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ABSTRACT

The Hard Disk Drive (HDD) industry is highly competitive. Cost reduction in
manufacturing is a very important to remain competitive. This research focuses on to
extend the life of the diamond blade by reducing the wear rate in head part cut off
process. This will help to reduce one of the costs of slider production, the frequency of
replacing the worn-out diamond wheel. In addition to extending the life of the diamond
wheel, the process parameters must still be met. The two important slider cutting

process parameters are chip size and roughness of the cut.

Design of Experiment (DOE) was used to record the effects of the two variables.
The results of the DOEs were used to construct a relationship of the two variables on
the wear rate, chip size and roughness of cutting surface using response surface method
(RSM). The appropriate values of the two variables to be used in production were

determined using optimization method.

From the optimization analysis, the most appropriate coolant nozzle angle
nozzle is 19.7° and the coolant flow rate is 3.2 gallons per minute (GPM). By
implementing two above-mentioned settings, it is possible to extend the life of diamond

blade to 25%.
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CHAPTER 1

INTRODUCTION

1.1 Background and motivation

Slider is one of the many components in the hard disk drive assembly. It is
basically a head or device to read and write data from and onto the disk. The slider
fabrication and dicing are significant processes for slider producing. Abrasive material,
known as diamond wheel is required for cutting slider from wafer in head part cut off
process as shown in Figure 1.1. Due to being the essential tool and its expensive cost,

diamond wheel is major cost of the dicing process.

In order to maintain the industrial competitiveness, cost reduction and/or cost
saving is one of the most important factors. Extending the life-time of diamond wheel by
reducing the wear rate is one of the effective efforts to pursue cost reduction in dicing

process.

Delivering a coolant in a correct direction and area onto the interact part of
diamond wheel and slider part (cutting area or heat affected zone) which is functioned
as coolant and lubricant, prevents heat transfer resulting in reduction of wheel wear
rate. On the other hand, incorrect direction of coolant will increase the heat transfer

from cutting area and eventually increase the wear rate of diamond wheel.

Diamond wheel

Slider

q

Figurel.1 Schematic of head part process



1.2 Statement of problem

Based on historical data of diamond wheel cost and usage that concerned with
diamond wheel wear rate and its biggest cost of indirect material in slider fabrication
process, graph of the wear rate tracking was side way trend as shown in Figure 1.2.
The graph of diamond wheel life time average was maintaining trend as shown in
Figure 1.3 contrarily. In accordance with mentioned data, this study focuses on

manufacturing cost improvement for industrial competitiveness.

Diamond Wheel Wear Rate Tracking

Quarter

Figure 1.2 Diamond wheel wear rate tracking

Lift Time Average Tracking

Quarter

Figure 1.3 Diamond wheel lift time tracking



1.3 Objectives

The objective of this thesis is to study the head part fluid delivery and nozzle
angle as the parameters affected significantly to wear rate of diamond wheel and
outcome of cutting surface quality. The result of the study allows productive
improvement in term of cheaper cost and better quality. The study is divided as three

points as follows.

® To study the effect of nozzle angle, coolant flow rate on wear rate, chip

size and roughness.

® To find the optimum setting of nozzle angle, coolant flow rate for

minimize wear rate, chip size and roughness of cutting surface.

® \alidation optimum set points effect to wear rate, chip size roughness

and cost saving.

1.4 Assumptions

The thesis focuses on two parameters; coolant nozzle angles and coolant flow
rate supply on cutting contacts. Both parameters are used to proceed coolant supply
operation with three kinds of indicators; wear rate of diamond wheel, slider edge chip
and side wall roughness. Cost and cutting surface quality are improved as well as

follows.
® Nozzle angle is operated with coolant supply to cutting zone.
® (Coolant flow rate is supplied sufficiently.
® Both factors are affected to wear rate, chip size and roughness.

® (ost saving and cutting surface quality are improved.



1.5 Scope or limitation of study

The study only focuses on head part cut off machine with various types of
nozzle angle and coolant flow rates. Other factors including diamond wheel and work
piece are controlled variable. AlTIC consisting of a ceramic matrix composited and AlTiC
are selected as material of workpiece. The diamond wheel used is SD#2000 (diamond
size 10-6 um). Processing parameter is performed at normal of head part cutting

condition.

There are some limitations on this study. First, the types of coolant can be
supplied at 3.5 GPM maximum. Second, nozzle is only one shape. Third, space between

nozzle and diamond wheel is very close that restricted as a little angle adjustment.



CHAPTER 2

LITERATURE REVIEWS

This chapter focuses on collecting data or information for any machining

parameters effecting to wear rate and workpiece surface.

In 1999, S. Ebbrell, et al. [1] studied the effect of nozzle position of supplying
grinding fluid effect to workpiece surface qualities by three different nozzle positions
experiment; angular, intermediate and tangential position as shown Figure 2.1. They
were measured in power of grinding with workpiece surface quality by arithmetic mean
surface roughness (Ra) and size scatter by light scattering by particle that is defined by
size parameter which is the ratio of its characteristic dimension. According to experiment,
the angular position was better on Ra (0.5 pm) as shown in Figure 2.2 and size scatter
met target (5 pm) as shown in Figure 2.3 which could be concluded that the nozzle
position affected to workpiece surface qualities in term of Ra and scatter for the target

size.

Angular Position
(15 deg. from honzontal )

Intermediate Position
(horizontal)

Tangential Position

(horizontal)

Figure 2.1 Nozzle positions [1]
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Figure 2.2 Workpiece Ra [1]

—— Intermediate Nozzle Position —&— Tangential Nozzle Position
—l— Angular Nozzle Position

30 [
2 T
10 T

0+

-10 T

Size Scatter (microns)

-20 T

Workpiece Number

Figure 2.3 Workpiece scatter [1]

Hans H. Gatzen and Jeihad Zeadan [2] studied the investigation on coolant
supply in precision dicing and suggestion as new technique to investigate ability of

coolant achieved passing through cutting zone as shown in Figure 2.4 (the conventional



approach to determine the volume flow using a guide blade behind the wheel to
collect the coolant) showing the schematic of approach taken, a workpiece holder was
equipped with groove with a progressive depth. A bore in the groove serving as an exit
orifice was connected to external duct (tube). The duct observed percentage of air
bubbles. A groove was ground into the workpiece and then it was glued to the
workpiece holder with both channels formed by the respective grooves line up. During a
test cut, the groove was cut open which then allowed collecting the coolant flowing
through the cutting zone. Then investigate coolant flow rate are affect to cutting forces
that found increasing the flow rate obtain the cutting force to decrease as shown in
Figure 2.5. That would be assisting to improve cutting load, heat transfer and cleaning

the swarf.

Extmal duct™ Workpiece holder Workpiece “Groove

Figure 2.4 Schematic of measure coolant flow in cutting zone [2]
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Figure 2.5 Cutting force (y-Axis) as nozzle jet velocity (x-axis) [2]

In 2006, Hoh Huey Jiun, et al. [3] studied Die Attach Film (DAF) wafer dicing
process as shown in Figure 2.6 effecting to character of chip/crack and roughness of
workpiece. The experiment was performed by changing three types of die consist of
bare silicon die no-laminate, nonconductive DAF-laminated die and conductive DAF-
laminate die effecting to chip and roughness which were characterize by hi power scope
and Atomic Force Microscopy (AFM) accordingly. The results were shown that die film
effected to size chip/crack and roughness by bare silicon die no-laminate given minimize

of chip/crack and roughness as shown in Figure 2.7 and 2.8.

Blade

«—RBlade

Height

DAF

Dicing Tape

Figure 2.6 Dicing illustrate [3]



A B C
Die type

Figure 2.7 Comparison of chip/crack condition [3]

"'l-""; o i
(a) - (b)

Sample Diced Surface Ra (nm)

Bare silicon - Non-laminated (A) 10.901
Non-conductive (B) 13.775
Conductive laminated (C) 17.404

Figure 2.8 Comparison of Ra condition [3]
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In 2006, W.Li, et al. [4] studied the influence depth of cut of diamond wheel
each diamond grit size number are 80 (45 um), 180 (30 um) and 400 (8 um) on wear of
diamond abrasive and material removal rate. The results were shown that there was an
optimum depth of cut (ax10" m), which was greatest material removal rate. If the depth
of cut was less than the optimum depth of cut the grinding to low affective as shown in
Figure 2.9. If the grinding depth was larger than the optimum, the diamond wheel lift

would be early as shown in Figure 2.10.

" 300
o Wheel grit:B0
E 2501
@
| 2007 Wheel grit:180
™
2 1501
E
£ 100+ Wheel grit:400
.|
8 50+
©
=
0 g i ; : i .

