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Abstract

Surface quality including surface roughness anceattgpping is a key process measure in micro
ultrasonic machining (Micro-USM) as an efficienbpess for micromachining of hard and brittle
materials. Process parameters such as ultrasobratien amplitude, static load, type of tool
material, type and size of abrasive particles dndys concentration can influence the surface
quality. However, there is limited study on the graetric effects on the surface quality in micro-
USM. The objective of this study is to investigtte effects of the workpiece material as well as
process parameters including abrasive type, parstte and vibration amplitude on surface
roughness and edge chipping in micro-USM. Sili@aomina ceramics and soda-lime glass were
selected as workpiece materials and polycrystatliaenond and alumina as abrasives. Particle size
ranging from 0.3 to 3 um and vibration amplitudegiag from 0.8 to 3 um were selected in this
study. Results indicate that workpiece material @bdation amplitude have significant effects on
surface roughness. Workpiece material was fountietdhe most significant parameter with a
percentage contribution of about 45 % in the vemaof mean R followed by vibration amplitude
and patrticle size of about 28 % and 5% contribioaspectively. Results also show that alumina
ceramic is a material capable of achieving bettefase quality in micro-USM as compared to
silicon and soda-lime glass.
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1. Introduction

Ultrasonic machining (USM) is a non-chemical andetectrical process and therefore it does not
alter the properties of machined workpieces [113jus, it is particularly suitable for micro-scale
machining of delicate parts made from hard andlémhaterials of which elimination of thermal
distortion or stresses is essential. As such, Midh@sonic machining (micro-USM) is considered
as a cost effective material removal process tatermicro features and miniaturized products of
preferably hard and brittle work materials suctsidison, glass, quartz, and ceramics [3-5]. Micro-
USM meets two important requirements with regamlsminimizing error generation factors,
namely, minimum mechanical tool deformation andrrited workpiece distortion [6]. In this
process, material is removed by fine and free a@gmrticles in the machining gap; hence, there is
no thermal damage and significant level of stressethe workpiece [1].
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However, micro-USM process generally produces lzergboor surface quality which is among the
crucial error generation factors in tool-based omtachining, the effect of which should be
minimized [6]. Low surface quality in micro-USM isaused by material removal mechanisms
involved in the process including crack initiatiopropagation, and chip breakage [7]. These
mechanisms, are influenced by various process mesmand machining conditions. Therefore,
study the effect of process parameters on surfaabty in micro-USM seems necessary in order to
introduce this process as a viable micromachiréerique [2, 7].

Surface characteristics in micro-USM have beensdtigated by researchers. Yu et al. [8] studied
the effect of particle size on surface roughneskraported Rvalues in the range of 220-320 nm in
silicon material. Zhang et al. [9] investigated #féect of vibration amplitude, type and size of th
abrasive particles on the surface roughness usingceo-USM system equipped with acoustic
emission monitoring system for tool contact senshlgo, the influence of workpiece material on
the characteristics of the machined surface wassiigated by Hu et al. [10]. In another study, the
correlation between surface/edge quality and pspasameters were investigated in micro-USM
with workpiece vibration method and,Ralues as small as 24 nm were reported on mono
crystalline silicon [11]. In the majority of theperted literature, the effect of the process patarse

on surface quality has been studied using “onesfaat-a-time” method in which the value of the
input parameter (factor) under study is varied w/ite rest of the process parameters are kept
constant [12-14].Revealing the trends of the respdi) with this method is somehow resources
and time consuming [12]. In contrast, design-ofeakpent (DOE) methods provide a systematic
and efficient experimental plan to examine and o the response while considering the
interactive effects among the process parameté&;sifd]. In particular, the Taguchi method is one
of the most powerful DOE methods [15, 17].

In this study, the effect of various process patanseon surface roughness is investigated using
Taguchi method. The advantages of this method ket more factors can be optimized
simultaneously and significant information can deamed by minimal experimental runs. The
analysis of signal-to-noise (S/N) ratio and analysf variance (ANOVA) are performed to
determine the significance and contribution of @asi process parameters with regards to surface
roughness. Also, the effect of workpiece matera@isedge chipping at entrance and exit of the
through micro holes were studied as a quality mmeaisumicro-USM process.

