3). This kind of pressure profile indicates that
the hydrodynamic properties of the slurry flow are close to that of 1D incompressible laminar
flow. To simplify the model, therefore, we can flatten the lower half of the cross-section of the wire
(which is in contact with the slurry film) into a 2D computational domain. It forms a shape similar
to a limited-width foil bearing as shown in Fig. 3. The hydrodynamic pressure inside the slurry
film is assumed to be distributed uniformly along the width (Y direction) of this 2D domain [18].
Next, this hydrodynamic pressure is mapped back to the semi-circular contact area of the wire
and the slurry film according to the corresponding geometry. Therefore, the distributed force
resulting from the slurry pressure can be obtained by integrating the mapped hydrodynamic
pressure as

f pðx; tÞ ¼ 2

Z b=2

0

Pðx; tÞgðyÞdy; (5)

where Pðx; tÞ is the hydrodynamic pressure in the slurry film, b is the half circumference of the wire
cross-section, and gðyÞ is a geometric mapping factor introduced to map the hydrodynamic pressure
1The natural frequencies of a translating wire decreases to o0
n ¼ ð1� V2m=TÞon; where on is the natural frequencies

of a stationary wire. With T ¼ 25N; m ¼ 1:876� 10�4 kg/m, and V ¼ 10m/s, which are typical in the industrial

wiresaw processes, o0
n is about 99:9% of on; because V2m=T51:
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Fig. 3. Procedure of computing the distributed force generated by hydrodynamic pressure in the slurry film.

(a) Distribution of hydrodynamic pressure along the flattened lower circumference of the wire cross-sections;

(b) distribution of hydrodynamic pressure along the semi-circular lower circumference of the wire cross-sections;

(c) distributed force generated by slurry pressure; (d) normal view of pressure distribution along the lower

circumference of a wire cross-section.
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from the 2D computational domain back to the semi-circular cross-sections of the wire [6]

gðyÞ ¼ cos
py

b

� �
: (6)

Since the transverse motion of the wire is constrained at both ends by wire guides, the boundary
conditions for Eq. (2) are

U totð0; tÞ ¼ U totðL; tÞ ¼ 0: (7)

The slurry flow between the wire and its recess on the ingot is incompressible. From the previous
measurements of slurry viscosity, the slurry used in the wiresaw processes is pseudo-plastic, which
has shear thinning characteristics [19]. However, the actual behavior of the slurry flow is not
markedly different from the Newtonian behavior under high shear rates in the wiresaw
processes [6,16,20]. Since the side-leakage has been neglected (see Eq. (5)), the transient Reynold’s
equation for the incompressible flow is employed to model the hydrodynamic characteristics of the
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slurry film [19],

q
qx

hðx; tÞ3
qPðx; tÞ

qx

� �
¼ 6mV

qhðx; tÞ

qx
þ 12m

qhðx; tÞ

qt
; ðx1pxpx2Þ; (8)

where m is the dynamic viscosity of the slurry flow (ranging from tens to thousands centi poise in the
typical wiresaw processes) and h is the time-varying thickness of the slurry film. The two terms on
the right-hand side of Eq. (8) represent a ‘‘wedge effect’’ and a ‘‘squeeze film damping’’ [19],
respectively. Both of them are produced by the slurry flow and are transversely acting on the wire.
The boundary conditions associated with Eq. (8) are [19]

Pðx1; tÞ ¼ Pðx2; tÞ ¼ Pamb; (9)

where Pamb is the ambient pressure.
Comparing with the cutting load exerted by the bowed wire, the external excitation resulting

from the multiple contacts between the wire and the abrasive particles (or other solid media in the
slurry film) is much smaller under semi-contact and non-contact (floating machining) conditions
in the wiresaw processes. Therefore, the vibration amplitude of the wire is also expected to be
small compared to the total transverse deflection of the wire. Hence, the slurry film thickness h can
be divided into two terms: (1) an equilibrium2 film thickness, h0; and (2) a small perturbation
(shown as the vibration amplitude of the wire in Fig. 9), Uðx; tÞ ¼ �hðx; tÞ; which is equal to the
vibration displacement of the wire about its equilibrium position within the contact span. That is,

hðx; tÞ ¼ h0ðx; tÞ þ Uðx; tÞ; ðx1pxpx2Þ: (10)

Inserting Eq. (10) into Eq. (8) and combining the resulting expression with Eq. (2), the
homogeneous vibration system containing wire–slurry interaction can be linearized [8,9] by
striking off the terms containing � of order higher than one. By keeping all transient terms in the
resulting linearized system, we obtain

m
q2Uðx; tÞ

qt2
� T

q2Uðx; tÞ

qx2
� C1pðx; tÞ½Hx1ðxÞ � Hx2ðxÞ
 ¼ 0;

ð0pxpL;Uð0Þ ¼ UðLÞ ¼ 0Þ; ð11Þ

q
qx

h0ðxÞ
3 qpðx; tÞ

qx

� �
¼ 12m

qUðx; tÞ

qt
þ 6mV

qUðx; tÞ

qx
� 3

q
qx

h0ðxÞ
2 dP0ðxÞ

dx
Uðx; tÞ

� �
;

ðx1pxpx2; pðx1Þ ¼ pðx2Þ ¼ 0Þ; ð12Þ

where C1 is a constant depending on the geometry of the cross-sections of the wire (see Eq. (5)). In
Eq. (11), Uðx; tÞ ¼ �hðx; tÞ and pðx; tÞ ¼ �Pðx; tÞ are the transient parts in the transverse
displacement of the wire and the pressure of the slurry, respectively; i.e.,

Uðx; tÞ ¼ U totðx; tÞ � U0ðxÞ; pðx; tÞ ¼ Pðx; tÞ � P0ðxÞ;
2Under the rolling-indenting floating machining conditions, the wire is at equilibrium position when the cutting load

is balanced by the hydrodynamic pressure inside the slurry flow when there exists no external excitations.
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where U0ðxÞ and P0ðxÞ are the wire displacement and the slurry pressure when the wire/slurry
system is at equilibrium. They have already been studied in Refs. [6,16]. The Galerkin-based
discretization and subsequent modal analysis to be presented in the next sections are based on the
linear system formed by Eqs. (11) and (12). The forced vibration characteristics of the wire/slurry
system are also to be investigated when the wire is subjected to the multi-contact excitation f ðtÞ
along the contact span.
2.3. Calculation of the slurry film thickness and pressure at equilibrium