1 2 3 4 5 6 7
Depth of cut, 10* m

Figure 2.9 Comparison depth of cut vs. material removal [4]

300

=
& 2501
o Wheel grit: 80 7
o
B .
3
& 1504 "
g: Wheel grit: 400
=
o 1004
o
g
2 s0-
=

0 } } t f t 4

1 2 3 4 5 6 7

Depth of cut, 10% m

Figure 2.10 Comparison depth of cut vs. ave. tangential force [4]
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In supplied lubrication to workpiece. Nozzles were designed to main factor effect
to thermal and lubricant at cutting area. Besides flow coolant are also affected.
Efficiency of thermal and lubricant can be indicator by residual stresses. Czenkusch, et
al. [5] found that effect of coolant flow rate increased, varying form 0 - 7 /(min
mm) and diameter of nozzle outlet as shown in Figure 2.11. There are 7.5 mm’ (white
triangle), 15 mm’ (black circular), 30 mm’ (black triangle), 45 mm’ (black square) and 60
mm2 (back diamond) to residual stress at the workpiece. Their results shown, increasing
coolant flow rate of each outlet cross section obtained different residual stresses. The
nozzle 7.5 mm2 has provided the less of residual stresses. Other nozzle, residual stresses

were reduced when coolant flow rate were increased.

800 | [
R nozzle outlet "

o
b
/
/

MPa < cross-section [mm?®)] |

:\ su‘i_

1 —

residual stresses a
n =]
S 8
\f
[
f

— W5
7.5 |
0t
0 1 2 3 4 5 Wminmm) 7

spec. flow rate Q'

process , r~} rindin
external cylindrical -{<:%3- v, = 100 m/s, q = -150

plunge grinding W Q=10 mm¥(mm s)

CEBN-grinding wheel gmﬁws_w%%n?

M 151 VR 150 N ressing whee 5B, U,=15,
i Qe =08 a,=05pum,iy=3

100 Cr 68/ 52 100 (SAE) hardened, 65 HRC

Figure 2.11 Effect of flow rate and nozzle cross section on residual stress [5]

Another one factor have effected to efficiency of workpiece surface quality. That

is coolant properties. In 1998, Weinert, et al. [6] had done the experiment to study the
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effect of emulsion, graphite used in lubrication and dry supplied in grinding process and
varying spec of removal rate. Observation on arithmetic mean surface roughness (Ra) of
workpiece and radial wheel wear (Ar,). Their results shown relationship of spec of
removal rate and mixer affected to surface roughness and radial wheel wear. By graphite
mixed was obtained better Ra and radial wheel wear but varied as spec of removal rate

also as shown in Figure 2.12.

4 80
m dry A o
T um 2 A pm I
: 17
= emulsion
s 2 ——21 40 §
5 R = — ;ﬁ g
8 graphite — @
e 1 S 20 ©
- Ar, dry J] A e

Ar, graphite
0 s 0

0 200 400 600 S 4000
spec. material removal V',

coolants: ® O emulsion 4%; & Adry; R Ographite

grinding wheel: 38A4618 VS

cutting speed: Ve =25m/is

depth of cut per pass: a, =15um

table speed: Vg =21 m/min

spec. mat. rem. rate: Q',, =5.25 mm*(mm s)

workpiece material: 100 Cr 6/ 52 100 (SAE)
(750 HV 10)

Figure 2.12 Influence of coolant types [6]

As in literature review, it can be concluded that shown coolant position, coolant
flow rate, dept of cut, nozzle type and coolant type effecting to cutting force which is

the root cause of wear rate and workpiece surface qualities.
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CHAPTER 3

RELATED THEORIES

This chapter concerns the theories as follows.

® Head Part off Process

® Abrasive Process

® Basic of Grinding Process

® ALlTiC Material Properties

® Fluid Process

® Statistic

® Respond Surface Methodology (RSM)

® Multi variable optimization with inequality constraints

3.1 Head part process

In Hard Disk Drive (HDD) manufacturing, there are three main operations with
Slider Fabrication (SF), Head Stack Assembly (HSA) and HDD assembly as shown in Figure
3.1 and 3.2. The slider fabrication is operation to make read/write head (slider) of HDD.
Head part process is a part of slider fabrication as shown in Figure 3.3 which cut the row

bar into slider form.

Figure 3.1 Slider in HDD
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SF O) HSA O) HDD

- Wafer Cutting

- Lapping
L Clean Room (ABS make)

L Head Part Process

Figure 3.2 Three main operations in HDD manufacturing flow

€= (Cutting Direction in Front View

7
Bar Form et /

= X Slider Form
(BF Cutting)

el /
- |- - - -

Figure 3.3 Head Part Process

3.2 Abrasive process
Abrasive machining processes are manufacturing techniques working on hard
material to modify the shape and surface texture of manufactured parts. Abrasive

process is used for produce high quality, high accuracy and surface texture of parts [7].

Most of abrasive process can be separated into four groups as shown in Figure 3.4:



1)

2)

3)

a)

Main pur
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Grinding; Abrasive tool is a grinding wheel which moves at a high
surface speed comparing to other machining processes. The speed of
grinding wheel moves up to 140 m/s on high speed grinding.

Honing; Abrasive particles or abrasive grains are fixed in bonded
tools. This process is mainly used to finish surface in bore of cylinder.
Lapping; Free abrasive particles are between lap plate and
workpiece surface. The abrasive is usually suspended in liquid.

Polishing; Although it is mostly similar to lapping process, the
difference is forming hard plate into soft cloth pad.

pose of grinding is modifying shape of workpiece, however polishing is

modifying surface texture of workpiece.

Grinding: A high wheel
<>

speed

<>

Horning: Flexible alignment. Low
speeds

il
|

Lapping: Free abrasive introduced

between lap and workpiece.

Polishing: Free abrasive

introduced between

Figure 3.4 Basic principles of grinding, honing, lapping, and polishing [7]
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3.3 Basic of grinding process

Grinding process consists of six basic elements combining in system as shown in

Figure 3.5
1)
2)
3)
a)
5)
6)

shown.

Grinding machine
Grinding wheel
Work piece
Grinding fluid
Atmosphere

Grinding swarf

Grinding swarf

‘ Workpiece

Figure 3.5 Six basic elements involved in surface grinding [7]

3.3.1 Type of grinding operation

Grinding can be separated into 4 basic operations using straight wheel as shown in

Figure 3.6.

1)
2)
3)
4)

Peripheral surface grinding
Peripheral cylindrical grinding
Face surface grinding

Face cylindrical grinding
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(a) Peripheral

surface grinding

(b) Peripheral
cylindrical grinding

(c) Face surface

(d) Face surface grinding

Figure 3.6 Four basics grinding operations using straight wheels [7]

3.3.2 Type of abrasive

In abrasive machining process, grain of abrasive must be harder than workpiece. It

must be under high temperature condition abrasive grain to maintain harder character

than work piece also. De Beers, showed hardness value of abrasive grain in Table 3.1.

Table 3.1 Typical hardness values of abrasive grain material

Units Vickers hardness (GPa)
Diamond 56-102
Cubic boron nitride (CBN) 42-46
Silicon carbide ~ 24
Aluminium oxide ~ 21
M2 tool steel (double tempered) ~0.81

3.3.3 Diamond wheel

It is an abrasive tool which abrasive layer is the main component with a

composite structure including grit. The abrasive layer made up from hard abrasive grit

and bond material to retain the grit within tridimensional structure, and held or attached
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in a tool holder. The main contact was between tool surface and workpiece taking place

on the hard and sharp edge of the grit. The hardness of grit is sufficient to plastically

deform the workpiece material. [8]

Diamond grit can be explained and converted into standard definition to diamond

grain size as in Table 3.2.

Table 3.2 Diamond grit size convert table

Regular Micro Mesh | MicroMesh MX | Micro-Mesh AL | Grit (US) | Microns | Inches
300 180 80 0.0030

60 230 60 0.0024

80 280 a5 0.0018

100 600 320 40 0.0016

150 800 360 35 0.0014

1500 180 1500 400 30 0.0012
1800 240 1800 600 15 0.0006
2400 320 2400 900 12 0.0005
3200 360 3200 1200 9 0.0004
3600 400 3600 1350 8 0.0003
4000 600 4000 1500 5 0.0002
6000 800 60010 a4 0.0002
8000 1200 8000 3 0.0001
12000 12000 2 0.0001

3.3.4 Tribological system

The system investigation of a tribological system requires inputs and outputs

consideration. Figure 3.7 shows the nature of the inputs being considered.

The inputs and outputs can be broken down into motion, material, energy and

information. In a detailed analysis, each of these categories is examined to determine its

influences on the process. In addition, there are disturbances to the process such as

vibrations which may, in a few cases, be controllable, but not always avoidable.




19

There are also outputs from the process which may be considered as losses.
These include frictional losses and wear products. Some of the factors to be considered
in an abrasive machining process are illustrated as shown in Figure 3.8.