2. Experimental Design and M ethodology

2.1 Process Parameters

A cause-and-effect diagram (Figure 1) is applieddentify the process parameters of the micro-
USM that may affect the surface roughness of thehmad workpieces. Among the process
parameters presented in Figure 1, four parametetsding abrasive type, workpiece material,
particle size, and vibration amplitude were sel@di@ this study. The parameters levels were
decided based on the existing literature, the tesflpreliminary experiments and workable range
of the parameters in the micro-USM system. The csete controllable parameters and their
respective levels are as listed in Table 1. In otdedetermine the non-linear behavior of the
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parameters of a process, more than two levels beussed. Therefore, it is decided that one of the
four selected parameters are studied at four laredlsanother two are studied at three levels.

Cause Effect
Machine Workpiece Horn Design
Fregquency Hardness Material
Vibration Amplitude Brittle Fracture Strength Amplification
Static Load Thickness Cooling System
Power Qutput Matenal Type Configuration & Size
Clamping Method
! ¥ Surface
Iy P Roughness in
Micro-USM
Concentration of Abrasive Geometry
Flowrale Size & Shape
Abrasive Type Material Type
Grain Size Toughness
Feeding Method Mounting Method

Rotation Speed (if exists)

Slurry

Tool |

Figurel. Cause-and-effect diagram for surface rnaghin micro-USM

Tablel. Control parameters and their levels

Parameter  Process Levell Level2  Level 3 Level 4

symbol parameter

A Abrasive type  Alumina PCD * *

B Workplece Alumina Silicon SL glass *
material

C Particle size 3 pum 1um 0.3 um *
Vibration

D amplitude 0.8 um 2um 3 um 1.4 um

2.2 Methods

To conduct the DOE and analysis, first an appré@raathogonal array (OA) is selected and the
process parameters are assigned to the OA. Themxiberiments are conducted according to OA
runs and each experimental run is repeated thmeestiSubsequently, the raw data and signal-to-
noise (S/N) ratio analyses are performed and mbthe main effects are presented to investigate
the effects of the selected process parametersréace roughness. Finally, the analysis of variance
(ANOVA) is conducted to determine the percent dbotion of each parameter at a specified

confidence level.
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2.3 Formation of the Orthogonal Array
The OA derived for the experimentation is a modifigs OA with 18 trial runs. The corresponding
OA with assigned parameter levels is given in Table

Table2. Modified L18 array with assigned paraméteels

Process Parameters
Exp.

No. Abrasive type Workpiece material Particle sizejfm) Vibration amplitude

(A) (B) © (um)(D)

1 Alumina Alumina 3m 0.8
2 PCD Alumina 1 0.8
3 Alumina Silicon 0.3 0.8
4 Alumina SL lass 0.3 0.8
5 PCD SL lass 0.3 2
6 PCD Alumina 3 2

7 Alumina Alumina 1 2

8 PCD Silicon 0.3 2

9 PCD SL lass 3 3
10 Alumina SL lass 1 3
11 PCD Alumina 0.3 3
12 PCD Silicon 3 3
13 Alumina Silicon 1 3
14 Alumina Alumina 0.3 1.4
15 Alumina Silicon 3 1.4
16 PCD Silicon 1 1.4
17 Alumina SL glass 3 1.4
18 PCD SL glass 1 1.4

3. Experimental Procedure and Data Collection

3.1 Materials and Tools Preparation

Different types of workpiece materials, listed iable 1, were cut into squares with size of 9.5mm
by dicing of the wafers. Rods made of pure tungstgh diameter and length of 300 um and 80
mm, respectively were used as micro tools. The tipolwas ground and then inspected before
machining process by using a v-shape fixture eqdppith objective lenses. This helps to maintain
a uniform gap between micro tool face and workpisedace and hence providing more stable
machining conditions at the beginning of the preces

Abrasive particles mixed in deionized water wereduas slurry medium. The slurry concentrations
were 0.04 wit% and 0.5 % wt in study of surface hoegps and edge chipping, respectively.The
slurry was agitated using an ultrasonic bath foouabl5 min in order to completely wet the
particles before use. Then, the slurry containes placed on the magnetic stirrer before feeding the
slurry to the micro-USM system.
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3.2 Micro-USM System and Machining Experiments

Figure 2 shows the schematic diagram of employattarilSM system. The ultrasonic vibration
with frequency of 50 kHz is generated through a grogenerator and ultrasonic transducer. Then,
the mechanical vibration is transmitted to the voeke through booster and horn. The workpiece
is held on the face of ultrasonic horn using a vatwclamping system which consists of vacuum
pump, liquid separator and flexible tubes.A foremsor is mounted on the tooling system and
connected to the computer to measure the machfareg i.e. the contact load between micro-tool
and abrasive slurry. The machining force is mairgdiwithin a specified range by controlling the
infeed motion of the micro-tool via computer intaré.

