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ABSTRACT 

The research goals of this project are to understand the fundamental mechanics of the 

long wavelength waviness in wire-sawed silicon wafers. Combinations of analytical and 

experimental observations are pursued. A mechanistic model will be developed for long 

wavelength waviness generation. Simulation results will be verified against experimental 

observations under laboratory conditions. Verified mechanistic models will then be utilized 

to develop integrated process models and control algorithms for the wire sawing process. The 

current wire-sawing method of wafer slicing leaves long wavelength waviness on the wafer 

surface that must be corrected by an expensive lapping process. If successful, this project 

will improve the wire-sawing process to greatly reduce the induced waviness, thereby 

reducing the need for lapping and enhancing the cost effectiveness of wafer production. 
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CHAPTERl 

INTRODUCTION 

1.1 BACKGROUND OF WIRE SAW MACHINE 

I 

Wire saw wafer slicing is the first major post-growth process of the silicon ingot from 

the molt in crystal semiconductor wafer manufacturing [Kao, 1998]. Semiconductor wafers, 

such as Silicon (Si) and Silicon Carbide (SiC) wafers are traditionally sliced from silicon 

ingots using a sawing machine such as an inner diameter saw or a wire saw in the 

semiconductor wafer manufacturing industry. However, the thickness of inner diameter saw 

creates high kerf loss or waste of material from machining. To minimize this kerf loss, 

loose- abrasive wire saw machining technology was developed in the early 1990's. This wire 

saw machining technology has been applied to slice larger semiconductor wafers from ingots 

such as in the production of 200 and 300 mm diameter silicon wafers. A portion of abrasive 

particles are impregnated between the wire and the workpiece material to act as a third body 

to generate cutting effects during loose abrasive wire sawing. Abrasive particles such as 

silicon and diamond are utilized to machine the silicon and silicon carbide materials 

respectively [Clark, Shih, 2003]. 

Since the next generation wafers are expected to be bigger: 400 mm diameter for Si 

and 200 mm diameter for SiC wafer, the fixed abrasive wire saw machining, which 

impregnates the abrasive particle onto the surface of the wire to produce cutting action, was 

developed for precision and cost-effective wafer slicing. The advantages of the fixed

abrasive diamond wire saw over the loose- abrasive wire saw are: thin kerf (about the same 

as loose-abrasive wire saw), better wafer quality (lower wafer total thickness variation and 
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warping), increased cutting speed, elimination of the hazardous-waste slurry, and enabling 

the wire machining of harder advanced ceramics, such as SiC, sapphire, etc. Yet, this new 

fixed-abrasive diamond wire saw machining poses some technical challenges. For example, 

it generates long wavelength waviness, causes surface and sub-surface damage, and causes 

wear of the diamond wire. In the past few years, new diamond impregnated wire saw 

machines have evolved rapidly. Although the industry is currently leading the development, 

the fundamental research on the fixed-abrasive wire saw wafer slicing processes is still 

lagging behind. Thus, it is the goal of this research to develop a better understanding of the 

mechanics of wire saw cutting between the micro-scale abrasive particle and the workpiece 

material, and the mechanics of wire lateral deflection of wire saw machining that leads to 

undesirable long wavelength waviness surface roughness on the wafer surface that will be 

analytically and experimentally studied. The intent is to achieve yield improvement and cost 

reduction that usually accounts for 60-80 percent of a wafer's cost to remove the wavy 

surface roughness using the grinding and lapping operations. Surface planarity as well as 

surface and sub-surface damage characteristics are crucial for further processing in Integrated 

Circuit (IC) manufacturing industry. This research also mainly focuses on the fixed-abrasive 

diamond wire saw machining application. 

1.2 OBJECTIVE OF RESEARCH 

The goal of this research is to develop a better understanding of the mechanics of 

wire saw cutting between the micro-scale abrasive particle and the workpiece material, and 

the mechanics of wire lateral deflection of wire saw machining that leads to undesirable long 

wavelength waviness surface roughness on the wafer surface that will be analytically and 

experimentally studied. 
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1.3 REVIEW OF WIRE SAW MACHINING DEVELOPMENT 

Most of technical breakthroughs on wire saw machining occurred in the past few 

years and are published as patents. The process to use diamond wire to cut brittle 

semiconductor materials was first developed by H. Mech [ 197 4a, 197 4b] at Motorola in the 

1970's. There are only 3 patents in the 1970's [McLaughlin, 1977] and 2 patents in the 

1980's [Wells, 1983; Wells and Hatfield, 1988] on wire saw related machining technology. 

The number of patents exploded in the 1990's [Kurokawa, 1990; Takeuchi, 1991; Toyama et 

al. 1993; Bonzo et al., 1996]. There are more than five patents each year since 1998 on the 

development of new diamond wire and wire saw machine [Hauser, 1998a; Hauser, 1998b; 

Toyama, 1998; Hodsden, 1998; Hauser, 1998c; Hauser, 1999; Miyoshi et al., 1999; Toyama, 

1999; Hodsden, 1999; Miyoshi et al., 1999; Asakawa and Oishi, 2000; Buljan and Andrews, 

2000, Egglhuber, 2000; Hodsden and Hodsden, 2000; Ikehara, 2000; Katamachi, 2000; 

Ueoka et al., 2000, Witte and Ragan, 2000; Yu, 2000; Nagatsuka et al., 2001; Ohashi and 

Matsuzawa, 2001; Egglhuber, 2001; Oishi et al., 2001; Onizaki and Ogawa, 2001; Hodsden, 

2001; Kononchuk and Preece; 2002; Chikuba and Ishida, 2002; Hauser, 2002; Oishi et al., 

2002; Hodsden, 2002]. Besides these patents, Li, Kao, and Prasad [1998] have presented a 

model and analysis of the contact between the abrasive and workpiece due to rolling 

indentation in the free-abrasive wire saw machining of a SiC wafer. Sahoo, et al. [1998] used 

the finite element method to analyze the vibration modes in wire saw cutting of thin wafers. 

Bhagavat and Kao [ 1999] and Bhagavat, et al. [2000] present a model and finite element 

analysis of the elasto-hydrodynamic interaction in free-abrasive diamond wire machining. 

Ishikawa et al. [1994], Tokura, et al. [1992], and Ito and Murata [1987] include some 

preliminary experimental wire saw machining results. Clark et al. [2003a, 2003b] summarize 
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the most recent research results on fixed-abrasive diamond wire machining of wood and 

foam ceramics. This review shows that there is a lack of fundamental research in fixed-

abrasive diamond wire saw for semiconductor wafer slicing and other applications. Thus, the 

objective of this research is to study the fundamental mechanics that generates the long 

wavelength waviness on the SiC wafer surface. 

Two figures such as figure 1.1 and 1.2 are presented as follows to provide a better 

understanding about the structure of the wire saw machine and the surface profile of the 

wire-sawn material: 

(a) (b) 
Figure 1.1 Fixed-abrasive wire saw (a) configuration of the wire saw slicing of wafer and (b) close-up 

view of the grooves in the plastic wire guide and the slicing of workpiece. [Bekaert, 1999] 
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An example of the long wavelength waviness on Sapphire material surface after being sawed 

by wire saw machine is shown as below: 

Height 
(µm) 

: ~::: J:: .:· . .' ..... .. :--::-- ...... :···::. :· .. .(__ ___ . ·1. :: :::::.::. :: "i 

.. 
1 o :=---- r····-···· ..... l ............. ,.t. ... ........... ~.. . ........ . 
15 ·= ..... 1 .................. J ................. ~ ........ ~ ....... i ...... · ..... . 