In the following chapters, the important elements of the abrasive machining
system and tribological factors that control the efficiency and quality of the process are
considered. Since grinding is by far the most commonly employed abrasive machining

process, it is described in detail.

Loss Outputs :
- Friction

- Wear products

Inputs : OQutputs :

- Motions » Tribological System - Motions

- Materials - Materials

- Energy ' - Energy

- Information - Information
Disturbances :
- Entropy
- vibrations

- Materials (including dirt)

Figure 3.7 Inputs and outputs of Tribological system [7]

Nonproductive Outputs :

- Swarf - Noise
- Waste fluid - Mist
i “ Productive Outputs :
- Heat ‘ - Tool wear )
Inputs (Cost items) : - Machined parts
- Kinematics » Abrasive Machining » - Production rate
- Materials Process - Form and accuracy
- Energy f - Surface texture

- Specified qualities - Surface integrity
Disturbances :

- Static deflections -Tool shape errors

- Vibrations -Temperature fluctuations

-Initial workpiece shape -Machine errors

Figure 3.8 Inputs and outputs of abrasive machining processes [7]
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Summaries of the tribology system as shown in Figure 3.9 was on the effects of
coolant lubrication and cooling respectively that shown influence to tool wear, force

and power demand.

Work piece

Lubrication effect of quality

Cooling effect of
coolant

coolant

Reduction of friction

< =

Reduction of force and <]

power demand

=

Reduction of heat

Tribology system Reduction of the

critical work piece and

|:> tool temperature

=

“Machining”

and
power

demand Reduction of generated

generation heat

Figure 3.9 Tribology system effects by lubrication and cooling [9]

3.4 ALTiC material properties
The main material of slider head is ALTIC material. AlTIC is stand for Alumina-
Titanium Carbide produced by hot isostatically pressed (HIP). ALTIiC is high density

ceramic materials with a porosity.

3.5 Grinding fluid
The main purpose of a grinding fluid is to minimize mechanical, thermal, and
chemical impact between the active partners of the abrasive process. Grinding fluid used

for cooling and lubricating in grinding process.

Basic requirements of a grinding fluid are good lubrication, good cooling and
flushing performance and high corrosion protection. Secondary requirements of grinding
fluid are economic and efficient operation, operational stability (long life) and

environmental protection.
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3.5.1 Types of grinding fluid

® \Water-immiscible cooling lubricants; are not generally mixed with water

for any application.

® \Water-miscible cooling lubricants; are emulsification or water-soluble

concentrates, to which water is added before use.

® \Water-composite cooling lubricants; are ready-for-use composites of
water-miscible cooling lubricants with water, within the group of water-

miscible cooling lubricants.

3.5.2 Head part coolant

Head Part coolant is synthetic metal mixed with DI water and working fluid
specifically for diamond wheel grinding. It provides outstanding cooling, rapid fine setting
and exceptional wetting with dry film corrosion protection for workpieces and machine

and its transparent fluid.

3.6 Tool wear

Wear is generally defined as a mechanical damage to a solid surface, generally
involved progressive loss of material, due to relative motion between the contacting
surfaces. The wear can be divided into mechanism type as follows.

1. Abrasive wear

2. Friction

3. Fatigue

4. Erosion

3.7 Chip on material

Heating of the surface is accompanied by thermal expansion and contraction.
The wheel passes a point on the work piece. The surface expands due to heating. After
the wheel has passed, the surface rapidly cools and is quenched by the mass cooling

from the subsurface. At this stage the material contracts as shown in Figure 3.10.
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—

cutting surface
—

Figure 3.10 Sample of Chip

3.8 Roughness

Surface topography is great importance in specifying the function of a surface
finish after grinding surface. In the manufacturing industry, basic requirement of process
is good surface finish and surface must be within certain limits of roughness requirement
of process. Ra and Rz is the most useful parameter to identify the surface roughness

after machining process

Ra (Arithmetic mean surface roughness): A section of standard length is sampled

from the mean line on the roughness chart as shown in Figure 3.11.

LA /\ /\
Ra\/\ Af\ﬂ/\/k

?y/\/vvv 7

»
L

r'y

Figure 3.11 Arithmetic mean surface roughnesses (Ra)

4
a= %_([|f(x)|dx (3.1)
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3.9 Design of Experiment (DOE)

In 1920, Ronald Fisher was developer on Design of Experiment method (DOE) and
applied in agriculture. A method of DOE was used to indentify significant factors, correct
and possibility estimated interaction in process [10].

Design of a series structure test to forecast the changes of input variables is the
process which effects of whole changes on a defined output after assesses. Using the
tool starts for order tasks by identifying the input variables and output which can be
measured. A number of levels are defined each input variables which presents the range
for that effect to desired variables. The produced experiment plan and setup parameter

are preceded on the best.

3.9.1 Factorial designs

Factorial design is the study of several factors that have an effect to a process at
the same time when performing an experiment. Factor levels are varied simultaneously
rather than one at a time that is efficient in term of time and cost allowing the study of
interactions between the factors also. Interactions are the driving force without factorial
experiments in many processes while important interactions may remain undetected.

All combination of experimental factor levels is measuring in responses of a full
factorial representing the conditions that were measured. According to the experiment,
experiment of each condition is called as “run” with the response measurement
observation. Whole set of runs is called as “design”. The following diagrams show two
and three factors design. Each point are represented a unique combination of factor
levels. As in two-factor design, the point on the lower left corner represents the

experimental run when Factor A is set at its low level and Factor B is also set at its low

level (as shown in Figure 3.12-3.13).
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B

Figure 3.12 Two levels of factor A and three levels of factor B

Figure 3.13 Two levels of three factors

3.9.2 Factorial plots (General full factorial)
General and full are two types of factorial plots design those help to visualize
the main effects and interactions. Both plots can be used to show how the variables

response to one or more factors.

3.9.3 Main effects plot

Main effects plot is generally a plot each factor level mean. When the factor
level alters, it causes altering of output variable and occurring of main effects. The
following main effect plots are applied to compare the relative strength of effects with
factors. Graph plotting of main effect is demonstrating in line. A horizontal line shows
that each factor level existing doesn’t affect the response correspondingly. The
response mean is same across whole factors levels when the line is not in horizontal
position. Moreover, different levels of the factor affect the response differently. The less
horizontal line showing greater likelihood as main effect is statistically significant as

shown in Figure 3.14.
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Main Effects Plot for Mushiness
Data Maans

Figure 3.14 Graph window output of main effects plot

3.9.4 R-square
Based on comparing the variability of estimation errors with the variability of the

original values

R*=1- 5S e (3.2)
SS

tot

Where SS,cs is sum of squares of residue and SS;.: is total sum of square.

® Percentage of response variation is explained with one or more possible
relations.

® |n general, higher the R-square improves the better results of data model.

o R always increases as number of predictors increase and reaches to maximum
when p=k

® AsR’ is maximum at p=k, it is not a proper indicator for model improvement.

3.9.5 P-Value probability (P-Value)
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P-Value is taken to determine whether a factor is significant; typically comparing
with an alpha value of 0.05. If the p-value is lower than 0.05, the factor will be

significant. The sample of probability model is as shown Figure 3.15.

P=area P/2=area P/2= area P=area
N N 'd

Figure 3.15 Probability model

3.10 Response Surface Methodology (RSM)

In 1951, Box and Wilson introduced Response Surface Methodology (RSM) on a
series of experiment, analysis and optimization techniques. [11] That idea was
optimization an unknown and noisy function by means of simpler approximating
functions that were valid over a small region using designed experiments.

They suggested using a first degree polynomial model to approximate the output
variables (response). Anyway the model was only an approximation which was not
accurate but easy to estimate and apply when few was known on process. The second
order models were many subject occur, engineers and scientists had working knowledge
of the central composite design (CCDs) and Box and Behnken design three level in 1960.

The RSM consists of a group of mathematical and statistical techniques using in
the development of an adequate functional relationship between response y and a

number of input variables which denoted by x,, x, ,..., x, . An unknown relationship can be

approximated by a low degree polynomial model below.
y=rf(x,x,)+e (3.3)
The variables x; and x, are independent variables when the response y is upon

them. The independent variable y is a function of x,,x, and the experiment error term

denoted as e. The error e term is represented to any error measurement on the
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response. Other kind of variations in f total is a statistical error being excluded and
assumned to distribute with zero mean and variance s~ normally.