Personal computer
Ultrasonic generator

X and Y-axis actuator
Electronic balance

Ultrasonic transducer
Booster

Ultrasonic horn
Micro-tool

Mandrel

10. V-shaped bearing

11. DC motor

12. Precision force sensor

ol e B e e

13. Piezomotor controller
14. Z-axis actuator

15. Liquid separator

16. Vacuum pump

17. Workpiece

Figure2. Schematic diagram of in-house developenarl SM system

Machining experiments were conducted using the Idpee micro-USM system. The amplitude of
vibration is adjusted by setting the output voltafjehe ultrasonic generator. Fresh abrasive slurry
is delivered continuously into the machining zom@tighout the process. The 18 experimental runs
were conducted on trial conditions given in Tabld&each experimental runs was replicated three
times resulting in a total of 54 machining experirse

3.3 Data Measurements

The mean surface roughness)(Bf the micro holes bottom was measured using iNiEalipse
L150 con focal image profiler. The,Ralue for each micro hole is obtained by averagjivegvalues
of five different spots on the surface. Thevalues for each experimental run are given in @8bl
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Table3. Experimental results for surface roughiisd

Surface Roughnessg Rhm)

Exp. no
R1 R2 R3 SIN*

1 354.2 341.0 274.6 -50.24
2 386.0 334.0 406.0 -51.52
3 523.2 478.0 475.0 -53.85
4 449.8 437.6 514.0 -53.41
5 652.6 585.8 541.0 -55.49
6 375.4 385.6 350.6 -51.38
7 195.6 184.8 256.2 -46.63
8 235.4 373.2 314.8 -49.91
9 961.8 971.8 1013.2  -59.85
10 906.6 815.8 851.0 -58.68
11 285.2 260.8 306.2 -49.09
12 300.4 292.6 377.2 -50.25
13 581.4 476.4 473.6 -54.20
14 196.6 183.8 219.6 -46.04
15 234.2 225.0 286.2 -47.96
16 245.0 200.6 230.2 -47.08
17 753.0 657.2 711.8 -57.01
18 197.6 302.8 195.0 -47.50

4. Analysis of Data

4.1 Evaluation of SN Ratios

Taguchi method uses the signal-to-noise (S/N) rati@ measure to determine the robustness of a
process. Therefore, it can be applied as a measutee amount of variation present in the
parameter under study which ig iR this paper. The ‘smaller-the-better’ type S/Nieh is used for

the analysis as desirable objective is lower vabfd’,. The signal-to-noise ratio can be computed
as:

S/IN =—10 log [%Zle yl-z] 1)

Where R is the number of repetitions in a trial gnig the value of thé"idata point. The S/N ratios
were calculated for the 18 trial conditions andegponding values are given in Table 3.

4.2 Assessment of Main Effects

The main effects of the process parameter on ®urfasghness can be studied by averaging the R
values of raw data or that of S/N data at eachnpeter level in different experimental runs. This
average value is also named as ‘megn Fhe plots of mean values based on the S/N i@
help in optimizing the respective parameter. Thek ghoints of these plots correspond to the
optimum condition. The main effects of raw data #moke of the S/N ratio are shown in Figure 3
and 4 respectively.