The equilibrium state of the wire/slurry system has been studied in Refs. [6,16]. In these studies,
the time-independent form of Eq. (11) and the steady-state 2D Reynold’s equation for
incompressible fluid (with Swift–Steiber boundary conditions) are employed to model the
equilibrium EHD interaction. Numerical schemes formed by incorporating the finite-element
method and Newton–Raphson [6] or Inexact Newton GMRES iterations [16,21] are adopted to
solve the coupled nonlinear governing equations. They work by minimizing the error in the
equilibrium film thickness field. Correspondingly, the discrete equilibrium slurry pressure and film
thickness are obtained numerically. These hydrodynamic properties of the slurry film have been
studied under various parameter settings. Typical 2D profiles of the equilibrium slurry pressure
and film thickness are shown in Fig. 4. These results are similar to those found in Ref. [6]. Some
key observations obtained from the study of the equilibrium wire/slurry system are highlighted in
the following:
1.
 The equilibrium slurry pressure does not change drastically along the lower circumferences of
the wire cross-sections except near the boundaries of the slurry film, where it suddenly tapers
down to zero. Therefore, the equilibrium hydrodynamic behavior of the slurry is close to that
of the 1D flow.
2.
 Convergent channels for the slurry flow, which is along the moving direction of wire, can
always be formed, provided that the slicing condition is moderate. Therefore, the profiles of the
film thickness and pressure are similar in shape (along the wire moving direction) with different
parameter settings.
3.
 The typical maximum EHD pressure locates near the middle of the contact span. Before
reaching its maximum value, the EHD pressure increases rapidly from zero near the inlet (x1),
which is very important in opening a continuous passage for the slurry flow. The increase rate
of the EHD pressure becomes a little smaller after the inlet part. Then the pressure increases
rapidly again near the middle of the contact span until reaching its maximum value.
Afterwards, it decreases smoothly and stays at zero near the exit point x2:

To facilitate the analysis of the wire/slurry system, the 2D discrete equilibrium pressures and
film thicknesses are averaged into 1D forms over the lower half circumferences of the wire cross-
sections, respectively. For example, the dimension-reduced equilibrium pressure and film
thickness profiles are shown in Fig. 5, which are obtained at different speeds and tensions of
the wire (see also Section 4.1.2). In addition, the corresponding 3D profiles of slurry
hydrodynamic pressure within boundary layers are plotted in Fig. 6.
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Fig. 4. 2D slurry pressure and film thickness at equilibrium, the results are obtained from FE analysis. Possible minor

end effects are neglected. (a) 2D slurry pressure at equilibrium; (b) 2D slurry film thickness at equilibrium. The

parameters used in the simulation are: contact span L0 ¼ 50mm, slurry viscosity m ¼ 5000 cP, wire tension T ¼ 20N,

wire speed V ¼ 15m/s, and wire bow angle a ¼ 1:2�:

L. Zhu, I. Kao / Journal of Sound and Vibration 283 (2005) 589–620598
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Fig. 5. Dimension-reduced equilibrium film thickness and pressure at different speeds and tensions of the wire.

Parameters used in the simulation are the same as those in Section 4.1.2. (a) Thickness of slurry film at speed V ¼ 10;
15, 20m/s and under tension T ¼ 20N. (b) Thickness of slurry film under tension T ¼ 15; 25, 35N and at speed

V ¼ 15m/s. (c) Slurry pressure at speed V ¼ 10; 15, 20m/s and under tension T ¼ 20N. (d) Slurry pressure under

tension T ¼ 15; 25, 35N and at speed V ¼ 15m/s. For (a) and (c): solid lines represent the cases with V ¼ 10m/s,

dashdotted lines represent the cases with V ¼ 15m/s, and dashed lines represent the cases with V ¼ 20m/s. For (b) and

(d): solid lines represent the cases under T ¼ 15N, dashdotted lines represent the cases under T ¼ 25N, and dashed

lines represent the cases under T ¼ 35N.

L. Zhu, I. Kao / Journal of Sound and Vibration 283 (2005) 589–620 599
3. Model discretization

3.1. Galerkin-based model discretization

Galerkin’s method of weighted residuals works by minimizing the error between the actual and
the discretized fields. It is fulfilled by considering the error function to be orthogonal to the space
defined by the shape functions. Fourier series are common choices of the global shape functions as
well as the weighting functions. As to the dynamic wire/slurry system, the vibration displacement
Uðx; tÞ of the wire and the transient hydrodynamic pressure pðx; tÞ of the slurry can be expanded
into Fourier series as

Uðx; tÞ ¼
XNU

j¼1

ujðtÞfjðxÞ; ð0pxpLÞ; (13)
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Fig. 6. The 2D profiles of slurry pressure near the boundary region, 36:7mmpL0p50mm; in Figs. 5 (c) and (d). In this
region, the pressure drops to zero at the boundary. (a) Slurry pressure at speed V ¼ 10m/s and under tension T ¼ 20N;

(b) slurry pressure at speed V ¼ 15m/s and under tension T ¼ 20N; (c) slurry pressure under T ¼ 15N and at speed

V ¼ 15m/s; (d) slurry pressure under T ¼ 35N and at speed V ¼ 15m/s.

L. Zhu, I. Kao / Journal of Sound and Vibration 283 (2005) 589–620600
pðx; tÞ½Hx1 � Hx2 
 ¼
XNP

j¼1

rjðtÞcjðxÞ; ðx1pxpx2Þ; (14)

where NU and NP are the number of terms of the Fourier expansions for the wire displacement
and the slurry pressure, respectively. The orthogonal and complete shape functions f and c are

fj ¼ sin
jpx

L
; cj ¼ sin

jpðx � x1Þ

L0

� �
: (15)

Within the contact span L0; the distributed external excitation f ðtÞ may also be expanded into
Fourier series. However, a more intuitive representation can be obtained by discretizing the
external excitation over the entire span of contact, as [7]

f ðtÞ½Hx1 � Hx2 
 ¼
XNF

j¼1

q0e
iof tdðxjÞ; x1pxjpx2: (16)
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Eq. (16) implies that the distributed external excitation is actually resulted from the multi-point
contact forces acting on the wire, where NF is the number of these concentrated forces, and
q0 ¼ f 0L