There are two main models commonly using in RSM. They are special model
including first order model with 2 independent variables that can be expressed as per

below.
y=Ppy+Bix, + frx, +& (3.4)

Where x is linear part of the design matrix, ,B is the vector of linear coefficient
and ¢is a random experimental error assumed to have a zero mean.
The curvature of response surface after a higher polynomial degree can be used

for approximate function with two variables called second order model.
=Py +Bx, + Byx, +ﬂ1x12 "’ﬂzxz2 +Bxx, +€ (3.5)

Basically, all of RSM problems are either one or combined of the both models.
The each factor levels were independent from each factor levels in each model.
According to the most efficient results in approximate of polynomials, the absolute
experimental is designed for data collecting. When the data is collected, the response
surface analysis is shown by the fitted curve. The objective of considered model is
finished by following factor.
1. Model of relationship between y and x,,x,,..,x, can be used to  predict
response values for given setting of the control variables.
2. Hypothesis testing is used in determining the significance of the factors
levels represented by x,, x, ..., x, -

3. Optimum setting of x|, x,,...,x, determining results in the

maximum or minimum response over a certain region of interest.

3.11 Sequential Quadratic Programming (SQP)
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SQP is an iterative method for nonlinear optimization. SOP method is used on
problems for which the objective function and the constraints are twice continuously
differentiable.

SQP method solves a sequence of optimization subproblems, each of which
optimizes a quadratic model of the objective subject to a linearization of the
constraints. If the problem is unconstrained, then the method reduces to Newton's
method for finding a point where the gradient of the objective vanishes. If the problem
has only equality constraints, then the method is equivalent to applying Newton's
method to the first-order optimality conditions, or Karush—-Kuhn-Tucker conditions, of
the problem. SQP method has been implemented in many packages,

including NPSOL, SNOPT, NLPQL, OPSYC, OPTIMA, MATLAB, GNU Octave and SQP.

3.12 Multi variable optimization with inequality constraints

Since Inequality constraint is mostly common in optimization problems. The
most common kind of inequality constraints are simple bounds which the variables is
satisfied. [12] The constraints optimization problem of many variables subjected to

constraints is as following.

Minimize S, x,.x,) (3.6)

Design variables X =[x, X, ,..., X, 1 (3.7)

Subject to Aex<h (3.8)

Where

¢ is a vector of nonlinear inequality constraints.

Eeq is a vector of nonlinear equality constraints.


http://en.wikipedia.org/wiki/Iterative_method
http://en.wikipedia.org/wiki/Nonlinear_programming
http://en.wikipedia.org/wiki/Objective_function
http://en.wikipedia.org/wiki/Continuously_differentiable
http://en.wikipedia.org/wiki/Continuously_differentiable
http://en.wikipedia.org/wiki/Newton%27s_method
http://en.wikipedia.org/wiki/Newton%27s_method
http://en.wikipedia.org/wiki/Newton%27s_method
http://en.wikipedia.org/wiki/Newton%27s_method
http://en.wikipedia.org/wiki/Karush%E2%80%93Kuhn%E2%80%93Tucker_conditions
http://en.wikipedia.org/wiki/NPSOL
http://en.wikipedia.org/wiki/SNOPT
http://en.wikipedia.org/wiki/NLPQL
http://en.wikipedia.org/w/index.php?title=OPSYC&action=edit&redlink=1
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http://en.wikipedia.org/wiki/GNU_Octave

29

A is a coefficient matrix of nonlinear constrained equations.
4, is a coefficient matrix of nonlinear constrained equations.

Ib is a vector of lower bound values.

ub is a vector of upper bound values.

Graphical optimization

The graphical solution can be used to study in field of minimization problem.
Programming techniques are useful in finding from minimum function of several
variables under a prescribed set of constraints. Moreover an optimization problem
having only two design variables can be solved by observing the way they are

graphically represented [13].
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CHAPTER 4

EXPERIMENTAL PROCEDURE

This chapter concerns about experimental procedure as follows.

® Material Preparation

® Type of Instrument

® Tooling Fixture

® Bar Bonding Prior Experimental
® [Experimental Parameter

® Measurement

® [Experimental Analysis

® Optimization Setup

4.1 Materials preparation

The materials were used in the process are as follows.

4.1.1 Row bar

Row bar was cut from AlTiC substrate wafer which was wafer. The wafer was cut in

standard row bar.

4.1.2 Diamond wheel

New diamond wheel was prepared by initial dressing prior experiment. It was cut to

control kerf and prepared asperity of diamond contact.
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4.1.3 Coolant

Coolant was used as lubricant and cooling fluid in cutting process, by mixing with DI

water in 1:20 liters ratio with 15°C temperature controlled.

4.1.4 Dressing stone

Dressing stick was prepared before using by soaking in the coolant about 15 min.

4.2 Instruments

Table 4.1 List of experiment instruments

Instruments Function of Work
Head Part machine Three axis dicing machine
Atomic Force Microscope (AFM) Surface roughness measurement
Scanning electron microscope (SEM) Produce images of a sample by scanning

4.3 Tooling fixture
4.3.1 Head part fixture

Head part fixture was produced from stainless that could contain many row

bars/fixture. It was attached to many row bars in a fixture for faster cutting.

4.3.2 Coolant nozzle

Coolant nozzle used is original designed.
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4.4 Row bar bonding on head part fixture

All row bars were prepared before cutting experiment by putting on the fixture

as following steps.

4.4.1 Applying wax on head part fixture

This step is applying wax before attaching the row bar to the fixture as shown in

Figure 4.1.

Wax werT applied
[ \

Eas [l [ e [Eas) [FEaas)
Head Part Fixture

Figure 4.1 Applying wax on head part fixture before row bar bonding

4.4.2 Row bar alignment

All row bars were attached to the fixture and then arranged to strength by

marker of each one as shown in Figure 4.2.

Marker /,

S

2

o

-

S

Figure 4.2 Alignment row bar
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4.4.3 Cooling down

This step is to leave the attached fixture at room temperature for few minute to
allow wax curing holding with row bar on cutting positioning. The overview flow is

presented as shown in Figure 4.3.

Row Bar on Head Part Fixture Preparation

Pre Heat Head Part fixture Row bar

Wax applying

Place row bar on fixture

Row bar alignment

Cooling down

|
Finish

Figure 4.3 Overview flow of row bar on head part fixture preparation

4.5 Head part cutting parameters

Proceeding head part fixture into cutting as condition settled in current condition.

4.6 Experimental parameter
4.6.1 Nozzle angle adjustment

The nozzle was adjusted angle on three angle which this experiment are 18°, 20°
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and 22° as shown in Figure 4.4.

Nozzle angle

Figure 4.4 Adjusting nozzle angle by various experiments

4.6.2 Coolant flow rate adjustment

Coolant flow rate was adjusted by the coolant valve inlet of the nozzle is 2 GPM,
2.3 GPM and 3 GPM as shown in Figure 4.5. The machine was available coolant flow

between 0 to 3 GPM and resolution adjustment 0.5 GPM.

Coolant valve

2.f|5 GPM
2 GPM+ /1 =3 GPM

Figure 4.5 Adjustment of coolant flow rate
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4.7 Measurement
4.7.1 Wear rate

Wear rate was measured by diameter of the diamond wheel changed. Measuring
of a diamond wheel diameter before (Dg) and after 150 cutting (D,). The both diameter
were measured by camera focus depth of cut on workpiece as shown in Figure 4.6. The

wear rate can be calculation by using equation (4.1).

camera

Figure 4.6 Wear rate measurement

Ds =D, {(um) 4.1)
150  cuts

Wear rate =

Where
D, is diamond wheel diameter before

D, is diamond wheel diameter after
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4.7.2 Chip size

The quality of the cut surface is measured in terms of the amount of chipping at
edges. Measurement of the largest edge chipping was done on eight SEM images taken
around cut surface. The representative value was obtained by averaging from eight

largest edge chips of each images as shown in Figure 4.7 and calculated as equation

(4.2).

Slider cutting surface

|7? [ o]
| | A

Figure 4.7 Chip size measurement (8 point of edge/slider)

T
=

i

C+C,+..+C
Chip size average = ——2 3 (4.2)

8 SEM images

Where C is largest edge chip of each SEM image.

4.7.3 Roughness

The surface roughness its own was another cut surface measurement. Roughness
of center of the cut surface slider was measured by AFM in length 10 pum, as shown in

Figure 4.8 and use arithmetic mean surface roughness (Ra) as equation (3.1) is indicator.

Figure 4.8 Roughness measurement



37

4.8 Experimental data analysis
Overview of experimental was shown in Figure 4.9.
4.8.1 Main effect test

In order to search for main effect on wear rate, chip size and roughness,
experiments were set-up 2 factors at 2 levels and 5 replicates. There are 20 experiments

totally.

4.8.2 DOE full factorial 2 parameters 3 levels

In order to search for main effect on wear rate, chip size and roughness,
experiments were set-up 2 factors at 3 levels and 5 replicates. There are 45 experiments

totally.