• ~ ~ j ! 
20 : : : : 

i ••• ~ .... ··~···· ····· ·· -- ··-~-· - ·· . . ········~-··· ···········~·-·-·--···· ··-

- .. ~ . : 

25 : : : : 
::':'7 ,. .. .... ,,. ,. • ,.:~ ............ ., . ~ "'#. .... : ............ - .. "" ••• ~ ............ - .... "' • ~; ...... - • - - ......... .. 

30 - ·i I l j 
80 60 
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40 20 0 

Figure 1.2 Experimental results of 4" Sapphire (Diamond Wire Technology, Colorado Springs) 
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CHAPTER2 

ABRASIVE GRIT CUTTING MECHANICS ANALYSIS 

2.1 INTRODUCTION 

6 

The abrasive grit, which is impregnated onto the wire surface and serves as a cutting 

medium in the wire saw machining process, is considered as the primary cause of the long 

wavelength wafer surface waviness generation due to the lateral force generation by grits as 

the wire is machining silicon ingot downward. Therefore, a detailed force analysis study has 

to be performed to develop a basic understanding about the cutting mechanism and the forces 

being generated and thereby provides a better way to control the generation of waviness and 

roughness on the workpiece material surface. 

2.2 ASSUMPTIONS 

1. The abrasive particle, which is generally the large negative rake angle cutting tool, is 

approximated as pyramidal indenter. 

2. The cutting mechanism is a sliding scratch as opposed to rotating scratch used by 

chemical mechanical polishing application. 

2.3 MODEL DEVELOPMENT 

Force Analysis of Abrasive Grit with Large Negative Rake Angle 

A theoretical force model of abrasive grit that slides across a ductile material surface 

was developed by the researchers Challen, Oxley [1979], and Torrance [1981] using the slip 

line field solution. A slip line field is used to analyze the deformation of a soft asperity by a 

hard asperity. The abrasive grit is modeled as a pyramidal indenter. A figure of the 
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pyramidal indenter that slides across the workpiece material surface and generates forces is 

shown below: 

~ 
J_ 

I 

Indenter 

Workpiece 

7 

Figure 2.1 Application of slip line field to an indenter that slides across the workpiece and creates a bulge 

The size of this field is given by the condition of conservation of volume, the areas ADE and 

DFF' are equal. Using Hencky's theorem, the values of normal force FN and the horizontal 

force FH (per unit width on ED) are given as: 

FH = k[ {l + 2(;r + & -<p-17)} sin(<p) + cos(2& -<p)]ED 
4 

FN = k[{l + 2(;r + & -<p-17)} cos(<p) + sin(2& -<p)]ED 
4 

(2.3.1) 

(2.3.2) 

where k is the shear yield stress of workpiece, & is the friction angle, <p is the attack angle 

(90 degree + negative rake) , and 17 is the bulge slope . 

• _ 1[ sin(<p) ] 
17 =Sm 

{1- cos(2&)}112 
(2.3.3) 
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It has to be noted the condition for & and cp is & > cp for the model of the slip line field 

solution (see figure 1) stated above to be applied. 

It should also be noted that the & , friction angle, is given by cos(2 & )=flk where f is frictional 

shear stress, is different in terms of the definition from the conventional friction angle of 

orthogonal cutting theory which equation gives tan f3 =µ=Fr IN where Fr is the friction force 

and N is the normal force on the chip-tool interface. The & parameter will be discussed in 

further detail in the later section. 

f ........ ,,_.,,., 
f
. L 

~ J 

,1·/· ...... " (: .. RR .... ·~· .. ·.\:F L1. Ft·.·.· . . / <':fr gFr . ·. Ff 
! F "' ~"' \ . 

.l. •. .. j ftl 

Figure 2.2 Force vector diagram of orthogonal cutting theory 

The forces per unit width per unit length appropriate to each face calculated from equations 

(2.3.1) and (2.3.2) are then multiplied by the contact areas of the faces (see equations 2.3.15-

2.3 .1 7) and are resolved laterally, vertically, and horizontally as follows: 

~ = (FmA1 sin¢1 + FH2Az sin¢2 + FH3~ sin¢3 ) 

F; = (FmA1 cos¢1 + FH2Az cos</lz + FH3~ cos¢3 ) 

~ = (FN1A1 + FN2Az + FN3~) 

(2.3.4) 

(2.3.5) 

(2.3.6) 

where ¢ is the oblique inclined angle to the direction of motion and is calculated from 

equation 2.3.8. 
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Calculation of attack angles and oblique inclined angles 

Figure 2.3 shows the indenter in the position corresponding to fJ =0°, r =0°, with its 

axis vertical and its front face orthogonal to the direction of motion of the workpiece. The 

axes (x, y, and z) of the indenter correspond to those (x', y', and z') of the workpiece, so it 

can be written down the coordinates of the unit vectors normal to the front face 2 and the two 

side faces 1 and 3 in terms of the workpiece. They are: 

x y 
Face 1 -sma 0 
Face 2 0 sma 
Face 3 sma 0 

The inclined angles of the three faces are then given by 
(Pi = tan-1 (x1 '/ y1 ') 

(A = tan-1 (x2 '/ y 2 ') 

¢3 = tan-1 (x3 '/ y3 ') 

The effective attack angles are given by 
el =tan-I (Y1 'I Z1 ') 

e2 = tan-l(Y2 '/ Z2 ') 

83 =tan-I (y3 '/ z3 ') 

The true attack angles rp for each face are then related to Band ¢ by 

_1( tan Bi) rp. =tan --
1 cos</J; 

z 
cos a 
cos a 
cos a 

(2.3.7) 

(2.3.8) 

(2.3.9) 

(2.3.10) 

Inclining the indenter through f3 and rotating it through r is equivalent to rotating the axes 

(x, y, and z) through/J about y' and through r about z' (Figure 2.4). In terms of the axes (x, 

y, and z) the coordinates of the normal to the faces are unchanged, but to find ¢and B these 



www.manaraa.com

coordinates must be transformed to refer them to the axes (x', y', z '). This may be done by 

multiplying the coordinates given in equation (2.3. 7) by the following matrix: 

cosy 

[-cos /3 sin r 
smy 

cosf3cos r 
0 

sin /3] 
sin /3 sin r - sin /3 cos r cos /3 

¢> and e can then be calculated from equations (2.3.8) and (2.3.9). 

Face 3 

Face 2 

Face 1 

Figure 2.3 Perspective view of a Vickers pyramid 

(2.3.11) 

10 
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Figure 2.4 Perspective view of a Vickers pyramid showing the way its axes are rotated and tilted in this 
analysis. The contact areas are shaded. Depending on values of rotation and tilted angles, the areas may 
or may not be in contact with material and result in the force may or may not be generated regarding to 
the particular face of indenter. 