50



Journal of Modern Processes in Manufacturing adl éetion, Vol. 5, No. 4, Autumn 2016

700 e
(a) Abrasive type {A) (h) Workpice material (B)
ST o QR S A AT O SR TV W WS VD M LTI G-+ e b S R T L S0 R R S
E
5
o 00 o
c
B A hevnmesianlIE .o e e S i S | R e G S R
=
300 --eeeenees S ELCIoeTEEENY  EEEE F l -------
200 .
Alumina (A1) PCD(A2) Alumina (B1) Silicon{B2) 5Lglass(B3)
700 1
{c) Particl size (C) [ {d) Vibration amplitude (D)
: |
=
: |
B AN s P "
i |
200 !
0.3um(C3) 1 pm {C2) 3 um (C3) 0.8um(D1) 1.4 um({D4) 2 um{D2) 3Ium({D3)

Figure3. Effect of process parameters QrirBw data)

.56 i
(a) Abrasive type (A) (b) Workpiece material (B)
=]
oL Ml MOSETRSSRSSSNPFTEREI S USRS PRSPPI OSY] [ TS CICEIS RS L
2
g
12 - Qi SHEIE T e o e e e A SR i e T s
3
3
PO . .............................................
| _ I |
Alumina (A1) PCD(A2) Alumina (B1)  Silicon(B2)  SLglass(B3)
-56 "
(c) Particle size (C) (d) Vibration amplitude (D)

Mean S/N ratio

-54 e e I -

3um(C1) 1um {C2) 0.2 um (C3) 0.8 um{m} Ldum[ml 2um[D2; 3um(D3]

Figure4. Effect of process parameters on Ra (SiiN)ra

4.3 Analysis of Variance

The percentage contribution of different processaipaters on the surface roughness can be
estimated by performing the analysis of variancBlQVA). Therefore, the ANOVA for raw data
and S/N data can be used to determine significaheach parameter and to quantify its effect on
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surface roughness. ANOVA for raw data identifies plarameters that considerably affect the mean
R, rather than reducing the variation in the respotseontrast, ANOVA for S/N data considers
both of these aspects and thus it is performetdisstudy. The results of ANOVA forased on
S/N data are presented in Table 4. Also, the p&agercontribution (P) of the process parameters to
surface roughness for S/N data are given in Talaleddplotted in Figure 5.

Table4. ANOVA results for R(S/N data)

Source DOF SS F-value P (%)
Abrasive type (A) 1 4.567 0.56 1.54
Workpiece material (B) 2 132.419 8.05 44.65
Particle size (C) 2 13.889 0.84 4.68
Vibration amplitude (D) 3 83.260 3.37 28.07
Error 9 74.049 24.97
Total 17 296.583 100.00

50

40

30 -

20 s

10 | .
G | — |

Abrasive  Workpiece Particle size  Vibration
type material amplitude

Parameter contribution - P (%)

Process parameter

Figure5. Percentage contribution of various paramsdb surface roughness

5. Results and Discussions on Surface Roughness

It is clear from Figure 3(a) that applying PCD aiva particles leads to a slightly lower surface
roughness as compared to that of alumina partitles.abrasive material should be harder than the
workpiece to give optimum material removal conditid8, 19]. In this case, PCD being a harder
abrasive is able to indent the workpiece easier gines a cleaner cut of workpiece during the
material removal process. This could lead to a toswaface roughness in case of using PCD
particles.

It can be seen from Figure 3(b) and 4 (b) that wmée material has a significant effect on surface
roughness. Also, different workpiece materials lsamanked with regards to increase of megaR
aluminum, silicon and soda-lime glass. Generallyrkpiece materials with brittle removal
behavior exhibit higher material removal rates whare generally associated with higher surface
roughness of the machined part [20]. From Tabk#dimina is the least brittle material followed by
soda-lime glass and silicon. However, silicon eibib better surface roughness despite being more

brittle than soda-lime glass. This could be ascritzethe difference in the structure of silicon and
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soda-lime glass. The mechanism of the crack foomatiould be different in brittle materials
depending on their type and structure. For instammcsilicon which is a mono crystalline material,
fracture failure usually occurs along certain aiste directions. In contract, in the case of soda
lime glass which is an amorphous (non-crystallima}erial, the plastic deformation and fracture
take place along slip lines of the glass. Hencleaitls to a higher surface roughness as the feactur
mechanism which is in non-uniform directions. Thauld be the cause of the highesWRlue in
soda-lime glass as compared to that of silicoreas 1 Figure 3.