0=NF is the amplitude.
Inserting Eqs. (13), (14) and (16) into Eqs. (11) and (12), the error functions in the wire

displacement (EU) and the slurry pressure (EP) fields are

EUðxÞ ¼
XNU

j¼1

½mðfj €ujÞ � Tðf0
j
0
ujÞ
 � C1

XNP

j¼1

cjrj �
XNF

j¼1

½dðxjÞq0
;

EPðxÞ ¼
XNP

j¼1

ðh30c
0
jÞ
0rj �

XNU

j¼1

½12mðfj _ujÞ þ 6mV ðf0
jujÞ � 3ðh20P

0
0fjÞ

0uj
; ð17Þ

where the prime notation ‘‘0’’ denotes the derivatives with respect to x, d=dx: Following Galerkin’s
method, the error functions are minimized through rendering them orthogonal to their function
spaces: Z L

0

fðxÞEUðxÞdx ¼ 0;

Z x2

x1

cðxÞEPðxÞdx ¼ 0:

Therefore, the Galerkin-discretized forced wire/slurry system can be expressed by the weak
forms, as

M€uþ Ku� Pr ¼ Fq; P1r ¼ C_uþHu: (18,19)

In Eq. (18),M is the real diagonal positive-definite mass matrix of dimension NU � NU ; K is the
real symmetric stiffness matrix of dimension NU � NU ; P and F are real NU � NP and NU �

NF matrices, respectively, q is the NF � 1 force vector representing the discrete external
excitations. In Eq. (19), C andH are real NP � NU matrices, P1 is a real NP � NP non-symmetric
matrices. The elements of these matrices (vectors) are

Mði; jÞ ¼ m

Z L

0

fifj dx; ði; j ¼ 1; . . . ;NUÞ;

Kði; jÞ ¼ T

Z L

0

f0
if

0
j dx; ði; j ¼ 1; . . . ;NUÞ;

Pði; jÞ ¼ C1

Z x2

x1

ficj dx; ði ¼ 1; . . . ;NU ; j ¼ 1; . . . ;NPÞ;

F ði; jÞ ¼

Z x2

x1

fidðxjÞdx; ði ¼ 1; . . . ;NU ; j ¼ 1; . . . ;NF Þ;

qðjÞ ¼ q0e
iof t; ðj ¼ 1; . . . ;NF Þ;

Cði; jÞ ¼ 12m
Z x2

x1

cifj dx; ði ¼ 1; . . . ;NP; j ¼ 1; . . . ;NUÞ;
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Hði; jÞ ¼ �6mV

Z x2

x1

c0
ifj dx þ 3

Z x2

x1

h20P
0
0fjc

0
i dx; ði ¼ 1; . . . ;NP; j ¼ 1; . . . ;NUÞ;

P1ði; jÞ ¼ �

Z x2

x1

h30c
0
jc

0
i dx; ði; j ¼ 1; . . . ;NPÞ;

where the P1 matrix and the second part of the H matrix are obtained through integration over the
nodal points xn ðx1pxnpx2Þ of the discrete equilibrium slurry pressure and film thickness. Euler’s
rule is applied to evaluate the corresponding derivatives. Eqs. (18) and (19) can be combined to yield
the linear system describing the vibration characteristics of the wire/slurry system:

M€uþ Cn _uþ ðKþHnÞu ¼ Fq: (20)

In Eq. (20), Cn
¼ �PP�1

1 C is a NU � NU real non-symmetric matrix representing the slurry
damping, and Hn ¼ �PP�1

1 H is a NU � NU real non-symmetric matrix representing the added
stiffness of the wire mainly due to the wedge effect. These two terms are newly introduced matrices
in the investigation of the dynamically coupled wire/slurry system of the wiresawing processes.
The slurry damping acting on the wire comes from the elasto-hydrodynamic squeeze film effect.

As the wire vibrates transversely, the slurry film, which is trapped between wire and ingot recess, is
squeezed, hence exerts damping force on the wire. Therefore, the slurry damping is of the viscous
type. In the following simulation in Section 4, typical values of the elements in the damping matrix
C� have magnitude ranges from 0 to 103 kg/s.
Eq. (20) represents a general non-conservative system with asymmetric matrices [22], which

results in non-symmetric vibration characteristics induced by the coupling of the wire and the
slurry flow. To our best knowledge, this system asymmetry in the wiresaw slicing process has not
been modeled and studied in detail before.

3.2. Verification of the Galerkin-discretized model

According to Ref. [22], the closed-form solution is generally not available for such non-
conservative system as described by Eqs. (11) and (12). Therefore, the numerical scheme of finite
element (FE) semi-discretization is employed to verify the Galerkin-discretized model. First, the
original system given by Eqs. (11) and (12) is discretized into piecewise linear-interpolated
elements. Next, the temporal behavior of such FE approximation is directly integrated by the one-
step Newmark’s predictor–corrector method. The reason for choosing the Newmark’s method is
because of its unconditional stable property [17]. Both models have been tested by the same
randomly selected parameters, with a wire of diameter 175mm and the mass per unit length
0.1876 g/m. The wire length is L ¼ 300mm. Here, we use the slurry comprised of Glycol or
Ecocool carrier and F400 SiC abrasive grits with an effective viscosity of 10 cP (centi-poise). The
equilibrium film thickness h0 of the slurry is set as constant at 150mm over the contact span of
10mm. This randomly selected film thickness is in the order of the slurry film thickness obtained
from Refs. [6,16] and relatively thin corresponding to the low slurry viscosity. These relatively low
dynamic viscosity and uniform film thickness are chosen primarily to reduce the computation
effort in the direct time integration. Other choices are also used in the simulation with similar
results. The harmonic external excitation is assumed to be sinusoidal. Other process parameters
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Fig. 7. Time domain forced vibration response of wire calculated from the Galerkin-discretized model. The transverse

displacement of the wire is normalized with respect to the magnitude of external excitation, Uðf 0 L0Þ: (a) Vibration
displacement of the whole wire; (b) vibration displacement of the middle point of the wire. Parameters used in the

simulation are: wire tension T ¼ 25N, wire speed V ¼ 10m/s, wire length L ¼ 300mm, contact span L0 ¼ 10mm,

slurry viscosity m ¼ 10 cP, and the frequency of external excitation of ¼ 1200 rad/s.

Fig. 8. Time domain forced vibration response of wire calculated from direct-time integration by Newmark’s method.