Head Part Cutting

Various nozzle angle Various coolant flow rate
18°, 20°, and 22°, 2, 2.5 and 3 GPM

Cutting 150 cuts/group

Characterizations

Diamond wheel Edge chip size Surface
wear rate Roughness
Equation (4.1) Equation (4.2) Equation (3.1)
Head Part SEM AFM
camera

Figure 4.9 Flow chart of experiment
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4.9 Optimization setup

For finding out optimized set point values of this experiment, the problem can

be practically implemented in actual manufacturing as follows.

® Normalize data: The parameter values are normalized by following.

X

normalized —

actual

1
_ / 1 Xactaul A (Xmax + Xmin )
MidPo int _ 2 (@3)

1 1
— Range —(X —-X_.
5 Rang 2( max ~ X in)

Hence, the factor levels are usually set at +1. Assicnment of coded values to
qualitative factors is arbitrary, e.g. machines A and B can be assigned the coded

values -1 and 1.

® Finding equation of nozzle angle and coolant flow rate related with wear rate,

chip size and roughness
® Providing all equations to create objective function
® Setting up constraint equations

® Optimization analysis
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CHAPTER 5

RESULTS AND DISCUSSION

The experimental results are discussed in three parts. The first part is showing
effect of nozzle angle and coolant flow rate on wear rate, chip size and roughness. The
second part is determining optimum values or setting values and model. The third part
is extended wheel lift study by comparing wheel wear rate obtained by using original

setting values and optimized setting values.

5.1 Analysis results of the main effect plot based on DOE method
5.1.1 Raw data

The raw data of nozzle angle and coolant flow rate at each 2 levels with 5

replications and results of wear rate, chip size and roughness are shown in Figure 5.1.

Raw data of experiments

70
60 -
50 - -
40
[
-
3 304
20
10
o4 —_— = = L —
T T T T T T T T T T T T
Coolant Flow Rate (GFM) 2.0 25 2.0 25 20 2.5 2.0 25 2.0 25 2.0 25
Mozzle Angle (%) 18 20 18 20 18 20
Wear Rate (um/150 row bar)  Chip Size (um) Roughness (nm)

Figure 5.1 Raw data of experiments at 2 levels on 5 replicate
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5.1.2 Main effect plot of wear rate

The result can be illustrated in main effect plot as shown in Figure 5.2 and 5.3.

These plots are consist of low and high level of each factor as shown below.
1. Nozzle angle and coolant flow rate are significantly affected wear rate (p-value < 0.05)

2. From low to high level of nozzle angle rate, the wear rate is decreased trend from 64

to 49 pm/150 cut.

3. From low to high level of coolant flow rate, the wear rate is decreased trend from 58

to 55 pm/150 cut.

4. Nozzle angle is more sensitive to wear rate than coolant flow rate from 23% and 14%

respectively.

Main Effects Plot for Wear Rate (um/ 150 row bar)
Data Means

Nozzle Angle (°) Coolat Flow Rate (GPM)

64
62+

60+

58 '\
56| \

54

Mean

524

504

18 20 2.0 25

Figure 5.2 Main effect of nozzle angle and coolant flow rate to wear rate

Two-way ANOVA: Wear Rate (um/15 versus Nozzle Angle (?), Coolat Flow Rate
Source DF 55 MS F P

Nozzle Angle () 1 1027.03 1027.03 11751.94 0.000

Coolat Flow Rate (GEM) 1 52.81 52.81 €04.31 0.000

Interaction 1 14.5% 14.59 166.81 0.000

Error 14 1.40 0.0%

Total 19 1095.83

S5 = 0.2956 R-Sg = 98.87% R-Sg(adj) = 99.85%

Figure 5.3 Two way anova wear rate vs. nozzle angle and coolant flow rate
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5.1.3 Main effect plot of chip size

The result can be illustrated in main effect plot as shown in Figure 5.4 and 5.5.

These plots consist of low and high level of each factor as shown below.
1. Nozzle angle and coolant flow rate significantly affected chip size (p-value < 0.05)

2. From low to high level of nozzle angle, the chip size is decreased trend from 0.90 to

0.70 pm.

3. From low to high level of coolant flow rate, the chip size is decreased trend from 0.82

to 0.77 pm.

4. Nozzle angle is more sensitive to chip size than coolant flow rate from 22% and 6%

respectively.

Main Effects Plot for Chip Size (um)
Data Means

Nozzle Angle (°) Coolat Flow Rate (GPM)

0.904
0.85

0.804 \

0.754

Mean

T

0.70

18 20 2.0 2.5

Figure 5.4 Main effect of nozzle angle and coolant flow rate to chip size

Two-way ANOVA: Chip Size (um) versus Nozzle Angle (°), Coolat Flow Rate (GPM)

Source OF 55 M3 F P
Nozzle RAngle (%) 1 0.187711 0.187711 193.40 0.000
Cooclat Flow Rate (GPM) 1 0.014553 0.014553 14.24 0.002
Interaction 1 0.002370 0.002370 2.32 0.147
Error 16 0.016357 0.001022

Total 19 0.230991

5 = 0.03197 R-Sg = 92.92% R-S5g(adj) = 91.59%

Figure 5.5 Two way anova chip size vs. nozzle angle and coolant flow rate
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5.1.4 Main effect plot of roughness

The result can be illustrated in main effect plot as shown in Figure 5.6 and 5.7.

These plots were consist of low and high level of each factor. From that were shown
1. Nozzle angle and coolant flow rate significantly affected roughness (p-value < 0.05)

2. From low to high level of nozzle angle, the roughness is decreased trend from 2.3 to

1.3 nm.

3. From low to high level of coolant flow rate, the chip size is decreased trend from 2.0

to 1.6 nm.

4. Nozzle angle is more sensitive to roughness than coolant flow rate from 43% and

20% respectively.

Main Effects Plot for Roughness (nm)
Data Means

MNozzle Angle (°) Coolat Flow Rate (GPM)

2.4+
2.2+
2.0+

1.6+

Mean

~_

144

1.24

T T T T
18 20 2.0 2.5

Figure 5.6 Main effect of nozzle angle and coolant flow rate to roughness

Two-way ANOVA: Roughness (nm) versus Nozzle Angle (?), Coolat Flow Rate (GPM)

Source DF 35 M5 F E
Nozzle Angle (°) 1 5.618 5.61800 218.17 0.000
Coolat Flow Rate (GEM) 1 0.512 0.51200 .88 0.000
Interaction 1 0.0%8 0.09800 3.81 0.069
Error le 0.412 0.02575

Total 19 &.840

3 =0.1805% B-5g = 93.80% E-3g{adj) = 922.83%

Figure 5.7 Two way anova roughness vs. nozzle angle and coolant flow rate
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5.2 Analysis of optimization
5.2.1 Raw data

Due to main effect testing, trend of wear rate, chip size and roughness can be
reduced further and highly increased another level of the angle and flow rate. This

experiment is 2 factors, 3 levels and 5 replications as condition as shown in Figure 5.8.

Raw data of experiments
70+
604 -

50 -
40 |
30
20+
10

0 - -

Data

T T T LI LI T T T T T T T T T T T T LI T T T
Cooant Fow Rate (GPM)  \ 930,859,850 1355 ,8355,85,° 185°,95°,950
MNozzle Angle (°) & o 1 ] P 4 22 ] A

Sy = =)
‘;59 Q?& @6‘

@ <& &

o o 3
& & W

Figure 5.8 Raw data of experiments at 3 levels on 5 replicate

5.2.2 Normalized data

Due to the different data and magnitudes levels, their data will be normalized as
explained in equation (4.1). After that, these data will be operated in RSM to get the
format of nozzle angle, coolant flow rate, wear rate, chip size and roughness. The

normalized data obtained as shown in Figure 5.9.



44

data normalized

R
) o, [
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Figure 5.9 Raw data of data normalized

5.2.3 Response surface regression

5.2.3.1 Analysis of response surface regression of normalized wear rate
with normalized nozzle angle and normalized coolant flow rate by an alpha (Q) level of
0.05 was employed to determine the statistical significance of all analyses. The final
quadratic model for each response in terms of coded levels is shown equation (5.1)
which represents the final quadratic model for the normalized wear rate by given nozzle

angle and coolant flow rate are )71 and X_zrespectively. These equations have only

statistically significant terms containing the lowest P value or £ 0.05 and eliminate these

non-significant terms from the response equations as shown in Figure 5.10.
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Response Surface Regression: Normalized W versus Nrmalized No, Normalized C
The analysis was done using uncoded units.