Calculation of areas of faces in contact 

Depending on the values of fJ and r, one, two, or three faces may be in contact with 

the material and thereby generates forces to the cutting tool. The areas of the faces of the 

indenter in contact with the workpiece are calculated when the tip of the indenter has 

penetrated at unit depth into the workpiece. The coordinates of the unit vectors along the 

edges of the indenter in terms of the indenter's axes (x, y, z) are given as below: 

x y z 
K re re re 

-cos-cos a -cos-cos a -cos-sma 
4 4 4 

L re re re 
-cos-cos a cos-cos a -cos-sma 

4 4 4 
M re re re 

cos-cos a cos-cos a -cos-sma 
4 4 4 

N re re re 
cos-cos a -cos-cos a -cos-sma 

4 4 4 

These coordinates are then multiplied by the matrix, equation (2.3.11 ), to refer them to the 

axes of the workpiece (x', y', z'). This gives a new set of coordinates Kx', Ky', Kz', and so 

on. The area of each face is then projected onto the X'Z' plane. These are shown in Figure 
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2.5. Since the indenter tip is at unit depth beneath the workpiece surface, the x' coordinates 

of the points K", L", M", and N" are Kx'/Kz', Lx'/Lz', Mx'/Mz', and Nx'/Nz' respectively. 

Figure 2.5 Projection of area of each face onto the X'Z' plane 

The projected areas of the faces are then: 

Face 1 _!_I Kx' - Lx' I 
2 KI LI 

z z 

Face 2 

Face 3 

1 L' MI _,_x __ x I 
2 LI MI 

z z 

1, Mx' Nx' j ----
2 Mz' Nz' 

(2.3.12) 

(2.3.13) 

(2.3.14) 

The true areas of the faces can then be found by dividing their projected areas by sinB cos¢ , 
thus 

(2.3.15) 

(2.3.16) 

(2.3.17) 
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It also has to be noted that the true areas of the face iri contact with the material will vary as 

the depth of cut is some other values than the unit depth. 

Nomenclature 
Ai 
K, L, M, N 
KuLuMuNx 

x, y, z 
x', y', z' 
a 

contact area of ith indenter face 
unit vectors along indenter edges 
x coordinates of unit vectors along indenter edges referred to 
indenter axes 
x coordinates of unit vectors along indenter edges referred to 
workpiece axes 
z coordinates of unit vectors along indenter edges referred to 
indenter axes 
z coordinates of unit vectors along indenter edges referred to 
workpiece axes 
axes of indenter reference frame 
axes of workpiece reference frame 
attack angle of indenter when f3 = 0, r = 0 
tilt angle of indenter 
rotation angle of indenter 
effective attack angle of ith indenter face 
oblique inclined angle of ith indenter face 
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CHAPTER3 

WIRE LATERAL DEFLECTION 

3.1 INTRODUCTION 

Three different models such as beam, string, and vibration models have been used to 

simulate the wire lateral deflection with tension effect under the grit distributed loading as 

generated from chapter 2. The background and the characteristics of each model is shown on 

the next sections and their deflection results will be compared in order to determine the best 

model to use to simulate the wire lateral deflection as the axially-moving wire travels 

downward through the workpiece material. 

3.2 BEAM BENDING WITH TENSION EFFECT 

Figure 3.2.1 Beam bending with axial tension effect 

L : Length between two wire guides 
& : Contact length between the wire and the workpiece 
w: Grit distributed loading by cutting, 100 µm grit spacing 
T: Wire tension 
X: Axial coordinates 
Y: Lateral coordinates 
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The distributed load, w, exerts load on the middle span of the simply supported beam with 

tension effect [Timoshenko, 1955-1956]. Assuming the beam has a plane of symmetry and 

that the distributed load acts in that plane, the bending proceeds in the same plane. Due to 

the symmetrical effect, only the left half region of the beam is considered for this analysis. 

Thus, the differential equations of the deflection curve for the two portions of the left half of 

the beam are: 

We d 2y 
--x+Ty=El-

2 dx2 

L-e 2 
w(x-(--)) 2 

We 2 d y 
--x+Ty+ =El-

2 2 dx2 

L-e 
O~x~--

2 

L-e L 
--~x~-

2 2 

(3.2.1) 

(3.2.2) 

where We is the left or right support reaction force determined from the moment balance of 
2 

equation about each respective support. They hold the same value because of the 

symmetrical effect by force and length. 

As a result, two second-order differential equations are generated as follows: 

d 2y T 1 we 
---y=-(--x) 
dx2 El El 2 

We ) -x 
2 

L-e 
O~x~--

2 

L-e L 
--~x~-

2 2 

Therefore, the solution will be composed of homogeneous and 

inhomogeneous (particular) solutions for these equation (3.2.3) and (3.2.4) 

(3.2.3) 

(3.2.4) 
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For the inhomogeneous part, the inhomogeneous terms for equation (3.2.4) (exclude the 1/EI 

term for time being) are expanded as follows respectively for easier to solve: 

L-& 2 
w(x-(- )) 

( 2 
2 

W& w 2 L-& 2 W& 
-x)=-(x -(L-&)x+(--) )--x 

2 2 2 2 
w 2 w w L-& 2 =-x --Lx+-(--) 
2 2 2 2 

Assume the inhomogenous terms of equation (3.2.3) and (3.2.4) now as Ax+B and 

Dx2+Ex+F and plug them into the particular equation to solve respectively and we will 

obtain the values for A, B, C, D, E, and F separately for equation (3.2.3) and (3.2.4). 

For the homogeneous part, the solution will consist of real exponential terms with two 

constants. 

Therefore, the general solutions of equation (3.2.3) and (3.2.4) will be given as follows: 

fu fu - W& 
Y (x) = c e x + c e - EI x + - x 

I 1 2 2T 

-w w L-& 2 
(T (T 2(- )EI - - (-) 

Y (x) = c efEix +c e-Vfilx -~x2 + wL x+ 2T 2 2 
2 3 4 

2T 2T T 

L-& 
O~x~--

2 
(3.2.5) 

L-& L 
--~x~- (3.2.6) 

2 2 

As a result, there are four constants needed to be solved. Four boundary conditions are listed 

as follows: 

y(O)=O 

L-& L-& 
y(-

2
-H = y(-

2
-) 12 
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Thus, we can solve for the four constants with these boundary conditions. 

Finally, the closed form solution can be obtained for the lateral deflection as a function of 

axial coordinates, x, after solving for those four constants for the two regions of the half 

beam. The C1, C2, and C3 are found to be zero using MATLAB calculation software with 

linear algebraic method. The C4 value is calculated to be 3.0299 x 1016
. The Young's 

Modulus of the beam for a high strength steel material, E, is 210 GP a whereas the second 

moment of inertia, I, is 7.854 x 10-17 m4 for this analysis with 0.2mm wire diameter. 

The final solutions of equation (3 .2.5) and (3.2.6) are shown as follows: 

W& 
Y1(x)=-x 

2T 

L-& 
O~x~--

2 
(3.2.7) 

r 2(-w)EJ- w (L-&) 2 

y (x) = 3.0299xl016 e_J!;x - w x2 + wL x+ 2T 2 2 
2 2T 2T T 

L-& L 
--~x~- (3.2.8) 

2 2 
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3.3 STRING DEFLECTION WITHOUT BEAM BENDING EFFECT 

Consider a string under tension T that is stretched along the x-axis with its end points 

fixed at x=O and x=l [Mitra]. A lateral grit cutting distributed loading w(x) is applied along 

the length of the string. The load w(x) is in the unit of force/length. Considering a segment 

of the string, the horizontal and vertical equilibrium equations can be written as 

T1cose 1=T2cosB2=T (3.3.1) 

(3.3.2) 

These two equations can be combined to yield 

(3.3.3) 

Figure 3.3.1 String Deflection 

The deflection of the string is denoted as 8 (x) and the tane can be written as d8 /dx and 

equation (3.3.3) becomes 

[ 
d8' -d8'] 

. T dx 'L\x dx ' =-f(x) (3.3.4) 
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As the limit ~x ~O, Eq.(3.3.4) becomes 

d2J 
T-=-f(x) 

dx2 

with boundary conditions J (O)=O and J (l)=O. 