As illustrated in the figure, finer elements are assigned in the middle of the wire, in accordance with the contact span.

The transverse displacement of the wire is normalized in the same way as that in Fig. 7. (a) Vibration displacement of

the whole wire; (b) vibration displacement of the middle point of the wire. Parameters used in the simulation are the

same as in Fig. 7.

L. Zhu, I. Kao / Journal of Sound and Vibration 283 (2005) 589–620 603
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are indicated in Figs. 7 and 8. The responses of the forced vibration of wire are calculated in the
time domain by applying both models (Galerkin-discretized model and FE semi-discretized
model) under zero initial conditions. The vibration displacements of the wire are plotted in 3D
plots against the X-axis and the time in Figs. 7 and 8, respectively. These two figures show that the
vibration responses of wire obtained from these two models are reasonably close to each other,
even though finer elements are assigned in the middle of the wire in Fig. 8.
Although the numerical scheme of the direct-time integration can also yield good results in the

time domain, there are many disadvantages associated with it. The major ones are: (1) the
computational cost is unaffordable in computing large data sets; and (2) it is not physically
intuitive in the understanding of the system.
Therefore, we employ modal analysis in the study of the Galerkin-discretized model, which will

be presented in the next section.
4. Modal analysis

General non-conservative systems, as described by Eq. (20), admit complex eigenvalue
solutions. Casting Eq. (20) into the state-space form, we have

_vðtÞ ¼ AvðtÞ þ Bq: (21)

In Eq. (21), vðtÞ ¼ ½uðtÞT _uðtÞT
T is the augmented state vector. The system matrix A of dimension
2NU � 2NU is real and non-symmetric. The dynamic characteristics of the wire/slurry system are
determined by the dual eigenvalue solution [22] of this system matrix A:
From the eigenanalysis of the dynamic wire/slurry system described by Eqs. (20) and (21), the

key results are highlighted in the following:
1.
Ta
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The eigensolutions of Eq. (20) consist of complex eigenvalues and real eigenvalues (as shown in
Table 1 and Fig. 13). The complex conjugate eigenvalues contain the vibration modes of the wire/
slurry system, which are described by the damped frequencies and the effective dampings of these
modes. The real eigenvalues correspond to the overdamped high-frequency modes [23]. The system
vibration responses associated with these overdamped modes are merely affected by the excitation
frequency. The contribution of these overdamped modes to the vibration amplitude of the wire
ble 1

st four underdamped modes of vibration at different contact spans

ntact span L0 30mm 50mm 70mm 90mm

underdamped mode �38:6 4364i �49:7 4549i �51:4 4757i �55:5 4987i

underdamped mode �9:3 4374i �14:0 4556i �15:4 4761i �17:5 4988i

underdamped mode �73:6 8747i �74:0 9127i �79:3 9535i �86:9 10000i

underdamped mode �24:8 8761i �41:8 9128i �45:2 9546i �46:3 9999i

e real part of any eigenvalue decreases when the contact span becomes longer, which indicates the effective damping

s larger at longer contact span. The damped frequencies of modes ð2i � 1Þ and (2i) are close to each other, because

ingot is placed at the mid-span of the wire.
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becomes progressively smaller when the excitation frequency increases from zero [23]: When the
harmonic excitation is a cosine signal, the vibration amplitude of the wire decreases monotonically
as the excitation frequency increases from zero; whereas, when the system is subject to a sinusoidal
excitation, the vibration amplitude of the wire experiences an abrupt shoot-up from zero amplitude
in a narrow band near zero frequency, then decreases monotonically. Therefore, these overdamped
mode will not lead to resonance-type phenomena (see Fig. 14). However, the low-frequency
response of the system is determined by these real eigenvalues.
2.
 The damped frequencies of modes ð2i � 1Þ and ð2iÞ; with iX1; are nearly identical to each other.
This phenomenon has been observed and discussed in the study of tape/head system in Ref. [9].
If the wire vibrates without interacting with slurry, a node (or anti-node) of its j ¼ 2i (or
j ¼ 2i � 1) mode (which is fj; see Eq. (13)) will be located at the mid point of the wire. With the
slurry/wire interaction, the damping effect of the slurry is somewhat similar to the case when
the wire is constrained from the transverse displacement at the middle point, as illustrated in
Figs. 9 and 10. In the context of wiresawing process, therefore, the damped frequencies of the
wire/slurry system would be repeated at the wire’s even natural frequencies.
. 9. The vibration amplitude and the equilibrium displacement of the wire. The parameters are the same as those in

. 10. The vibration amplitude of the wire is found to be much smaller than the wire deflection at equilibrium, which

idates the small perturbation assumption in the previous linearization procedure. (a) Vibration amplitude of the

e; (b) deflection of the wire at equilibrium.
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Fig. 10. Vibration displacement of the wire as a function of time. The ingot is located at the middle part of the wire.

The wire/slurry interaction occurs within the contact span L0; as shown. Parameters used in the simulation are: contact

span L0 ¼ 50mm, speed V ¼ 10m/s, tension T ¼ 20N, slurry viscosity m ¼ 2500 cP, wire bow angle a ¼ 1:0�; the
frequency of external excitation of ¼ 4558:7 rad/s, and the amplitude of external excitation f 0 ¼ 6:98N/m. In the

figure, the wire has zero initial displacement. The thick solid line represents the vibration displacement of the wire after

0.1 s. The thin solid line represents the wire displacement after 0.2 s. The dotted line represents the wire displacement

after 0.3 s, the dashed and the dashdotted lines represent the wire displacements after 0.4 and 0.5 s, respectively.

L. Zhu, I. Kao / Journal of Sound and Vibration 283 (2005) 589–620606
3.
 From the above discussions, the damped frequencies of (2i � 1) and (2i) modes of the wire/
slurry system are higher than the natural frequency of the (2i) mode of the wire. This is because
the contact span occupies a part of the wire length. In the case presented in Section 4.1.1, for
example, the second natural frequency of the wire is about 4145 rad/s. The damped frequencies
of the corresponding wire/slurry system are higher, ranging from 4364 to 4988 rad/s depending
on contact spans, as shown in Table 1.
4.
 System eigenvalues always possess negative real parts, which indicates that the equilibrium
positions of the wire/slurry system are asymptotically stable with typical configurations in the
wiresawing process. This conclusion can be extended to the original nonlinear wire/slurry
system since the linearized system possesses significant behavior [22]. Therefore, the system
stability is guaranteed for all practical concerns.

