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Abstract

Structured complex silicon componehts/ethepotentialto developbreakthrough applications in

sdar cells, biomedicalengineering microfluidics, and MEMS As silicon is a typical brittle

material ultrasonicvibrationdiamond cuttindnas been approved apromising method to achieve

better cuttingperformancecompared tatherconventional methaad However, few studies have

been conducted othe cutting of structured silicon surfaseby applying highfrequency 1D

ultrasonic vibration cutting (UVGCvhich is expected to posss higher material remove rat@us,
adetailedunderstanding of theachinng mechanismis yet to be developedh thisstudy, aseries

of teststhat involvecutting groove®n thesilicon surfaceverefirst performedby applying UVC

and using a single crystal diamond toolThe machined surfacand chips weresubsequently

measued and analysed &valuatehecritical undeformed chip thickness, surface finesdchip
formation.The critical undeformed chip thickness of silicon was foungéach 1030m undera

certain vibratioramplitude An array of nicro grooves wageneratd at the plastic region witha

surface roughness Res low asl.11 nm. Moreover the material removal and chip formation
mechanisra were discussed with the assistance of developing a model used for predicting the
length ofthetool vibration markT h e Irtess e htellmmdi cr o t o pooggmrtaiprhwyo uosf
chiexshedi sconti nuous c | usgoefr sd oozfe nlsi neehsi owai ntehmed ir
only composedTlhd modeglsi Wasoproved to be abl e
extremeby.|l dWwuerrthe | mpsaucrtf aocfe tfoioni snha rckasn obne
el nmted with help of the model
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1. Introduction

Structured complexsilicon components havehe potential to develop breakthrough
applications in solar cell biomedicalengineering microfluidics, and MEMSfor enhancinghe
functionality and performance aflicon component§l-4]. Traditionally, chemicaletching and
focused ion beanare usedto fabricate micrenano structured silicon surfasge but their low
machining efficiency malsthem unsuitable for complex structaeith feature sizes in the range
of hundreds ofmicrometreg5-7]. Some researchers have tried to nmaelstructured surfase
usingultrashort pulsed lasepwing to thehigh material removal rat8-10]. Nevertheless, the
surface finish requirements for such silicon components are generally high and components
produced usinghese techniquesannot oftermeet these requiremen#dditionally, the micro
grinding methodhat is commonly useid not onlytime-consumingout alsohas limited abilityto
generatecomplicatedsurface [11-15]. Currently, ultraprecision diamond cutting technology is
regardas a pomising method ofieneratingcomplex structures otine surface of brittle materials
with betterform accuracyandsurface finislcompared to other traditional metho#sr instance,
Mukaida et alsuccessfully fabricatedoncave microlens arraygth a fom error of 300 nnPV
and surface roughness of 6 nm@aa singlecrystal silicon wafer by slow tool servo diamond
turning [16]. However a crackfree silicon surfacecan be generated in ductile regionly by
adoptingan extremelysmall undeformed chip ibknessbecause of its intrinsic low fracture
toughness [17]. In additiothetool wear inthe diamond cuttingf silicon is tooserious taneet
the requiremestof structured complex componerfty industrial applicatios[18-19].

Ultrasonic vibration atting (UVC) is regard as a better method of achieving longer tool life,
lower cutting forceandbetter surface quality as compared with conventional cui@a@) method
[20-22]. Forsiliconmaterials, the critical undeformed chip thicknektined byJVvC was proved
to bemuchlargerthanthat resulting fronCC [22-23]. UVC is generallyclassified into 1D and
2D/3D systemaccording to the number of vibration directi¢®2,24]. The formemvas developed
in the late 1950s for cutting metalsater on,it was successfully applied ithe ductile cutting of
brittle materialg25]. 2D/3D UVCcan generate lower forces and thinner chwgsch is generally
thoughtto be more beneficiato the ultraprecision cutting of brittle materg][22,24], but its
vibration frequency is limited byhe morecomplex structure and control systeompared with
that of 1D UVC [20-27]. Hence, the cutting speed and material removal rate of 1D UVC is higher
thanthat of2D/3D UVC,andthus ismore suitable for industrial applicatiaddowadays1D UVC
is usedn theindustrial productiorof hardened steelies foroptical componentsand it might be
feasiblefor application in thenanufacture of structured silicon components in the future.