19 

(3.3.5) 

The diamond grits coated onto the surface of the wire only come into contact with the middle 

span of the wire, thus, the grit cutting distributed loading is: 

& 
O; 0 s x s x 

0 
- -

2 

& 
O;x

0 
+-<XS l 

2 

~ [:] 

[}] [}] 
GJ EJ 

(3.3.6) 

After integrating equation (3.3.5), inserting the boundary conditions J(O) = 0, J(l) = 0 and 

enforcing continuity conditions at x=x0 -
8 

and x=x0+E., the following solutions are 
2 2 

obtained: 
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b(x) = W& 

T 

Wire Lateral Deflection Under Free Standing Condition 

(3.3.7) 

Therefore, the wire lateral deflection under free standing condition at center point, x= !_ , is 
2 

modeled as follows: 

w& x 2 L 1 L & 2 
8w(x,z) =-[--+x(-)--(---) ] 

T 2& 2& 2& 2 2 
(3.3.8) 

(3.3.9) 

where & is the contact length between wire and wafer as a function of Z cut depth and 

generated by using Pythagoras theorem applied at the circular geometry. 

Figure 3.3.2 Relationship between depth of cut and contact length 

Z: Cut Depth 
& : Contact length between wire and workpiece 
D: Diameter of wafer 

D/2 

20 
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Thus, & = 2'1 DZ - Z 2 (3 .3.10) 

3.4 VIBRATION MODEL 

Simple vibration analysis for axially moving wire to calculate the lateral deflection 

with respect to the axial position and time [Wickert, Mote, 1990] 

p (Utt+ 2VUxt + V2Uxx)-TUxx =F(x,t) 

p=Wire density (kg/m) 
V=Wire axial velocity (mis) 
t= Time (s) 
x= Axial coordinates (m) 
T= Wire tension (N) 
F=Distributed load (N/m) 
U=Wire lateral deflection (m) 

(3.4.1) 

Since only the maximum lateral deflection of the wire is of interest instead of tracing the 

profile of the wire deflection before it hits the maximum deflection , the time terms in the 

equation are dropped. As a result, the wire deflection is a function of material density, 

wire velocity, axial coordinates, and tension. This gives 

(p V2 -T) Dxx=F(x) (3.4.2) 

Similar to the string model, the lateral deflection equation includes wire velocity and wire 

linear density is given as follows : 

21 
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(l-xJx.O~x<x -~ 
l ' 0 2 

U( ) W& 
x = (pV2 -T) 

x 2 x x
0 

1 1 & 2 & 
- 2& +x(; -l+l)- 2& (xo -2) ;I x-xo 1~2 

(l-x)xo ·x + & <x~l 
l ' 0 2 

3.5 RESULTS AND CONCLUSION 

Comparison of wire lateral deflection under beam bending with tension effect, string model, and vibration model 
350 .-----------.------.-------.---~------.-----,-----.-----r---.-------. 

300 

250 
'E-

~ 200 
(_) 

"' 
r50 
Cl i 100 

Q) 

~ 
50 ' 

0 

_____------=
~-

/ 

/ -

~ 

------------ Beam bending with tension effect 
String model 

--Vibration model 

-50'---__. __ ____._ __ __,__ __ __._ __ __,__ __ _.__ __ _._ __ _._ __ _._ _ __, 
0 5 10 15 20 25 30 35 40 45 50 

Z,Cut Depth, mm 

(3.4.3) 

Figure 3.5.1 Comparison of wire lateral deflection under beam bending with tension effect, string, and 
vibration model 

The parameters for the comparison above are shown as follows: 
Length between two wire guides=0.2m; 
Wire tension=20 N; 
Young's Modulus=210 GPa; 
Second moment of inertia based on wire diameter=7.85398 x 10-17 m4

; 

Grit distributed loading=l.8 Nim; 
Workpiece diameter=O.lm; 
Wire material line density=5.5 x 10-4 kg/m; 
Wire velocity=lOm/s; 

22 
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To conclude, the wire lateral deflection at center point results of the three models are 

very comparable to one another. In general, beam bending with axial tension effect has the 

lowest deflection and followed by the string model whereas the vibration model has the 

highest deflection mainly due to the tension term includes the wire velocity which will 

subtract from the tension magnitude in the vibration modeling equation. This will cause the 

denominator of the string equation to decrease and results in a greater deflection. The higher 

the velocity, the greater the wire lateral deflection and this explains the result in the figure 

above. Furthermore, the second moment of inertia of low wire diameter is negligible and 

causes the beam model's result to be close to the string model. Since the results of the three 

different models are comparable, the string model, which can also be considered as the 

average result between the beam and the vibration models, is selected for the entire analysis. 
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CHAPTER4 

ENERGY STABILITY 

4.1 ASSUMPTION 

All the lateral forces generated by the cutting mechanics between the grit and the 

workpiece point towards the same direction and deflect the wire. 

4.2 MECHANISM ANALYSIS 

Energy stability plays an important role in determining the cut depth when the wire 

becomes steady deflection and when the wire decreases the lateral deflection to zero 

deflection during the cutting process. As the cutting wire travels downward to the workpiece 

material, the wire will be deflected accumulatively in the lateral direction with the maximum 

deflection occurs at the center point. The governing equation of wire lateral deflection under 

accumulative side cutting condition is modeled using the ratio of the proportionality relation 

between the deflection and the grit cutting forces such as the lateral deflection generated by 

the side force and the cut depth per grit caused by the thrust force. The equation is shown as 

follows: 

s: ~ z 
u --· side - ~ 

oside = Lateral deflection 

Z = Cut depth per grit 
~ = Side force per grit 

~ = Thrust force per grit 

(4.2.1) 
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Thus, the wire travels laterally bit by bit as it feeds the workpiece material downward. With 

the known center point deflection, the accumulative lateral deflection profile along the axial 

direction can also be modeled as follows using the string model: 

Osu.Cz) =; x Z 
z 

( ) 
2Tx8Side(z) 

p z = 2 
e e 

Lx---
2 4 

L 
pe(L--) 

8side(x,z) = 2 X 
TL 

x 2 L 1 L e 2 pe(--+-x--(---)) 
0 . (x z) = 2e 2e 2e 2 2 

side ' T 

L-x L 
pe(-)(-) 

bside(x,z) = ~ 2 

L-e 
O<x<--

2 

L-e L+e 
--<x<--

2 2 

L+e 
--<x<L 

2 

(4.2.2) 

(4.2.3) 

(4.2.4) 

(4.2.5) 