A typical profile of the vibration amplitude of the wire is plotted in Fig. 9 with the comparison
of the equilibrium displacement of wire. In this case, the wire is subjected to a sinusoidal
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Table 2

First two underdamped vibration modes at different wire speeds, V ¼ 10; 12:5; 15, and 20m/s

Wire speed V (m/s) 10 12.5 15 20

1st underdamped mode �41:9 4559i �45:6 4557i �49:4 4553i �56:3 4551i

2nd underdamped mode �17:4 4563i �14:8 4562i �12:9 4560i �9:2 4558i
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excitation (Im½f ðtÞ
 in Eq. (4)) with of equal to the first damped frequency of the system
(see Table 2). Fig. 10 shows the vibration displacements of the wire with respect to time. The
process parameters used in the simulation are shown in Fig. 10. The magnitude of the external
excitation is calculated through the following equation:

Nn ¼ 2T sin a ¼ C2L
0Pavg and f 0 ¼ bNn=L0: (22,23)

In Eqs. (22) and (23), Nn is the nominal cutting force generated from the bow angle and tension of
the wire, Pavg is the equilibrium hydrodynamic pressure generated in the slurry film, which is
averaged along the contact span; C2 is a constant depending on the geometry of the cross-section
of the wire, and b is the ratio between the magnitude of the external disturbance force and the
nominal cutting load. Assuming the magnitude of the external excitation accounts for 10% of the
total nominal cutting force (b ¼ 0:1), the vibration amplitude of the wire is found to be much
smaller than the wire deflection at equilibrium, as shown in Fig. 9. This validates the small
perturbation assumption in the previous linearization procedure.

4.1. Parametric studies of the vibration of wire in slurry wiresawing processes

By applying corresponding eigenanalysis to the Galerkin-discretized model, parametric studies
have been carried out numerically to investigate the vibration of wire in the slurry wiresawing
processes. The process parameters used in the following simulations are based on the typical
configurations in the silicon wafer wiresaw slicing processes. The mass density of the wire is
0.1836 g/m (plain carbon steel wire). The length of the wire is L ¼ 500mm (E400SD series
wiresaw), with the slurry being a mixture of F400 green silicon carbide abrasives and Glycol or
Ecocool-base carrier at various mixing ratios.
Important parameters affecting the wiresaw processes include: (1) the contact span L0; (2) the

properties of wire: wire speed V, wire tension T, and wire bow angle a; (3) the dynamic viscosity of
the slurry m: Numerical simulation has been conducted to investigate the effects of these process
parameters on the dynamics of the wire/slurry system. Within the practical ranges of these process
parameters, the vibration characteristics of the wire are studied by varying the range of each
individual parameter while keeping other parameters constant. In the following subsections,
studies on the contact span, speed and tension of wire, bow angle of wire, and slurry viscosity are
presented.

4.1.1. Contact span
In slicing cylindrical semi-conductor boules, it is sometimes observed that high roughness can

exist in the upper and lower parts of a wiresaw-sliced wafer at shorter contact spans, as shown in
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Fig. 11. Wiresaw sliced 5’’ Si wafer (h111i n-type). (a) Large surface roughness is visible at the upper and lower portions

of the wafer corresponding to the engaging and exiting parts of the slicing process. (b) SEM photo of a small area at

contact span L0 ¼ 45mm. Comparing with (c): (1) there are more abrasive grits remain indented on the wafer surface;

(2) the surface crack pits are larger and coarser; (3) visible wire marks indicating brutal cutting conditions had occurred.

(c) SEM photo of a small area at contact span L0 ¼ 125mm. The surface, under the same scale as in (b), has a much

better surface finish.
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Fig. 11. The surface roughness of the same wafer is smaller elsewhere. Such defects are highly
undesirable in the industrial wiresaw processes since additional lapping will be required in the
subsequent processing. In addition, there is a corresponding higher risk of wire breakage when
this occurs.
A wiresaw-sliced 5’’ single-crystalline silicon wafer is shown in Fig. 11(a) to illustrate such

characteristics. As indicated by the zoom-in views, visible rough wire marks can be seen with
naked eyes. To further study the surface morphology, scanning electron microscope
(SEM) photos were taken at small areas located at the contact spans L0 ¼ 45mm (upper
part of the wafer surface) and L0 ¼ 125mm (towards the middle of the wafer surface),
respectively. They are shown in Figs. 11(b) and (c). It can be readily seen from these two
figures that poor surface finish is produced on this wafer when the contact span is shorter. Parallel
wire marks and rougher surface are probably caused by very thin or intermittently broken slurry
film, resulting in ploughing instead of the rolling-indenting process [4,6,16]. The SEM photos
taken in the same scale show more fractures, larger pits, and surface irregularities in Fig. 11(b)
than Fig. 11(c).
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Average surface roughness (Ra) values are measured using the XP-2 Stylus Profiler. The average
roughness Ra is calculated from the arithmetic average method, defined as

Ra ¼
Xn

i¼1

jyij

n
; (24)

where yi is the vertical deviation from the nominal surface at point i, and n is the number of points
along a specified distance within which the deviations are measured.
Measurements were taken along 2mm traces perpendicular to the wire marks at the contact

spans of 45, 80, 100 and 125mm. At every contact span, five measurements separated uniformly
by 5mm distance were taken along the direction of the wire mark. The mean and the
corresponding standard deviation of measured Ra values are plotted in Fig. 12 with respect to the
different values of the contact spans. The results indicate that the surface roughness decreases
continuously with the expansion of the contact span. More importantly, there is a significant
reduction in the standard deviation when the contact span is increased from 45 to 80mm and
higher.
One possible reason of such surface roughness is the quick fluctuation of material

removal rate (MRR). With normal floating machining environment and rolling-indenting
mechanism in the typical wiresawing processes, the MRR is mainly determined by the
hydrodynamic pressure developed in the slurry flow, and the thickness of the slurry film [6,16].
Fig. 12. The mean values and the standard deviations (STD) of the measured surface roughness Ra along different

contact spans at L0 ¼ 45; 80, 100, and 125mm. (a) Mean values of the measured surface roughness; (b) STD of the

measured surface roughness.
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Fig. 13. Real eigenvalues of the wire/slurry system at the contact spans of L0 ¼ 30; 50, 70, and 90mm. Parameters used
in the simulation are: speed V ¼ 15m/s, tension T ¼ 20N, slurry viscosity m ¼ 4500 cP, wire bow angle a ¼ 1:2�;
NU ¼ NP ¼ 60; and NF ¼ 100: In the figure, the thick solid line connects the 8 real eigenvalues (upward triangles) at

contact span L0 ¼ 30mm. The thin solid line connects the 10 real eigenvalues (left triangles) at contact span