Estimated Regression Coefficients for Hormalized Wear Rate

Term Coef SE Coef I P

Constantc -0.73410 1 0.018202 -40.332| 0.000

Hrmalized Hozzle Angle 0.13247 | 0.009969 13.287 | 0.000

Hermalized Cooclant Flow Rate -0.20359 | 0.009969 -20.422| 0.000

Nrmalized Hozzle Angle# 1.43916 | 0.017268 £3.345] 0.000
Nrmalized Nozzle Angle

Hormalized Coolant Flow Ratet* 0.04046 | 0.017268 2.343 | 0.024

Normalized Coolant Flow Rate
Nrmalized Hozzle Angle* 0.13113 | 0.012210 10.740 | 0.000
Normalized Cooclant Flow Rate

S = 0.0546046 PRESS = 0.150594
R-Sq = 99.49% R-Sq{pred) = 99.34% R-Sg(adj) = 99.43%

Figure 5.10 Respond surface regression normalized wear rate

The predicted equation of normalized wear rate is

By = —0.73410+0.13247X —0.20359X > +1.43916X 1 +0.04046X > +0.13113X X
(5.1)

5.2.3.2 Analysis of response surface regression of normalized edge chip
with normalized nozzle angle and normalized coolant flow rate by an alpha (Q) level of
0.05 was employed to determine the statistical significance of all analyses. The final
quadratic model for each response in terms of coded levels is shown equation (5.2)
which represents the final quadratic model for the normalized edge chip by given
nozzle angle and coolant flow rate are Zand X_2 respectively. These equations have
only statistically significant terms containing the lowest P value or < 0.05 and eliminate

these non-significant terms from the response equations as shown in Figure 5.11.
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Response Surface Regression: Normalized C versus Nrmalized No, Normalized C
The analysis was done using uncoded unics.

Estimated Regressicn Coefficients for Mormalized Chip Size

Term Coef | SE Coef T P
Conatant -0.74059 | 0.05068 -14.614 |0.000
NHrmalized Nozzle Angle 0.00000 | 0.02776 0.000 |1.000
Normalized Coolant Flow Rate -0.27093 | 0.02776 -9.761 | 0.000
Hrmalized NHozzle Angle® 1.10922 | 0.04808 23.072 | 0.000

Nrmalized Nozzle Angle
Hormalized Coolant Flow Rate* 0.07500 | 0.04808 1.560 |0.127
Normalized Cooclant Flow Rate
Hrmalized Hozzle Angle# 0.00000 | 0.03399 0.000 |1.000
NHormalized Coolant Flow Rate

§ = 0.152030 PRESS = 1.20490
R-Sq = 94.17% R-Sq(pred) = 92.21% R-Sg(adj) = 93.42%

Figure 5.11 Respond surface regression normalized chip size

The predicted equation of normalized chip size is

F — _0.74059+0.27093.X > +1.10922.X 1 X » (5.2)

Chip(X,,X;) ~—

5.2.3.3 Analysis of response surface regression of normalized roughness
with normalized nozzle angle and normalized coolant flow rate by an alpha (Q) level of
0.05 was employed to determine the statistical significance of all analyses. The final
quadratic model for each response in terms of coded levels is shown equation (5.3)
which represents the final quadratic model for the normalized roughness by given
nozzle angle and coolant flow rate are Zand Zrespectively. These equations have
only statistically significant terms containing the lowest P value or < 0.05 and eliminate

these non-significant terms from the response equations as shown in Figure 5.12.
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Response Surface Regression: Normalized R versus Nrmalized No, Normalized C
The analysis was done using unccded unita.

Estimated Regression Coefficients for Normalized Roughness

Term Coef | SE Coef I B
Constant -0.83069 | 0.05190 -16.007| 0.000
Nrmalized Hozzle Angle 0.00000 | 0.02842 0.000]| 1.000
Normalized Coolant Flow Rate -0.19365 | 0.02842 -§.813] 0.000
NHrmalized Nozzle Angle* 1.02222 | 0.04923 20.763| 0.000

Hrmalized Nozzle Angle
Normalized Coolant Flow Rater 0.15556 | 0.04923 3.160] 0.003
Hormalized Coolant Flow Rate
NHrmalized Nozzle Angle* -0.00000 | 0.03481 =-0.000| 1.000
Hormalized Coolant Flow Rate

5 = 0.155689 PRESS = 1.30052
R-Sg = 92.59% R-3g(pred) = £9.81% R-Sq{adj) = 91.64%

Figure 5.12 Respond surface regression normalized roughness

The predicted equation of normalized roughness is

— _0.83069—0.19365X> +1.02222X; +0.15556X>  (5.3)

Roughnes§ X;,X,)

5.2.4 Surface plot

5.2.4.1 Normalized wear rate as a function of normalized nozzle angle

and coolant flow rate

The surface plot showed a relation of normalized wear rate basing on the
equation model. The relation exposed that normalized nozzle angle is more sensitive
than normalized coolant flow rate. In other words, normalized nozzle angle influenced
both wear rate as the arrow along normalized nozzle angle axis and surface as the

increased slope as shown in Figure 5.13.
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Minimization of normalized wear rate vs nozzle angle coolant flow rate
. 7

&,’w
!ﬁ"&"‘?f
e 4‘ “W
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Maormalized coolant flow rate G{z) 2 2 Matmalized wear rate (}{1)

Figure 5.13 Surface plot of normalized wear rate

5.2.4.2 Normalized chip size as a function of normalized nozzle angle and

coolant flow rate

The surface plot showed a relation of normalized chip size basing on
equation model. The relation exposed that normalized coolant flow rate is more
sensitive than normalized nozzle angle. In other words, normalized nozzle angle
influenced both chip size as the arrow along normalized coolant flow rate axis and

surface as the increased slope as shown in Figure 5.14.
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Minimization of narmalized chip size vs nozzle angle coolant flow rate
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Figure 5.14 Surface plot of normalized chip size

5.2.4.3 Normalized wear roughness as a function of normalized nozzle

angle and coolant flow rate

The surface plot showed a relation of normalized wear rate basing on the
equation model. The relation exposed that normalized nozzle angle is more sensitive
than normalized coolant flow rate. In other words, normalized coolant flow rate
influenced both roughness as the arrow along normalized nozzle angle axis and surface

as the increased slope as shown in Figure 5.15.
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Minimization of normalized roughness vs nozzle angle coolant flow rate
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Figure 5.15 Surface plot of normalized roughness

5.3 Optimization

5.3.1 Definition of parameters in optimization study

Normalized nozzle angle [)?1]
Normalized coolant flow rate [Z]
Normalized wear rate function [F,.,.]
Normalized chip size function [Ehip]
Normalized roughness function [Fmghm]

5.3.2 Objective function [F:;bj] used in this study is

Minimize F,, =W, +W,F, (5.4)

roughness
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W, W, and W; are weighting factors of F, F

wear ? * chip

and F

roughness

respectively. In this

study,W, =0.6, W, =0.3 and W, =0.1.

Replacing (5.1), (5.2), (5.3) in (5.4)

Minimize F.,.= (0.6) (F

obj ™~ wear

) + (03) ( F;th) + (Ol) ( F_;oughneSJ)

5.3.3 Identification of constraints

There are three constraints deriving from normalized wear rate, chip size and
roughness which setup target values obtained from physical values are 42.29 um/150
cuts, 0.62 pm and 0.95 nm respectively and convert to be normalized data from

equation (4.3) are 1.25, 1.05 and 0.95 respectively, as follows.

125-F, <0
1.05- F,,<0
0.95 - }_rroughness <0

Also there are 2 boundary conditions for the design variables from physical
values can be setup into constraints, nozzle angle since 16° until 24° and coolant flow
rate since 1.5 until 3.5 GPM which both variable can be converted to normalized data

from equation (4.3) since -2 until 2, as follows.

2< X, <2

N

el
IN
N

-2<
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Thus, the objective function and multivariable with inequality constraints problem are

Minimize  F,, =—0.74571+0.07982X —0.06024X » +1.29848 X +0.179836X > +0.078678X 1 X »

(5.5)
And inequality constraints are
ro-2< )71 <2, (5.6a)
2« X_z <2, (5.6b)
Subject to < 125-F, <O, (5.60)
1.05- F,,<0, (5.6d)
\ 095 Fpmes < O, (5.6€)

5.3.4 Optimization: Minimum setting of normalized nozzle angle and

coolant flow rate by MATLAB

From equation (5.6a) to (5.6e), the minimum of normalized nozzle angle and
coolant flow data was -0.14 and 1.4 respectively as shown in Figure 5.16. The data was
obtained by find minimum of constrained nonlinear multivariable function (fmincon) of

MATLAB.
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Local minimum found that satisfies the constraints.

Optimization completed because the okbijective function is non-decreasing in
feasible diresctions, to within the default wvalus of the function tolerance,

and constraints were satisfied to within the default wvalus of the constraint tolerance.