(4.2.6) 

where the p(z) is the grit distributed loading that corresponds to the lateral deflection at 

center point under accumulative side cut condition, e is the contact length between the wire 

and the workpiece, and the L is the length between the two wire guides. This accumulative 

lateral deflection will reach the steady deflection when it reaches the equivalent lateral 

deflection under the free standing configuration that is shown in mechanism I in figure 4.2 

below because of the force and energy balance at the mechanism I. The generation of the 

plot in figure 4.2 will be described. A rectangular cut model example that signifies constant 

contact length between workpiece and wire is shown below: 
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Figure 4.1 Rectangular cross section of cut material 

T : Wire tension 
W: Distributed loading from cutting process 
L : Span length between two spools 
s : Contact length between wire and soap material 
Z: Cut depth 
Wire material: Fishing line 

26 

The rectangular cut has a constant contact length as the cutting wire travels downward when 

machining the soap and the wax materials. This signifies the s value is constant over the 

whole process. Thus, the following analytical deflection plot is generated using equation 

(3.3.9) and ( 4.2.2). 
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Assuming the w=0.9 Nim whereas the T= 13.34N, L=20cm, and & =2.5cm that are the 

experimental parameter values, the following plots are generated using MATLAB for figure 

4.2 and 4.6: 

Wire Deflection at center point by Grit Loading under free standing and accumulative side cut conditions as Z travels downward 
500 

450 - Free Standing 

- Accumulative Side Cut 

400 

350 
E 
::l 

c 
·~DJ 

(ij 
c 
Q) 

~ 250 I 
(1) 

c 
0 

·~ 

~ 200 
"tl 
Q) 

~ 
150 

100 

50 

0 
0 10 15 20 25 30 35 40 45 50 

Depth in Z direction, mm 

Figure 4.2 Analytical Deflection Plot 
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Wire deflection 
at center point 
for accumulative 
side cut 
configuration 

Wire is axially 
moving out of 
plane 

Figure 4.3 The motion of the accumulative wire lateral deflection (side view) 

Wire 

Wire 
movmg 
direction is 
out of 
plane 

Figure 4.4 Accumulative side deflection generation by side force per grit 

Cut depth 
by normal 
force per 
grit 

Lateral 
deflection by 
side force per 
grit 
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Fz: Normal 
Force per 
Grit 

Fs: Side 
Force per 
Grit 

Although there are numerous diamond grits or abrasive particles being coated or bonded to 

the wire surface that act as a cutting medium, the lateral deflection and the cut depth for each 

cut are still attributed to the side and normal forces being generated by one grit cutting tool 

instead of the combined efforts by those grits that comes into contact with the workpiece 

material as the wire travels axially. The force magnitude is generally directly proportional to 
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the cut depth of the material either in the normal or the lateral direction. This is the main 

reason of the occurrence of the accumulative lateral deflection during the downward axially-

moving wire slicing process. 

Thus, the wire lateral deflection will remain at the constant deflection after hitting the steady 

state. The imprinted material surface profile, which is also equivalent to the wire lateral 

deflection, is shown as below denoted by mechanism I in figure 4.1: 

Surface 
Roughness 

Depth in Z direction 

Figure 4.5 Surface roughness for steady state profile 

And the wire will reverse to the opposite direction depending on whether it is mechanism II 

or II' as shown in figure 4.6 below. For mechanism II, the work done by tension exceeds the 

work done by the grit lateral distributed loading under the accumulative side cut 

configuration before the intersection between the work done by grit loading under the free 

standing and the accumulative side cut modes or known as mechanism I that is the same as 

the mechanism shown in figure 4.2. The mechanism II causes the wire to oscillate laterally 

and imprint the surface roughness of the workpiece material that is shown in figure 4. 7. On 

the other hand, if the work done by tension intersects the work done by the grit distributed 

loading under the free standing mode after the mechanism I, the wire will only return to the 
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original position due to the theory of the fracture mechanics that is the elastic zone in the 

workpiece material hits the free edge as the wire is cutting downward and causes the 

unloading of those forces applied on the wire. The unloading of the forces on the wire will 

reduce the lateral forces on the wire and in return decrease the lateral deflection of the wire to 

zero deflection. As a result, the wire will return to the original position and generate the 

surface roughness that is shown in figure 4.8. 

Work Done by Tension(accumulalive side cu1), Grrt Loading(accumulative side cul), and Grit Loading(Free Standing) as l travels dOll!TlWard for soap at 31b tension 

100 

40 II 

10 

- Tension (accumulative side cu1) 

•••Free Standing 

- Accumulative Side Cut 

I 

Figure 4.6 Analytical Work Done Plot 

Tension 
(accumulative 
side cut) 

DepthinZdirection,mm 

II' 
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The corresponding surface profile is shown as follows denoted by II in figure 4.6: 

Surface 
Roughness 

Depth in Z 
direction 

Figure 4. 7 Surface roughness for an oscillating profile 

The corresponding surface profile is shown as follows denoted by II' in figure 4.6: 

Surface 
Roughness 

Depth inZ 
direction 

Figure 4.8 Surface roughness for a warp profile 
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The following are the theoretical models that generate the results shown in figure 4.6: 

Theoretical Analysis Of Work Done By Grit Distributed Loading Under Free Standing 

Condition 

12 (z) 

Ww(z)=w J 8w(x, z)dx 
11 (z) 

w& -x2 L 1 L B 2 Where 8w(x,z)=-(-+x(-)--(---)) 
T 2& 2& 2& 2 2 

Theoretical Analysis Of Work Done By Tension Applied To The Wire Under 

Accumulative Side Cut Condition 

1 T a 
=-•-•-•A•M 

2 A E 

1 T 2 1 
=-•-•-•A•M 

2 A2 E 

1 T 
=-•-•TM 

2 AE 

Where M = J l + (ao,;de(x, z) )2 dx- L 
0 ax 

E = 2.4GPa for Nylon fishing line material 

A= Jr (0.2xl0-3
)

2 m2 for 0.2 mm wire diameter 
4 

(4.2.7) 

(4.2.8) 
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8side(x,z) can be found from equations (4.2)-(4.6). 

The work done by tension is equivalent to the strain energy being developed in the wire as 

the wire is deflected laterally by the lateral grit distributed loading. 

Theoretical Analysis Of Work Done By Grit Distributed Loading To The Wire Under 

Accumulative Side Cut Condition 

12 (z) 

Ww,side(z) = W f bSide(X, z)dx 
11 (z) 

(4.2.9) 
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CHAPTERS 

EXPERIMENTAL DESIGN AND SETUP 

5.1 WIRE SAW MACHINE DESCRIPTION 

The tests were conducted with a spool-to-spool rocking motion diamond wire saw 

machine (Millennium model, Diamond Wire Technology, Colorado Springs, CO). Figure 5.1 

shows the overview of the machine and key machine components. 

Controller 

Wire-guide 
pulleys 

Capacitance 
wire bo 

sensor 

WorkDiece 

Dvnamometer 

Figure 5.1 The spool to spool diamond wire saw machine used in this study 
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5.2 SOAP AND WAX WIRE SLICING EXPERIMENT 

The waviness on the wire-sawn material surface is the characteristics of the post wire 

saw process, regardless of the cut materials. Therefore, the mechanistic understanding of 

wire saw process is the research objective but for simplicity, the wax and the soap are chosen 

as the cut materials that are cut by the fishing line. Wire-sawing experiments have been 

performed on the soap and the wax materials as a preliminary study on the surface roughness 

of material after being sawed by the machine. The soap and the wax are generally 

rectangular in shape and these signify the contact length between the wire and the work-piece 

is constant throughout the entire cut for the analysis. The wire tension is the only parameter 

that varies besides the different work-piece materials. The cutting experiments were run at 

3lb and 6lb wire tension for the two materials stated above respectively. The soap material 

experiments were executed without using any lubrication whereas the wax material 

experiment used water to oil solution ratio as 50: 1 as lubricant. The experimental process 

parameters are shown in table 5.1 and table 5.2. 