L0 ¼ 50mm. The dashed line connects the 14 real eigenvalues (right triangles) at contact span L0 ¼ 70mm, and the

dotted line connects the 14 real eigenvalues (circles) at contact span L0 ¼ 90mm.
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It can be expressed as

MRR ¼ mV2 P

h2
; (25)

where MRR is the material removal rate, P is the hydrodynamic pressure, and h is the thickness of the
slurry film. With other process parameters fixed at a certain contact span, the hydrodynamic pressure
and the film thickness only fluctuate when the wire vibrates, as shown in Eqs. (10) and (12).
Modal analysis was implemented to study the vibration characteristics of the wire/slurry system

at contact spans L0 ¼ 30; 50, 70, and 90mm. The real eigenvalues of the system at these contact
spans are plotted in Fig. 13, which correspond to the overdamped modes of the system (see
Section 4). The first four vibration modes at these contact spans are tabulated in Table 1. In
Fig. 14, the maximum vibration amplitude of the wire (which is taken from the point with the
largest amplitude on the wire) is plotted against the excitation frequency at different contact
spans. In the simulation, the external excitation is assumed to be sinusoidal.
When the excitation frequency is low, the vibration amplitude of the wire decreases as the

excitation frequency increases, as shown in Fig. 14. This is because the contribution of the
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Fig. 14. Maximum vibration amplitudes of the wire at contact spans of L0 ¼ 30; 50, 70, and 90mm. The vibration

response is studied when the wire is subject to excitations with frequencies (a) near zero, and (b) near the first damped

frequency of the system (see Section 4.1.1), respectively. The parameters used in the simulation are the same as in Fig.

13. In the figures, the thick solid lines represent the maximum vibration amplitudes at contact span L0 ¼ 30mm. The

thin solid lines represent the maximum amplitudes at contact span L0 ¼ 50mm. The dashed and dotted lines represent

the maximum amplitudes at contact spans L0 ¼ 70mm and L0 ¼ 90mm, respectively.
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overdamped modes decreases as the excitation frequency becomes higher. Afterwards, the system
experiences resonance near the first damped frequency. There are two resonance peaks at this
frequency region, which is due to the fact that the second damped frequency is very close to the
first damped frequency of the system, as shown in Table 1. Since the effective damping is
proportional to the magnitude of the real part of the complex eigenvalue, Figs. 13 and 14, and
Table 1 indicate that the effective damping of any vibration mode increases with the expansion of
the contact span. Correspondingly, the maximum vibration amplitude of the wire decreases at
larger contact span, as shown in Fig. 14. Table 1 and Fig. 14 also show that the damped
frequencies of the wire/slurry system increase as the contact span becomes larger, which was
discussed earlier in this section.
From these simulation results, the shorter contact span produces larger vibration amplitude of

the wire. When this is coupled with the potential collapse of the hydrodynamic slurry film [6,16],
poor surface finish is produced. This is in accordance with the change in the surface roughness
shown in Figs. 11 and 12. Therefore, in order to obtain uniform, low surface roughness of
wiresaw-sliced wafers and to minimize the vibration-induced differential saw damage, the process
parameters should be controlled adaptively at different contact spans. In industry, such
adjustment of process parameters is done by manually assigning values to the important process
parameters in a PLC-based controller, such as the feed rate and the wire tension. The
methodology developed in this paper can be used to generate optimal profiles of the feed rate
corresponding to the bow angle of the wire and the wire tension. An example of adaptively
controlling these process parameters in the slicing of 300mm wafers is presented in Section 5.
4.1.2. Speed and tension of the wire

The speed of wire is normally kept in the range of 10–15m/s in the industrial wiresawing
processes. Within this speed range, it has been found that the change of wire speed does not have
much effect on the vibration characteristics of the wire [7]. However, wire speed is very important
in establishing and maintaining a hydrodynamic floating machining environment in slurry
wiresawing. Simulation has been conducted at different wire speeds ranging from 10 to 20m/s. In
Fig. 15, the maximum vibration amplitude of the wire is plotted against the excitation frequency.
Table 2 shows the first two vibration modes of the system under different speeds of V ¼ 10; 12:5;
15, and 20m/s.
From Fig. 15 and Table 2, a few observations are in order:
1.
3

As to the system eigenvalues corresponding to the first two vibration modes, the eigenvalue
with larger real part plays a more important role (the second mode in Table 2) in affecting the
vibration amplitude of the wire as the excitation frequency approaches the first damped
frequency. As shown in Table 2, the effective damping of the second mode decreases when the
wire speed becomes higher. Therefore, the maximum vibration amplitude of the wire increases
with the wire speed within this frequency region, as shown in Fig. 15.
2.
 The damped frequencies of the system decrease slightly when the wire speed increases.
However, such variation is insignificant due to the limited range of wire speeds3 used in the
industrial wiresaw processes.
Practical wire speeds used in industrial wiresaws are well below the critical speed for instability, i.e., V5V cr [7].
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Fig. 15. Maximum vibration amplitudes under different excitation frequencies at V ¼ 10; 15, and 20m/s. The vibration
amplitude of the wire increases at higher speed of the wire. The damped frequencies decrease a small amount at higher

speed of the wire. Parameters used in the simulation are: contact span L0 ¼ 50mm, tension T ¼ 20N, slurry viscosity

m ¼ 2500 cP, wire bow angle a ¼ 1:0�; NU ¼ NP ¼ 60; and NF ¼ 100: In the figure, the solid line represents the

maximum vibration amplitudes at V ¼ 10m/s. The dashed line represents the maximum amplitudes at V ¼ 15m/s. The

dotted line represents the maximum amplitudes at V ¼ 20m/s.
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3.
 From Table 2, the effective damping of the first mode increases at higher speed of the wire. On
the contrary, the effective damping associated with the second mode decreases at higher speed
of the wire. Therefore, these different changes of the effective dampings affect the overall
system response in different ways. Furthermore, the wire speeds used in the wiresaw process is
within very limited range, and well below the critical speed. Hence, it has a negligible effect on
the dynamics of the wire (see Section 2.1). In general, the wire speed does not affect the
vibration characteristics of the wire/slurry system in the wiresawing process. On the other hand,
wire tension remains a more dominant process parameter in the vibration of the wire/slurry
system (also see Fig. 16 and Table 3).