<stopping criteria details:

Aotive inequalities (to within options.TolCon = 1=-00£) :
lower Upper ineglin insgqnonlin
1
¥ =
-0.1404 1.4385
fwral =
-0.4&18

Figure 5.16 The optimum normalized nozzle angle and coolant flow rate obtained from

MATLAB

5.3.4 Graphical of optimization

The optimum nozzle angle and coolant flow rate can be shown in graphical form
as depicted as shown in Figure 5.17 as a plotted objective function and all referred
constraint functions. The optimum setting points for normalized nozzle angle and
normalized coolant flow rate in head part process are -0.14 (or 19.7°) and 1.43 (or 3.2
GPM) respectively. As the figure demonstrated: the objective function is solid line and
three constraints are dot line arranging by size from thinner, regular and bulky represent

and F

roughness

of F F

wear chip

respectively.



Minimization of normalized wear rate vs nozzle angle coolant fow rate
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Figure 5.17 Graphical solutions to the minimization
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5.4 Validation

Based on the prediction model, the wear rate, chip size, roughness can be
computed from equation (4.1), (5.1), (5.2) and (5.3). The model can calculate cost of
each varying variable for prediction and find desirable values as shown in Table 5.1. For
example, at optimum in green colored row, the nozzle is 19.7°, coolant flow rate is 3.2
GPM. According to mentioned model, computed wear rate is 46.09 um/150 cuts, chip
size is 0.72 ym and roughness is 1.04 nm. Despite the error of nozzle angle adjustment
for +/- 1° or 2°, nozzle angle has considerable effect on wear rate and cost loss. There
are also some differences in term of wear rate related to cost as table below, comparing
between max and min of wear rate (the nozzle angle at 22° and 20°) that resulted in

lowest cost at optimum.

Table 5.1 Example comparing of prediction of wear rate, chip size and roughness

Point Normalized
Prediction
values
Nozzle | Coolant | Nozzle | Coolant | Wear Chip | Roughness
angle flow angle flow rate size
rate rate
(GPM)

(©) (um) | (um)
(nm)
1 1 22 3 64.41 0.91 2.11

+

0.5 1 21 3 51.38 0.77 1.31
Optimum 0 1 20 3 46.09 0.72 1.04
-0.5 1 18 3 48.54 0.77 1.31
-1 1 17 3 58.73 0.91 2.11
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According to historical wear rate of diamond wheel and the wear rate after
nozzle at 20° and coolant flow rate at 3 GPM was implemented, the wear rate was
reduced from 17 um/150 cuts to 15 um/150 cuts as shown in Figure 5.18 or 11.8% of
cost per quarter. Also in-term of cutting quality surface, the chip size and the roughness
were reduced from 0.9 um to 0.6 pm and 2 nm to 1 nm respectively as shown in Figure

5.19.

Diamond Wheel Wear Rate Tracking

Implemented

Wear rate (um/150 cut)

Quarter
3rd

Month

Figure 5.18 Diamond wheel wear rate tracking



Chip size and roughness tracking
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—

Figure 5.19 Chip size and roughness tracking

= Chip size (um)

—— Roughness (nm)
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CHAPTER 6

CONCLUSION AND SUGGESTION

6.1 Conclusion

Among numerous cut-off grinding parameters operation, the coolant nozzle
angle and the flow rate are two important parameters affecting cut surface quality and
wear rate of diamond grinding wheel. Little adjustments of coolant nozzle angle has
greatly effect on wheel wear rate and edge chipping amout of the cut surface. The
coolant flow rate of 3.2 GPM is sufficient for the cut-off grinding operation as the nozzle
angle optimized at 19.7°. According to research results, the conclusion can be made as

follows.

6.1.1 The nozzle angle and coolant flow rate directly affects increasing wear rate

,chip size and roughness on cutting surface of diamond wheel.

6.1.2 The nozzle angle at 19.7° and coolant flow rate at 3.2 GPM are the

optimum set points when the objective function is

Minimize F,, =—0.74571+0.07982X1 - 0.06024X » +1.29848X 1 +0.179836X > +0.078678 X1 X »

6.1.3 According to optimum set points, the implementation in actual production,
the diamond wheel wear rate is remained 15 um/150 cuts per quarter. If calculated per

slider, the cost saving is reduced by 11.8%.
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6.2 Suggestion

6.2.1 In accordance with literature reviews, depth of cut, feed rate of diamond
wheel also affect to wear rate and cutting surface. Thus these parameters can be taken

to study for future research.
6.2.2 Coolant flow rate can be adjusted in more diversified range.
6.2.3 Wear rate can be adjusted by changing coolant nozzle shape.

6.2.4 Chip size can be more accurately characterized with 3D visualization.
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Optimum Study Slider Bar Dicing Parameters for

Minimizing Diamond Wheel Wear
K. Munckrusmg * snd M. Pimsern
! Cotlege of Data Sromge Innovation, King Maongiur's Institute of Technology Ladirabang, Bangkok
TS, Thailand
EIF:rcu.':_l.' of Engineering, Kieg Mongiu s Inntifete of Techwology Lagirabang,
Sangkak 0520, Thailand
*E=muil: Katchamart manckruangf wdc.com; Tel =66R46476535

ABSTRACT

The Hard Disk Drive (HDD) industry 5 highly competiiive. Cogi reduction in manuizcouring
is & very important 1o remain competitive. This research focuses on the production of 2 HDD
slider. One of the process steps o make a slider is wo cwt the slider kar with a diamond wheel.
This paper peesents the study by mears of experiment 1o 22 the effects of the variahles,
nozzle angle and coolant flow rate, on the wear of diamond blades, slider chip size and
roighness of cuiing surface. Design of Experimment ([ME) was used w record the effects of
the rao variables. The resuls of the DMEs wera used o build a relationship and rezponse
gurface method (REM). From the optimization analysis, the most appeopeiate coolant nozzle
angle nozzle is 19.7* and the coolant flow rate is 3.2 gallons per minute (GPM) Thus, this
leads 1o the cost saving of diamond wheel, USE 100 000 per quarter.

Keywaords: dicing diamond wheel, precision grinding. hard disk drive, slider bar

L. INTRODUCTION

The slider is ore of the many components in the hard disk drive assembly. It is basically a
head or device used o read and write data from and onto the disk. The slider 5 mada in the
slider fabrication process, and dicing is one of the processes involved. The dicing process
reguiras a cuiting iool 25 an abrasive material, known as the diamond wheel, for cutting the
slider from the wafer. Becausa of their high usage rate and experse, diamond wheels are the
major cost factor in the dicing process. Extending the life of the diamond wheel by reducing
the wear rate is an effective pursuit for cost reduction in the dicing process.

1. THEORY AND RELATED WIOREKS

In an effort 1o reduce wheel wear rate, a coolant is delivered in a correct direction and area
onte the diamond wheel where it interacts with the slider pam {curting area or heat affected
zone) 1o function as a lubeicam and prevemt heat ransfer. Efficient slicing will reduce the
wear rate. On the ather hand, incorrect direction of the coolamt will decrease the heat transfer
[1]. High coolan voelume by simple feed shoe io the cuming zone is effective at low wheel
speed bur ineffective at high wheel speed [2]. Using a nozzle jer could be effective by fluid
laminar flow. The jet has no air and achieves high fluid velocity at the cutting zone. The
benefit s reaching the cuing zone and helping to clean the grinding swarf [3]. Mozzle
position was ghown o affect the fluid volome thar actually reaches the cuting zona. The
resull was shown w improve work piece gquality in terms of surface roughness [4].

3. EXPERIMENTAL or COMPUTATIONAL DETAILS
A schematic deawing of cut-off geinding of the slider bar, uging an SDEOM diamond wheel,
and the coslant delivery system are shown in Figure |. The values of the coolant nozzle angle
and flow rate in the experiment are shown in Table |, There are five repears foe each
condition. DOE was used 1o recoed the effects of the nao variables, due to multi variakles unit
transfers 1o data normalized as Eqo (1), Then used Analysis of varance (ANOWVAJ with an

ANSCSE]Y Ubon Ratchathani University, Ubon Ratchathani, Thailand
June 17-1%, 2005
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alpha {a} level of G.0% was employed 1o detarmine the siatistical significance of all analyses
and got the final quadratic mode] for each response which can be build the relationship on
response surface method (RESM] for optimization o Tind the seiting valoe.

Cadwi el W'siesl

Figure | Schamaric of coslant delivery from nozzle jer passad through the whael and work
piece while cutting

Variables High Mlid Low
Mozzle Angle () I8 20 Xr
Coolan Flow Race (GPM) 2 s 3

Takle | Experiment condition

1
= "t..l.ui'_- Inl ""r:u:l‘
X =_l'_m_.—.1.-FlniF|:lml= :[ ()

e et

1 1

Parametric Sy

There are three key parameters selected in order 1o study the effect of the nozzle angle and
codant flow rate i the slider cutting process.

1) Blade Wear Rare: The wear rate was measured by comparing the ouside dianweter of the
klade hefore and after | 20 curs.