T bl 51 E a e . d". f . . l 3lb/6 xpenmenta con it10n o w1re-sawme soau matena at lb wire tension 
Sample: Ivory Soap 

Wire tension: 3.0lb/6.0lb=l3.34N/26.68N 

Effective cutting length Le 300ft=91.44m 

Wire Speed Vw 300 ft/min=91.44m/min 

Cutting Depth D c 3.0 in=76.2mm 

Down feed rate VD 0.00025in/sec=0.00635mm/sec 

Wire diameter (microns) 200 

Lubricants No lubricants 
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T bl 5 2 E a e . d". f . t . I t 3lb/6lb . t xpenmenta con 1tion o w1re-sawme; wax ma ena a wire ens1on 
Sample: Blue Wax 

Wire tension: 3.0lb/6.0lb=13.34N/26.68N 

Effective cutting length Le 300ft=91.44m 

Wire Speed Vw 300 ft/min=91.44m/min 

Cutting Depth D c 3.0 in=76.2mm 

Down feed rate VD 0.00025in/sec=0.00635mm/sec 

Wire diameter (microns) 200 

Lubricants 50:1 Water to Oil solution 

5.3 LASER SCAN CHARACTERIZATION 

A kind of confocal microscope, Solarius Laserscan is used to measure the roughness 

and waviness on the sawn surfaces. This instrument works on the principle of dynamic 

focusing measurement and is based on a focus-detection technique. The wire-sawn 

workpiece material surface was basically characterized using Solarius Laserscan at vertical 

or also known as cut direction (Y) along the left, the middle, and the right line. Figure 5 .2 is 

shown below to better illustrate our experimental measurement: 
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Z, Cut Depth 

Figure 5.2 Laser line scan along Y directions for soap and wax specimens 
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Laser Scan Parameters For Soap At 31b and 6Ib Fishing Line Tension 

Soap (3 lb, without air) 
Reference point: X: 34.60mm 

Y: -0.749mm 
Table 6.1 Scan parameters of laser scan on wire-sawn soap surface 

Scan YL 
Orientation 
Scan 3 
Speed(mm/s) 
Range( mm) 70 
Resolution( µm) 1.5 

Scan 2000 
Frequency(Hz) 
Initial X(mm) 35.394 
Initial Y(mm) 0.569 
Final X(mm) 35.394 
Final Y(mm) 70.570 

Soap (6 lb, without air) 
Reference point: X: 37.033mm 

Y: -0.710mm 

YM YR 

3 3 

70 70 
1.5 1.5 

2000 2000 

43.007 51.462 
0.572 0.570 
43.007 51.462 
70.572 70.570 

Table 6.2 Scan parameters of laser scan on wire-sawn soap surface 

Scan YL YM YR 
Orientation 
Scan 3 3 3 
Speed(mm/s) 
Range( mm) 70 70 70 
Resolution( µm) 1.5 1.5 1.5 

Scan 2000 2000 2000 
Frequency(Hz) 
Initial X(mm) 37.249 44.378 52.944 
Initial Y(mm) 0.652 0.652 0.654 
Final X(mm) 37.249 44.378 52.944 
Final Y(mm) 70.652 70.652 70.654 
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Laser Scan Parameters For Wax At 3lb and 6lb Fishing Line Tension 
Wax (3 lb, with water) 
Reference point: X: 16.593mm 

Y: 0.032mm 

Table 6.3 Scan parameters of laser scan on wire-sawn soap surface 

Scan YL 
Orientation 
Scan 3 
Speed(mm/s) 
Range( mm) 73 
Resolution( µm) 1.5 

Scan 2000 
Frequency(Hz) 
Initial X(mm) 17.516 
Initial Y(mm) 1.406 
Final X(mm) 17.516 
Final Y(mm) 74.406 

Wax (6 lb, with water) 
Reference point: X: 46.358mm 

Y: -0.557mm 

YM YR 

3 3 

73 73 
1.5 1.5 

2000 2000 

28.037 38.155 
1.409 1.404 
28.037 38.155 
74.409 74.404 

Table 6.4 Scan parameters of laser scan on wire-sawn soap surface 

Scan YL YM YR 
Orientation 
Scan 3 3 3 
Speed(mm/s) 
Range( mm) 70 70 70 
Resolution( µm) 1.5 1.5 1.5 

Scan 2000 2000 2000 
Frequency(Hz) 
Initial X(mm) 48.850 59.851 70.851 
Initial Y(mm) 3.219 3.221 3.221 
Final X(mm) 48.850 59.851 70.851 
Final Y(mm) 73.219 73.221 73.221 
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6.1 INTRODUCTION 

CHAPTER6 

RESULTS AND DISCUSSIONS 

40 

The analytical predictions will be verified against the experimental observations and 

the analytical and the experimental results will be discussed in this section. The method to 

generate the simulation plot is explained in the following sample figure 6.1, 6.2, and 6.3. 

Numerous abrasive grit particles with 100 µm spacing are assumed to be coated onto the 

fishing line surface and form the lateral distributed loading during the cutting process. With 

the appropriate values of lateral force per grit (distributed loading) and the grit lateral to 

normal force ratio, the figure 6.2 and 6.3 are generated to capture the experimental results 

under the reasonable assumed grit force values. Both figures 6.2 and 6.3 illustrate the 

position when the fishing line becomes steady deflection as well as when it returns to the 

original position. The generation of the simulation plot that describes the mechanism of the 

fishing line during the cutting process is discussed in detail in the previous chapter 4. The 

details of each simulation plot that corresponds to the experimental data are provided in the 

appendix section. 
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Ivory Soapyl surface roughness at 31b Tension without air 
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Figure 6.3 

Work Done by Tension(accumutative s ide cut) . Grit Loading(acc umulative side cut). an d Gri t Loading(Free Standing) as Z travels downward for soap at 31b tension 

-Tension (accumulative side cut) 
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Dept h in Z direct ion , mm 
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Brief description regarding the figure 6.2 and 6.3 shown above: 

Mechanism I implies the position of the cut depth when the fishing line begins the steady 

42 
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lateral deflection process as the accumulative lateral deflection under the accumulative side 

cut configuration is bounded by the constant lateral deflection (rectangular cut model) under 

the free standing configuration due to the force and energy balance at this state. 

Mechanism II implies the work done by tension exceeds the work done by the grit lateral 

distributed loading under the accumulative side cut configuration before the intersection 

between the work done by grit loading under the free standing and the accumulative side cut 

modes or known as mechanism I that is shown in figure 6.3. The mechanism II causes the 

wire to oscillate laterally and imprint the surface roughness of the workpiece material as 

shown in figure 4.7. On the other hand, if the work done by tension intersects the work done 

by the grit distributed loading under the free standing mode after the mechanism I, the wire 
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will only return to the original position due to the theory of the fracture mechanics that is the 

elastic zone in the workpiece material hits the free edge as the wire is cutting downward and 

causes the unloading of those forces applied on the wire. The unloading of the forces on the 

wire will reduce the lateral forces on the wire and in return decrease the lateral deflection of 

the wire to zero deflection. The equivalent warp surface roughness of the workpiece material 

and the simulation plot are shown in figure 6.1 above. 