Although lower wire speed is desirable in reducing the vibration of the wire, reducing the wire
speed may not be practical due to the fact that the proper floating machining environment may
break down if the wire speed is too low. In addition, the speed effect on vibration is not significant
at low speed. In Section 5, we will address the vibration control issue by changing the tension of
the wire.
Since the bow angles are small in the wiresawing processes, the wire tension is normally kept

high (20–35N) to generate a reasonably high nominal cutting force. Modal analysis has been
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Fig. 16. Maximum wire vibration amplitude vs. excitation frequency at T ¼ 15; 25, and 35m/s. The wire vibration is

more damped under higher tension. The damped frequencies increases significantly under higher wire tension.

Parameters used in the simulation are: contact span L0 ¼ 50mm, speed V ¼ 15m/s, slurry viscosity m ¼ 5000 cP, wire

bow angle a ¼ 1:0�; NU ¼ NP ¼ 60; and NF ¼ 100: In the figure, the solid line represents the maximum vibration

amplitudes under T ¼ 15N. The dashed line represents the maximum amplitudes under T ¼ 25N. The dotted line

represents the maximum amplitudes under T ¼ 35N.

Table 3

First two underdamped modes under wire tension T ¼ 15; 25, and 35N

Wire tension T (N) 15 25 35

1st underdamped mode �45:0 3950i �52:8 5094i �59:4 6023i

2nd underdamped mode �8:49 3953i �16:0 5098i �22:2 6030i
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conducted at three tension levels of 15, 25 and 35N in order to study the effects of the wire tension
on the vibration characteristics of the wire/slurry system. The first two vibration modes of the
system are shown in Table 3. The maximum vibration amplitude of the wire is plotted against the
excitation frequency in Fig. 16.
Some highlights of Fig. 16 and Table 3 include:
1.
 The real parts of the system eigenvalues associated with the first two modes decrease
monotonically and rapidly when the wire tension is increased, which indicates higher effective
damping. Therefore, the vibration of the wire is more damped under higher tension of the wire.
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2.
 The damped frequencies of the wire/slurry system increases significantly under higher wire
tension.

From the above simulation results, the vibration of the wire can be significantly reduced by
increasing the tension of the wire, as it also was observed in Ref. [7]. This phenomenon is mainly
caused by the increased transverse stiffness of the wire with higher tension.

4.1.3. Bow angle of wire and slurry viscosity
During wiresaw slicing, the nominal cutting force is generated through a proper bow angle of

wire. This bow angle directly affects the quality of wiresaw slicing in many ways. For example,
large bow angle of wire can result in the breakdown of the normal floating machining
environment, and degenerate the slicing quality [16]. Modal analysis has been carried out at 4
levels of the bow angle, a ¼ 0:5�; 1:0�; 1:5� and 2:0�: Table 4 shows the first two vibration modes at
these wire bow angles.
From Table 4, the real parts of the system eigenvalues decrease monotonically when the bow

angle increases, which indicates higher effective damping. This implies that (1) the bow angle of
wire also has significant effect on the vibration of the wire; and (2) the vibration amplitude of the
wire decreases when the bow angle is increased. Therefore, larger bow angles are desirable in
improving slicing quality to avoid excessive vibration of the wire. However, a too large bow angle
of wire tends to cause the breakdown of proper hydrodynamic machining environment, especially
at shorter contact spans [6,16,17].
The dynamic viscosity is an important mechanical property which characterizes the slurry in the

wiresaw processes. This viscosity value is determined by different mixing ratios of the carrier fluid
and abrasive grits. The viscosity of the wiresaw slurry ranges from tens to thousands centi poises
(cP) [2,20]. To study the effects of slurry viscosity on the vibration characteristics of the wire/
slurry system, modal analysis has been conducted using the viscosity values of m ¼ 2500; 5000 and
Table 4

First two underdamped vibration modes at different bow angles of the wire

Bow angle a (deg) 0.5 1.0 1.5 2.0

1st underdamped mode �47:7 4665i �50:6 4657i �51:1 4651i �52:0 4641i

2nd underdamped mode �13:7 4666i �14:4 4660i �15:1 4657i �16:4 4651i

The parameters used in the analyses are: T ¼ 20N, V ¼ 15m/s, m ¼ 4500 cP, L0 ¼ 60mm, NU ¼ NP ¼ 60; and NF ¼

100:

Table 5

First two underdamped modes at different slurry viscosity m ¼ 2500; 5000, and 7500 cP

Slurry viscosity m (cP) 2500 5000 7500

1st underdamped mode �49:4 4553i �49:1 4558i �49:0 4559i

2nd underdamped mode �12:9 4560i �12:4 4562i �12:3 4562i

The parameters used in the analyses are: T ¼ 20N, V ¼ 15m/s, a ¼ 1�; L0 ¼ 50mm, NU ¼ NP ¼ 60; and NF ¼ 100:
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7500 cP, while keeping other process parameters constant. Table 5 shows the first two vibration
modes of the system with different slurry viscosity.
From Table 5, the eigenvalues of the system do not change significantly within this range of

slurry viscosity. This indicates that the vibration responses of the wire/slurry system also would
not change much at different viscosity values, because the damping effect of slurry flow would
increase with higher slurry viscosity, provided that the equilibrium film thickness remains the
same. With higher slurry viscosity, however, a thicker slurry film tends to be developed between
the wire and the ingot recess [1,6,16,17]. These two effects compensate each other. Hence, the
damping force exerted on the wire by the slurry flow does not change very much with different
viscosity values of the slurry.
5. Discussions