Table5. Properties of Workpiece Material
Hardnes#d  Fracture Toughnessindex of Brittleness

Material (GPa) Kic (MPa.m”) (HIK,Q) Structure
Alumina 14.1 4.0 3.5 Polycrystalline
Silicon 12.6 0.74 17.0 Monocrystalline
SL glass 5.7 0.74 7.7 Amorphous

As shown in Figure 3(c), the value of meagp iRcreases with rise in the particle size. Using
particles with larger size leads to increased itatean depth [21, 22]. As a result, the volumehs t
material removed per particle indentation increasesulting in craters with larger size and thus
higher surface roughness [20]. However, based erirdnd observed in Figure 3(C), the effect of
the particle size on mean, Ban be considered insignificant especially in lovamge of the particle
size. In this case, the increase of the partide &iom 0.3 um to 1 um leads to an increase0f R
value only by 2.8 %.This might be attributed to l&metic energy of the smaller particles and
hence, their inability to generate larger fractzwaes which could increase the surface roughness.
As depicted in Figure 4(D), surface roughness d@sa® with a decrease in vibration amplitude
from 3 um to 1.4 um up to an optimum point. Furttbecrease of vibration amplitude to 0.8 pm
leads to rise in mean,RBy reducing the vibration amplitude, the veloafythe impacting particle
and consequently the kinetic energy of the padidecrease. Therefore, the penetration depth and
thus the resulted crater size become smaller neguit a lower surface roughness.

The plots of mean values based on the S/N ratitysingFigure 4) suggests for minimum average
surface roughness, the optimum process parameteedemina (B) for workpiece material and 1.4
um (Dy) for vibration amplitude. In addition, abrasivepgyand particle size are insignificant as
process parameters with respect to the effect oatian in the surface roughness.

To study the relative significance of the indivilparameters, ANOVA was performed on the S/N
data. The respective results (Table 4) indicatewlakpiece material and vibration amplitude have
a significant effect on surface roughness. Workpietaterial (B) was found to be the most
significant parameter with a percentage contribbutad 44.65 % in the variation of mean,R
followed by vibration amplitude (C) with 28.07 %ratdbution. Moreover, the abrasive type (A)
has the least contribution (1.54 %) in the varmaté surface roughness.

6. Edge Chippingin Micro-USM of Different Materials
In second part of this study, the effect of workgienaterials on edge chipping was investigated.
Unlike surface roughness study, the workpiece rztes the only variable parameter. The

remaining constant parameters are abrasive typd)P@article size (1 um), and vibration
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amplitude (1.4 pm). The workpiece materials usedammina, silicon and soda-lime glass. The
slurry concentration is maintained at 0.5% wit.

Through micro holes were machined on different mmate and OMIS Il machine was used to
observe the edge of the machined micro holes fmpeaig both at the entrance and exit sides. As
shown in Figure 6, it is obvious that edge chippsthe least in alumina and the most in silican. |
can be explained based on the brittleness of therrmb(Table 5). Alumina is the least brittle
material, thus having the least edge chipping e&ff&licon which has the highest index of
brittleness was found to have most edge chippinigeamicro hole machined onto it.

It was also observed that there was very minimgeechipping in the machined workpiece during
the experiments for surface roughness test. Thikldme due to the lower slurry concentration used
in the surface roughness study (0.04%) as comparet in edge chipping (0.5%).

Figure6. Edge chipping in the machined micro h@¢entrance, (b) exit

7. Conclusions

In this study, the influence of micro-USM procesargmeters on surface roughness was
investigated and parameters with significant efi@etsurface roughness were determined using
Taguchi method of experimental design. Also, tHeatfof workpiece materials on edge chipping in
micro-USM was studied. The following conclusionsiicbbe made from this study:

1- The type of workpiece material was identified tag most significant factor for surface
roughness with contribution of 44.65 %, followed\blgration amplitude with 28.07 % contribution
in the variation of mean R Furthermore, abrasive type and particle size agoe to have
insignificant effect on mean,R

2- To achieve minimum surface roughness, the optinprocess parameters are identified as
alumina for workpiece material and 1.4 um for vilma amplitude.
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3- The effect of workpiece material on edge chigpim micro-USM process was investigated by
machining through micro holes on different typesradterial. It was observed that edge chipping
increases as brittleness of the material increaskss, edge chipping increases at higher slurry
concentrations.
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