6.2 EXPERIMENTAL AND ANALYTICAL SOAP SURFACE PROFILE RESULTS 

Simulation Parameters 

In order to generate the analytical simulation plots, input parameters are needed to 

validate the experimental data. The following input parameter values are obtained from the 

material property and the experimental conditions except the abrasive grit cutting tool 

parameters that are assumed reasonably and they comply with the condition of the cutting 

mechanics analysis presented in Chapter 2. The assumed cutting tool parameters will be 

verified experimentally in the near future. It has to be noted that the grit lateral to normal 

force ratio, a fitting parameter, is constant for the same material. The predicted values 

calculated from equation 2.3.4 and 2.3.6 will generate the simulation plots using equation 

3.3.9 and 4.2.7-4.2.9: 

The input parameters to predict the lateral force per grit and the lateral deflection of 

fishing line (wire) for soap at 3lb tension for analytical simulations: 

Material Property: 
Soap shear yield stress=l .O MPa; 

Cutting Tool Parameters: 
Assumed friction angle=45*pi/180; 
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Assumed attack angle=20*pi/180; 
Assumed tilted angle=l6.3*pi/180; 
Assumed rotation angle=l6.3*pill80; 
Assumed depth of cut per grit=0.97 um; 

Experimental Condition: 
Tension=l3.34 N; 
Length between two wire guides=0.2 m; 
Contact length between the wire and the workpiece=0.024 m; 

Predicted Values: 
Predicted grit lateral distributed loading generated by cutting=3 Nim; 
Predicted side force per grit to normal force per grit ratio, Fs/Fz=0.018 

The input parameters to predict the lateral force per grit and the lateral deflection of 

fishing line (wire) for soap at 6lb tension for analytical simulations: 

Material Property: 
Soap shear yield stress= 1. 0 MP a; 

Cutting Tool Parameters: 
Assumed friction angle=45*pi/l 80; 
Assumed attack angle=20*pi/180; 
Assumed tilted angle= l 6.4*pill 80; 
Assumed rotation angle=l6.4*pi/180; 
Assumed depth of cut per grit= 1.15 um; 

Experimental Condition: 
Tension=26.68 N; 
Length between two wire guides=0.2 m; 
Contact length between the wire and the workpiece=0.024 m; 

Predicted Values: 
Predicted grit lateral distributed loading generated by cutting=4.5 Nim; 
Predicted side force per grit to normal force per grit ratio, Fs/Fz=0.018 
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Analytical and Experimental Soap Surface Profile Results at 3lb and 6lb Fishing Line 
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6.3 DISCUSSION OF ANALYTICAL AND EXPERIMENTAL SOAP SURFACE 
PROFILE RESULTS AT 3LB AND 6LB WIRE TENSION 

46 

It has to be noted that they direction measurement was done only until 70mm but in 

fact the soap length (cut depth direction) is 80mm. However, the trends of the surface 

roughness at the last 1 Omm show clearly that it is approaching to the original position. The 

laser scan instrument did not scan right from the beginning of the soap specimen and 

therefore the experimental data starts out at 3mm cut depth position as shown above. The 

trends of the experimental surface roughness at the beginning 3mm cut depth can also be 

predicted by extending the line to the original coordinate. The simulation plots take the 

surface profile along the whole cut depth into account. Under the appropriate abrasive grit 

lateral distributed loading and grit lateral to normal force ratio that are generated by the 

assumed cutting tool parameters, the fishing line (cutting wire) lateral deflection simulation 

results are generated. The fishing line is deflected laterally until it reaches the energy 

balance state and becomes steady deflection over the increasing cut depth. The steady 

deflection will decrease and return to its original position because intersection between the 

work done by fishing line tension and the work done by abrasive grit lateral force under the 

free standing configuration occurs after the intersection between the work done by grit 

loading under the free standing mode and under the accumulative side cut mode. This 

implies the steady deflection of the wire will return to the original position due to the elastic 

zone in the workpiece material hits the free edge as the cutting wire is approaching the 

bottom of the cut material and causes the unloading of the forces on the wire according to the 

theory of the fracture mechanics. The unloading of the forces on the wire will reduce the 

lateral forces on the wire and in return decrease the lateral deflection of the wire to zero 
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deflection. The onset of the decrease of the wire lateral deflection to zero deflection will be 

determined in the future using the theory of fracture mechanics. The lateral deflection of 

fishing line will imprint the surface of the workpiece material and will create the surface 

defect. In general, the simulation results agree well with the experimental observation under 

the appropriate input value of grit lateral loading and grit lateral to normal force ratio for the 

soap specimen. The lateral deflection reaches steady state at 10 mm cutting depth from 

simulation plot and it is assumed to begin returning to its original position at about 58 mm 

cutting depth. In short, the lateral deflection of fishing line at 13 .34N (3 lb) fishing line 

tension is larger than that of the deflection at 26.68N (6lb) fishing line tension. The average 

deflection for fishing line in the soap experiment is about 243 µm and 183 µm at 13 .34N 

and 26.68N tension along the Y-direction respectively. 
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6.4 EXPERIMENTAL AND ANALYTICAL WAX SURFACE PROFILE RESULTS 

Simulation Parameters 

Likewise, the following input parameter values are obtained from the material 

property and the experimental conditions except the abrasive grit cutting tool parameters that 

are assumed reasonably and they comply with the conditions of the cutting mechanics 

analysis presented in Chapter 2. The assumed cutting tool parameters will be verified 

experimentally in the near future. It has to be noted that the grit lateral to normal force ratio, 

a fitting parameter, is constant for the same material. The predicted values calculated from 

equation 2.3.4 and 2.3.6 will generate the simulation plots using equation 3.3.9 and 4.2.7-

4.2.9: 

The input parameters to predict the lateral force per grit and the lateral deflection of 

fishing line (wire) for wax at 3lb tension for analytical simulations: 

Material Property: 
Wax shear yield stress=5 MP a; 

Cutting Tool Parameters: 
Assumed friction angle=45 *pi/180; 
Assumed attack angle=20*pi/180; 
Assumed tilted angle=18.9*pi/180; 
Assumed rotation angle= 18. 9*pi/180; 
Assumed depth of cut per grit=0.073 um; 

Experimental Condition: 
Tension=13.34 N; 
Length between two wire guides=0.2 m; 
Contact length between the wire and the workpiece=0.025 m; 

Predicted Values: 
Predicted grit lateral distributed loading generated by cutting= 1.16 Nim; 
Predicted side force per grit to normal force per grit ratio, Fs/Fz=0.0060 
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The input parameters to predict the lateral force per grit and the lateral deflection of 

fishing line (wire) for wax at 6lb tension for analytical simulations: 

Material Property: 
Wax shear yield stress=5 MP a; 

Cutting Tool Parameters: 
Assumed friction angle=45 *pi/180; 
Assumed attack angle=20*pi/180; 
Assumed tilted angle=18.9*pi/180; 
Assumed rotation angle=18.9*pi/180; 
Assumed depth of cut per grit=0.072 um; 