From our previous study of the equilibrium elasto-hydrodynamic interaction between wire and
slurry flow [4,6,16,17], nominal wiresaw slicing is governed by the rolling-indenting process, which
is a machining process similar to hydrodynamic polishing [24,25]. In other words, the nominal
cutting force exerted by the bowed wire is transferred to abrasive particles via the hydrodynamic
pressure within a slurry film of high viscosity. The equilibrium thickness of the slurry film is
governed by the balance between the load exerted by the bowed and taut wire as well as the
hydrodynamic pressure. The relation between the cutting load exerted by the wire and the
hydrodynamic effort can be approximated by the geometric relationship given by Eq. (22).
In the industrial wiresaw process for wafer slicing, the surface quality of a round wafer is more

sensitive to process parameter settings near the beginning and end of slicing, as discussed in
Section 4.1.1. The following two observations are offered to explain this phenomenon:
1.
 From our FE analysis of the tribology of slurry flow, we found that at shorter contact spans,
the thickness of the thin hydrodynamic slurry film is comparable to the average size of abrasive
particle sizes [6,16,17]. Therefore, multiple direct or semi-direct contacts of the wire on abrasive
grits upon the ingot surface can take place along the contact span for a sustained period of
time, as suggested by the morphology shown in Fig. 11(b). The amplitude of vibration is
expected to be high, too. As a result, nearly 100% of the nominal cutting load is transferred to
the ingot surface by the multiple direct and/or semi-direct contacts, producing poor surface
finish. On the other hand, when the slurry film becomes thicker as the contact span increases, a
stable floating machining condition can be established with constant material removal rate.
Under ideal floating machining condition, no cutting load is transferred to the ingot surface by
direct contact of the wire on abrasive grits. Hence, the rolling-indenting machining dominates
and results in a more homogeneous surface.
2.
 From the simulation results presented in Section 4.1.1, the wire has larger vibration amplitude
at shorter contact spans, assuming the external excitation is constant in amplitude and
frequency. Due to larger amplitude of vibration, the fluctuation of slurry film thickness and
hydrodynamic pressure are also higher at shorter contact spans. Under floating machining
conditions in the wiresaw process, this would lead to more variations in the material removal
rate and surface roughness.
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The preceding analysis suggests that extra care should be taken to control important process
parameters adaptively during wiresawing in order to avoid excessive vibration of the wire and
poor surface finish at shorter contact spans. In industry, such control is implemented in a
piecewise continuous profile of feed rate based on experience and empirical results. However, we
presented an analytical approach with numerical simulation to study various effects due to
changes in process parameters. Such methodology can be employed to improve the performance
of wafer slicing using a wiresaw.
From the parametric studies presented in Section 4.1, the tension and bow angle of the wire are

identified as important practical parameters which can be controlled to reduce the vibration
amplitude of the wire. Under floating machining condition of the wiresaw process, the vibration
amplitude of the wire would be reduced by increasing wire tension and/or bow angle. From our
previous studies [6,16], the bow angle of the wire is the key parameter in affecting the floating
machining condition: proper floating machining condition may break down when the bow angle is
too large, especially at shorter contact spans. Therefore, wire tension is the major parameter which
should be controlled to avoid excessive wire vibration, provided a proper floating machining
environment is established under a suitable wire bow angle. We divide the corresponding process
variables into three ranges based on the length of contact span: short, medium, and large. For a
300mm ingot shown in Fig. 17, for example, the three ranges are established: (1) short:
jyj4141:4mm; (2) medium: 111:8mmojyjp141:4mm; and (3) jyjp111:8mm: The following
control strategy is suggested for the wiresaw process:
1.
Fig

rig
When the contact span is short (y1ojyjp90�): the bow angle should be small (1–3�) and the
wire tension should be high (30oTo35N).
. 17. Three ranges of contact span on the cross-section of a 300mm ingot. y is the angle from the þX -axis to the

ht end of a contact span. y is the distance between a contact span and the X-axis.
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2.
 When the contact span is medium (y2ojyjpy1): the wire bow angle can be medium (2–4�), and
the tension of the wire can be either high or medium (25oTo35N).
3.
 When the contact span is large (0�pjyjpy2): the bow angle and the tension of the wire can be
any values provided they are within their typical ranges, and consistent with the requirements
of slicing.

In the following, we summarize important results presented in this paper:
1.
 The vibration amplitude of wire is larger at shorter contact spans under normal floating
machining condition, causing undesirable surface roughness. This is confirmed by the statistical
measurement on surface roughness of wiresaw-sliced sample silicon wafers.
2.
 The effective damping of any vibration mode increases with the expansion of contact span
between wire and ingot. In addition, larger wire tension also causes the effective damping to be
larger.
3.
 The tension of the wire is identified as the important process parameter that can be controlled
adaptively to prevent excessive vibration at short contact spans, which often results in poor
surface finish. In general, high tension is desirable in reducing the vibration amplitude of the
wire. Adaptive control strategies for consistent slicing of round wafers using wiresaws are
proposed based on our analytical modeling.
4.
 Comparing with the tension of the wire, the wire speed is of minor importance in affecting the
tool vibration characteristics in the wiresawing process. This is mainly because practical wire
speeds are very low (V ¼ 10 � 15m=s) and well below the critical speed (V5V cr).
5.
 For the linearized wire–slurry system, the vibration of wire is asymptotically stable about its
equilibrium position with typical wiresawing parameters and configuration. This conclusion
can be extended to the original nonlinear wire/slurry system because the linearized system
possesses significant behavior. Therefore, stability is guaranteed for the wire vibration in the
normal slurry wiresaw processes.
6. Conclusion

In this paper, we study the vibration characteristics of the wire under hydrodynamic
effects in the slurry wiresaw process. By modeling the interaction between the dynamics
of the wire and hydrodynamic characteristics of slurry flow, the distributed non-conservative
system is obtained through linearization about the equilibrium. To analyze the vibration
response of the system, Galerkin-based discretization and subsequent modal analysis are
employed. The Galerkin-discretized model is verified by direct time integration using a finite-
element semi-discretization scheme. Applying the modal analysis to the Galerkin-discretized
model, we studied the vibration responses of the wire, surface roughness of the sliced wafers
as a function of contact spans, and the effects of various process parameters on the vibration of
the wire.
Based on the modeling and analysis, we find that the effective damping due to the interaction

between wire vibration and slurry hydrodynamics increases with the increase of contact span and
wire tension, but decreases with the speed of the wire. It is also observed that the first two modes
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of vibration in the wiresaw processes have frequencies that are close to each other, which is
consistent with existing literature. Furthermore, the stability of the wire/slurry system in the
wiresaw process is guaranteed because the linearized system possesses significant behavior. Based
on the analysis, a practical strategy to adaptively control the process parameters to minimize poor
surface finish was proposed.
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