However, few researchers haviocused on ul@precision cutting or structured surface
machining of singlecrystal silicon by the application ofiD UVC. Therefore,a detailed
understanding of themachining performance and mechanisas not yet been developéd this
study a commercial 1D UVGystemwith the frequency of 108Hz was adopted to studiie
ultra-precision diamond cutting o structured silicon surfacélhe critical undeformed chip



thickness and the influence of process parameter first analysed throughmicro groove
experimentsSulsequently the material removal and chip formation mechanignediscussed.
In order to reduce and eliminate the impact of tool vibration siaducedby 1D UVC onthe
surface finish a modelfor predicting thelength of the tool vibration markwas estabshed to
provide information that could be usednprovethe surfacequality of micro grooves

2. Experimental setupand procedures
2.1 Experimental setup

A set ofexperiments involving theltrasonicvibration cutting of silicon were conducted on
a fou-axis ultraprecision machine tool (Moore nanotech 450UPL) shown in Fich&.UVC
system (UTS 2, Se, Germany mounted orthe B axishasa vibration frequency of 108Hz.
During the cutting of grooves the systendrove the cuttingtool vibration mainly along thex-
direction in addition to a movement of approximat&l§0 nm alongthe z-direction within one
vibration cycle A natural single crystine diamond toolwas fixed in the holder ahe UVC
system, whiclnas a noseadius ofLl.0mm, a rake anglef 0°, and a clearance angle 6f [h order
to improvetheaccuracy of tool setting, a digital microscoperagnification400x was mounted
above the cutting tool. The workpiecevegs 1 0 0) si ngl e cr EMmabmnsi | i cor
It was glued othework spindle after polishing.
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2.2 Experimental procedures

In order to study the criticaindeformed chip thicknesa the cutting of silicon with and
without vibration assistancemicro sloping grooves were cuin and then cut oualong the x-
directionwith varyingdepth of cut The maxinum feed alonghe z-direction wass em andthe
cutting speed alonthe x-direction wasset a200 mm/min. Consideringhatvibration amplitude
is a main parameténat affectdhecritical undeformed chip thicknesswas set a8 nm, 590nm,
870 nm, 1026nm, and 1700 nm, respectivelypasel on the available rang# the system.The



machined surface wafirst cleanedin alcohol with ultrasonic assistancé\fter cleaning, the
morpholog of themicro grooves wasrst usinga ScanningElectronMicroscopg SEM, Phenom
Pro). Later, anAtom Force Microscope (AFM,Di me n slicdennias used to measure the
surface roughness and surface profiléhefmicro grooves.

The cutting conditions fothe micro groove arrayre shown in Table 1. After cutting and
cleaningthemachined surface was scanned3M to captur¢ghe morphology of thgrooves. In
addition, the surface roughness and profile were measured by AFM fogesmte. The chips
generatedduring groove cutting were collectednd then scanned by SEMor the sake of
investigatingpossible mateal structural changes dhe chip, laser micreRaman spectroscopy
(Renishaw, inViawas performedn thechip surface wittalaser power of TnW.

Tablel Cutting conditions fomicro grooves

Term Cutting speed Depth of cut Vibration amplitude

No. Ve(mm/min) de(nm) A(nm)
1 200 100 1000
2 200 300 1000
3 200 500 1 000
4 200 700 1 000
5 50 300 1 000
6 500 300 1 000
7 800 300 1 000
8 200 300 1350
9 200 300 750
10 200 300 480