23 Slider Edge Chipping: Measurement of the largest edge chipping (Figure 2} was done on
gight 2EM images 1aken around the o surface The represemtative value is obtained by
averaging the nine largest edge chips from each of the nine mmages_

W P e |

Figure 2 only the largest edge chip on the cul surface iz measurad feem each SEM image of
the sidewall of the slider
3 Roughness: Roughness of the cemer of the cut surface was measured by AFM as Figure 3.

“ .-

Figur 3 Roughness and sampling
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4. RESULTS AND DISCLSSI0ON

Main effect plot: The variables of nozzle angle and coolam flow rate have significan
effect tx wear rates of the diamond wheel aftee 150 cuts, chip size and roughness shown in
Figure 4. The three both parameters are reduced where increased nozzle angle and coolan
flovey rate.

- -
e i B b e B o | e by
St e B P i i bt e i b Pl B Bl o]

_—— 1 e e Ty T L P T | I L0 el — L L

Figure 4 Main effect plots by parameters

Optimization: Afier the real data o normalized from Eq (1) Then analysis of Response
Rurface Regression of normalized of wear rate, chip size and roughness with noemalized
nozzle angle and normalized coolant flow rate by an alpha (a) level of 0L0%5 was defined to
determine the statistical significance terms. Thus, will be equation have oaly statstically
significant terms comaining which eliminated all non-significant terms and obained
equations as follow.

Froeee = -0 7310+ 001 3247X, -0 2038505, + 14391637, + 0L04046X% = 0131 13X, X

fed)
Foee ™ -0. 74059 + 0.2T093X; = | 10922, X; 3
Froegrenn = -0L83060 — 0. [9368X, + OIZIX?, + 0. 155867, ey

Where 3. and X; are represent the nozzle angle and the coolam flow rate. The ohjective
function (Fee) can be expressed and also weighting score in term as

F-a:_] = 1'."'-IF“|: T -ZF:1F T 1-1|-1F=I.FH- {j]

Thus, from Eq. (%) replaced by (23, (3) and (4) and given W, Wy and W, are 0.6, (L3 and
0.1 the objective function as below

Min Fasy = -0.T457 | +0.07082X,-0.0602 X+ 1 2984X75+0.1 T9RIEX 00786 TH X: (6]

And mulivariakle with inequality consiraing is
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Subject 1o 1225 - Frne =10, (7
108 - Fo 20,
0.95 - Frogunan = 0,

Given Fuer, Foep @nd Fosgean @re Eg. (2),03) and (4) respectively.

The graphical iz ploted from Eq. (&) and (7) can be fownd graphical as Figuee £, an
ahjective function and all constraint function are plotted. Thus, the minimum poins for
normalized nozzle angle and noemalized coolant flow eave in Head Pam process are -0.14 {or
197 and 143 (or 3.2 GPM), respectively. As the figure are shown thar the ohjective
function is solid line and theee constraints are dot line arranging by size feom thinner, regular
and bulky represent of F F..,_ and F respactively. The minimum point or satting
values are compured with Eq. (173, (23, {33, {(4) and given wear rate, chip size and roughness
are 4600 pm, 0.72 pm, and |04 nm, respectively.

Thrppvter gl ppveens phow o e ey aewie 8 oot S e
- T T X

1 [ ry T F
(I = § g E a
[ T i Py v it
1 u i B a1
o F i |- E .rrlﬂ-lH:=
st 1 :
: 1 E - ] F .' :_";TW- 4 W 'F"WIH
2 opd i f 'i Y " i o Bt & 143 10 T
-
é ank vy i
Y o :
';-‘ Y AR Y %
el w ™ 5 LT -,.f v
J L W N : SN
ik 48 [ ] ok
Foorie dagis X

Figure £ Graphical optimization of minirm nozzle and coolant flow rae

Economic study: Based on the peediction model that can do compuie the wear rate, chip
size, rowghness and get cost each variable is varied as foe prediction and find desirable values.
For example, at optinm the nozzle i 19.7% and coolan flow rawe 5 3.2 GPM the model is
used compuie wear rate is 4598 pmd1 50 cuts, chip size 5 072 pm, roughness is 104 am and
total cost is USE 202 237, which comparison with nax and min of the nozzle angle (20.4" and
19.47) the optimum shown cost is cheaper.

B, CONCLUSIOM
Among nomercas cul-off grinding operating paramecers, the coolanm nozzle angle and the
flow rate are oo important parametess which affect the cut sueface quality and the wear rate
of the dizmond grinding wheel. According e this research resulis, the conclusion can be
made ag fallow.

I. The nozzle angle and coolam flow rate have affected vo wear rate on diamond
wheel, chip size and roughness on cuning surface. As the nozzle angle is increased the wear
rare, chip size and roughness are decreased. As the coolant flow rate & increased the wear
rate, chip size and roughness are decreased.

2. The nmozzle angle at 197" and coolant flow eate at 3.2 GPM s optimom and
obtained the model equation as per below.
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Min Fee, = -0.7457 [0 0798 2K, -0.0802 8+ | 2084303, +00 | TORIEX +0.0TR6TH, X

A From optimum set points, after implemented in actwal production, the cost saving

of dizmond wheal is USE (0,000 per quarer.
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APPENDIX B

MATLAB CODE

1. Define the objective function

File  Edit Text Geo Cell Tools Debug Desktop Window Help

DEH 4B IC[(LD-Aesr|[b -PRBRE BB |soe -]

BB - w0 [+ 21 [ x [0

%lfunction f = objfun(x)
= £ = -0.74571+0.07982%x (1)-0.06024%x (2)+1.29848%x (1) “2+0.179836%x (2) ~2+0.078678%x (1) *x(2) :
%f = 0.388283*x (1) - £3.254*x(2);
5f= =x(1) + =x(2):
%f = 0.5%x(1) + 0.5%x(2);

Mot g L R e

2. Define the constraints

File Edit Text Go Cell Tools Debug Desktop Window Help

NED|sMBIC (0D - e bl -B0BRE BB |sww o | fr

BB -0 [+ =11 | x [« a0

function [c, ceq] = confunix)

- ceq = [1:

- ¢ = [1.25-0.73410+0.13247*x(1)-0.20359%x (2)+1.43916%x (1)~ 2+0.04046%x (2) ~2+0.13113%x (1) *x (2) ;
1.05-0.74059+0.27093%x (2)+1.10922%x (1) ~2;
0.95-0.83069-0.19365%x (2) +1.02222%x (1) ~2+0.15556%x (2)"2;—-x (1) ;-x (2)];

WO =] Mo s W b
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3. Order optimization

File Edit Text Go Cell Tools Debug Desktop Window Help

NEA ¥R (02 - Aenhi(B-D0BRE BB |seck(sse -|| &
BB -0 |+ s (x| Eak| O

1= clear all;

Pl x0 = [-1,1]; % Make a starting gusss at the solution
3= Lb = [-2 -2]:

L H= Ub = [2 2]

5= options = optimset ('Larg=Scale’','off');

6 — [xX,Lval] g ...

7 frmincon (Bobjfun,x0,[1,[1,[1,[]1,Lb,Ub,Rconfun,options)

8 xfmincon(£f1,x0,[],(1,01,0[1.,0(1,[],Bconfun,options)

4. Graphical contour plot

[ ¥1, ¥2 ] = meshgrid{ -2 : .1 : 2, -2 : .1 : 2 ) ;

Y = -0.74571 + 0.07982 .* 1 - 0.0£024 .* X2 4+ 1.29848 .* ¥1 .~ 2 + 0.17983¢ .* ¥2 .~ 2 + 0.078&78 .* X1 .* X2 :
¥1 = 1.25 - 0.73410 + 0.13247.*E1 - 0.20359.*¥2 + 1.43816.*¥1."Z + 0.0404&.*E2."2 + 0.13113.*H1l.*EZ;

.05 - 0.7405% + 0.27093.*E2 + 1.10822*K1."2;

T3 = 0.95 - 0.830£29 - 0.19365.*H2 + 1.02222.*¥1."2 + 0.15556.*%K2."2;

-

vd
I

o

figure( 1 ) ;

[ C, h] = contour( ¥i, ¥2, ¥, 5 ) :hold on

[ €, h] = contour{ Xi, Xz, Y1, 20 ) ;

[ C, h] = contour{ X1, X2, Y2, 5 ) ;

[ C, h ] = contour( X1, X2, ¥3, 5 ) :

332t ( h, 'ShowText', 'on', 'Textitep', get( h, 'Lewvel3tep' | * 2 ) ;
colormap cool ;

xlabel( 'Normalized nozzle Angle (X {1})' ) &

yvlabel( 'lormalized coolant Flow Rate (X _{Z})') :

title('Minimization of normalized wear rate vs nozzle angle,coolant flow rate'):
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