Experimental Condition: 
Tension=26.68 N; 
Length between two wire guides=0.2 m; 
Contact length between the wire and the workpiece=0.025 m; 

Predicted Values: 
Predicted grit lateral distributed loading generated by cutting= 1.15 Nim; 
Predicted side force per grit to normal force per grit ratio, Fs/Fz=0.0060 
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Analytical and Experimental Wax Surface Profile Results at 3lb and 6lb Fishing Line 
Tension along the Y-Direction: 
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6.5 DISCUSSION OF ANALYTICAL AND EXPERIMENTAL WAX SURFACE 
PROFILE RESULTS AT 3LB AND 6LB WIRE TENSION 

Likewise, the simulation results agree well with the experimental observation under 

51 

the appropriate input value of grit lateral loading and grit lateral to normal force ratio that are 

generated by the assumed cutting tool parameters for blue wax specimen. The entrance 

length effect exists in the 6lb tension cases of the wax experiment and will not be taken into 

account in this analysis. In general, the lateral deflection reaches steady state at 13 mm 

cutting depth from simulation plot and it is assumed to begin returning to its original position 

at 58 mm cutting depth for surface profile of wax at 3lb tension whereas it becomes steady 

state at 20 mm and returning at 58mm for 6lb tension. The lateral deflection of fishing line at 

13.34N (3lb) fishing line tension is larger than that of the deflection at 26.68N (6lb) fishing 

line tension. The average deflection for fishing line in the soap experiment is about 95 µm 

and 45 µm at 13.34N and 26.68N tension along Y-direction respectively. 
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The following figures show the wire-sawn soap and the wire-sawn wax specimens: 

Figure 6.4 Soap specimen 
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Figure 6.5 Wax specimen 
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CHAPTER 7 

CONCLUSIONS 

54 

From all the experimental results, the surface roughness generally goes from original 

surface position to the steady deflection and returns to the original position again as the cut 

depth increases until the end of the process. The occurrence of the steady lateral deflection is 

due to the force and energy balance between the wire lateral deflection under the 

accumulative side cut and the free standing modes. The decrease in the deflection to zero 

deflection can be explained by the theory of the fracture mechanics because the unloading of 

the forces on the wire that is caused by the elastic zone that hits the free edge as the cutting 

wire is approaching the bottom of the cut material is believed to reduce the lateral forces on 

the wire and in return decrease the lateral deflection of the wire to zero deflection. The grit 

lateral to normal force ratio, a fitting parameter that will be verified experimentally in the 

near future, is constant for the soap and the wax specimens respectively. In general, the 

steady deflection covers a large amount of cut depth before it returns to the original position 

for all experimental data. The wire lateral deflection, which is also equivalent to the 

imprinted surface roughness that are discussed in the previous chapters, is quite comparable 

to each other from the experimental results for both of the soap and the wax materials along 

the YL, YM, and YR directions. This phenomena can also be seen in the analytical 

simulation deflection plots (appendix) which shows the comparable deflection magnitudes 

along the YL (lOmm to the left of center point), YM (center point), and YR (lOmm to the 

right of center point). It also has to be noted that the wax experiment at 6lb tension has 
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entrance length and therefore the real deflection results are only considered after the entrance 

length. 

While the surface roughness of soap at 6lb tension is not half of 3lb tension partly due 

to the process parameter such as grit's cutting angle effects on the loading that causes the 6lb 

tension results to be slightly more than half of the total deflection of 3lb tension. For 

instance, high rotation angle and cut depth of the abrasive grit when cutting the workpiece 

will tend to increase the lateral deflection of the wire that can amplify the surface roughness. 

In general, the cutting angle parameters between 3 lb and 6lb tensions for soap and wax 

respectively are very comparable to each other with a slight difference. The wire lateral 

deflection is also inversely proportional to the wire tension magnitude. 

To conclude, the analytical simulations predict the experimental data very well for the 

soap and the wax specimens under the assumed grit lateral force and the grit lateral to normal 

force ratio. Furthermore, the wire tension, the grit cutting forces such as the lateral force, and 

the contact length between the wire and the workpiece are the three main process parameters 

that lead to the long wavelength waviness on the wire-sawn material surface from my 

analysis. Therefore, a stronger wire material has to be used to accommodate greater tension 

and possibly the abrasive grit's geometrical shape can be controlled during the cutting 

process to obtain the lowest lateral force per grit in order to reduce the wire lateral deflection 

that will ultimately imprint the material surface. If possible, the lateral to normal force ratio 

per abrasive grit should be decreased as well to eliminate the unwanted long wavelength 

waviness on the surface and to avoid intersecting with the lateral deflection under the free 

standing configuration. In addition to control the process parameters, the active control of 

wire mode using wire actuator to suppress the wire lateral vibration or the passive control by 
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ingot rotation can help reduce the effect of large imprinted surface roughness on the wire

sawn material. 
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FUTURE WORK 
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The key process parameters that affect the long wavelength waviness on the wire

sawn material surface are the lateral force generated by the grit-surface interaction, the wire 

tension, and the size of workpiece material. My simulation results are based on the assumed 

cutting tool angles. Thus, one of the future works will include the characterization of the 

geometrical shapes of the abrasive grits such as rotation angle, attack angle, and cut depth. 

Statistical method shall be used to sample the numerous grits coated onto the wire surface 

and to determine the average shape so as to become the input parameters to the simulation 

model to verify the analytical predictions against the experimental observation. Another 

work needed to be done is to solve the wire accumulation on one of the rotating spools that 

causes the depletion of wire on another spool and results in the broken wire. This is a serious 

issue that has to be taken care of to ensure a successful experiment in the near future. 

Otherwise, the wire will not be able to machine the entire workpiece material without 

terminating the machine and that will also lead to an error on the workpiece material surface 

roughness result. The grit lateral to normal force ratio has to be verified experimentally as 

well by using the load cell instrument to validate the simulation results. The onset of the 

return of the wire from the steady lateral deflection to the original position will also be 

predicted by the theory of the fracture mechanics because the unloading of the forces on the 

wire that is caused by the elastic zone that hits the free edge as the cutting wire is 

approaching the bottom of the cut material is believed to reduce the lateral forces on the wire 

and in return decrease the lateral deflection of the wire to zero deflection. Lastly, the 
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semiconductor material machining experiment will be performed to gain a better 

understanding about the surface profile of the semiconductor silicon carbide wafer. 
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CHAPTERll 

APPENDIX 

The following figures show the experimental data and its corresponding simulation plots for 

the soap and the wax specimens at 3lb and 6lb fishing line tensions: 
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Figure 11.6 Analytical and experimental results for soap at 6lb fishing line tension along YR direction 
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Figure 11.7 Analytical and experimental results for wax at 3lb fishing line tension along YL direction 
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Figure 11.8 Analytical and experimental results for wax at 3lb fishing line tension along YM direction 
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Figure 11.9 Analytical and experimental results for wax at 3lb fishing line tension along YR direction 
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Figure 11.10 Analytical and experimental results for wax at 6lb fishing line tension along YL direction 
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Figure 11.11 Analytical and experimental results for wax at 6lb fishing line tension along YM direction 
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Figure 11.12 Analytical and experimental results for wax at 6lb fishing line tension along YR direction 
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