3. Experimental resultsand discussion
3.1 Characteristics ofsloping gooves

The microgroovethatwas machineavithout vibration assistande shownin Fig.2 (a) and
(b). The micro topographghowedthata great number afracks angits quickly appeadon the
bottom ofthe groove with increasingepth of cutwhere almosall the material was removed in
the form of brittle fractureOn the other hand, withibration assistance, thareaof the smooth
surface oreachgroove formed by plastic deformatiaras much larger than conventional cutting
shown in Fig2 (c)(j). In addition, the density of cracks and pits on the surtdatainedwvith UVC
is much lower tham the CC within the region othe ductile-brittle transition.From the groove
surfaceshown in Fig 2, it can be seen that the widthtbk groove at the point ofemerating the
earliest crack or pit gradually increaseish the increase inibration amplitude which indicates
thata larger vibration amplitude will result ialarger criticaldepth of cut ;) and undeformed
chip thicknesst() for the ductilebrittle transition
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Undeformed chip I d.

FixdThe relationship between depth of cut and unde;
As shown in Fig.3, the thickness thie undeformed chift) increases from zero at the edge
of thegroove toa maximum valuel at the center. Thus, the craicundeformed chip thicknes
can be calculated according to the cross sectional profiteegfroove at the position of ductile
brittle transition.Subsequentlythe micro grooves in Fig.2 were observed in more detail under
AFM to find the position ofductile-brittle transition, and the topography of the position was
scanned by AFM as shown in Hgleft) to achieve the cross sectional profile in &iffight).
However, forthe vibrationamplitudeof 1700nm, the groove surface near the transition pisin
too deep to measudirectlyby AFM. Therefore, the left half part tiegroove was scanned after
tilting by anangle of 48, and then the data points on the cross sectional profile were extracted,
fitted, and correctedisingMATLAB software to genate a profile after correction as shown in
Fig.4 (e). The values of criticalindeformed chip thicknessan only reach 12@&m without



vibration assistance. Nevertheless, under the same cutting paraotbtershan thesibration
amplitude the criticalunddormed chip thicknesgrows from 400 nm to 1B0 nm whenthe
vibration amplitude increases from 590im to 1700nm. The maximumvalue of critical
undeformed chip thickness aboutnine times that achieved without vibration assistance.
Obviously, the highecritical undeformed chip thicknessbtained byapplying 1D UVG as
comparedto other vibration assisted machining systems-28], is significant to raise the

machining efficiency of micro structured silicon componémtiheductile region.
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3.2 Characteristics of micro groove array

The tresdkvycng graweve aromawcted somaiinhedco
Tabl e 1, which was designedn8ecmedi ociApsot hhek
shown 5 nmFctgo grooves with complete prsofile w
psdn silicon ¢ lmedxuim ,deap tila soufg lectutasimdeep as 70
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4. Analysis of material removal process and mechanism
4.1 Formation of chip
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4.2 A model of material removal length
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Bec aturseemake®le n wa ¢ ths atnhpslee ,can say t hat

S[—con+Sc—con=A ( 9 )
Thus,an be calculated from the following equat
. T
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withhe ti me tzrtagrfg,e martoemr i a l r e nbwrait mMgoc cpe mriead ,a

movement distance of sample was given as
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Scz=Vc(7- t,) (11)
whlidi st ance ofwa®sol movement
S, =A- Asin(24t,) (12)
and t her emadlwwanligalh i n this period was expressed
S=5,+5, (13)
As showrmmant eRiic.l1l waosm rtehnea vseadmphl e¢ he poiat r ange
tpoihfor onecytb&@baerehore, the materi al remov
S=S+S (14)

4 3 Verification of the model

Previous research indicated that tool vibrationdra@s inevitablymprinted on machined
surface to form tool vibration mark if the malivection of vibrationwvas alonghat of thecutting
speedespecially for 1DUVC [21]. However thetool vibration mark was rarely studielgspite
its prominent effecon the surface roughneds this study, material removakorresponding to
eachvibration cycle was consideredo leaveone mark ornthe machined surface. Hencthe
material removal length in one cydleeoretically coincided with the lengdf thetool vibration
mark which can be predicted by the model presented in this paper
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