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ABSTRACT 

Thefabricationofminiaturestructuresoncomponentswithhigh-

integritysurfacequalityrepresentsoneofthecuttingedgetechnologiesinthe21stcentury.Thematerialsusedtoconstructs

uchsmallstructuresareoftendifficult-to-

machine.Manyotherreadilyavailabletechnologieseithercannotrealisenecessaryprecisionorarecostly.Abrasivewaterjet(

AWJ)isafavourabletechnologyforthemachiningofdifficult-to-machinematerials.However,this 

technologyisgenerallyaimedatlargestockremoval.Areductioninthescaleofthistechnologyisanattractiveavenueform

eetingthepressingneedofindustryintheproductionofdamage-

freemicrofeatures.ThispaperreviewssomeoftheworkthathasbeenundertakenatUNSWSydneyaboutthedevelopment

ofsuchanAWJtechnology,focusingonthesystemdesigncurrentlyemployedtogenerateamicroabrasivejet,theerosion

mechanismsassociatedwithprocessingsometypicalbrittlematerialsofbothsingle-andtwo-

phased.Processingmodelsbasedonthefindingsarealsopresented.Thereviewconcludesontheviabilityofthetechnolog

yandtheprevailingtrendinitsdevelopment. 
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Nomenclature 

Cp percentageofparticleconcentrationbymass 

Cc

 percentageofchemicaladditiveconcentratio

nbymass 

d,dj jetdiameter(m) 

dn nozzlediameter(m) 

dp meandiameterofabrasiveparticle(m) 

Em elasticmodulusoftargetmaterial(Pa) 

Hm hardnessoftargetmaterial(Pa) 

h channeldepth(m) 

K consistencyindex(Nm
−2

s
n
) 

Km fracturetoughnessoftargetmaterial(Pam
0.5

) 

kd dischargefactor 

L jetcompact(orstabilised)length(m) 

L/d characteristiclengthratio 

MRR materialremovalrate(m
3
s

−1
) 

 

massflowrateofparticle(kgs
−1

) 

besetshallowerthan100nm[3].Othernon-mechanical 

techniquesincludeLIGA(lithography,electroplating,

and 

n flowbehaviourindex 

P pressure(Pa) 

Re Reynoldsnumber 

Sn nozzlestandoffdistance(m) 

V removalvolumeoftargetmaterial(m
3
) 

v,vj jetvelocity(ms
−1

) 

vn nozzletraversespeed(ms
−1

) 

vp particlevelocity(ms
−1

) 

w channelwidth(m) 

We Webernumber 

Greekletters 

f channelwallangle(rad) 

μ dynamicviscosityofslurry(Pa.s) 

σ dynamicsurfacetensionofslurry(Nm
−1

) 

ρs densityofslurry(kgm
−3

) 

ρp densityofparticle(kgm
−3

) 

g shearrate(s
−1

) 

 

I. INTRODUCTION 
Miniaturecomponentstructuresarethefunda

mentalelementsused in modern micro electro-

mechanical (MEM), 

optical,andbiomedicalsystems.Atechnologythatisca

pableoffabricatingthesemicro-

structureswithhighprecisionandlowcostisinahighde

mandinindustry,butplacesatechnolo- 

gical challenge worldwide. This challenge is 

intensified bythe increasing requirements for high 

surface integrity on themanufactured components, 

as well as the need to processadvanced materials 

that are continually developed and 

areoftendifficult-to-machine. 

Conventionalmachiningtechnologiesareeithernotca

pable of processing some of the materials or 

inevitablycausedamagestothemachinedcomponentsi

nadditiontotheproductivityandcostconcerns.Toproc

essadifficult-to-machine material, it requires a tool 

having high hardness andgoodwear-

resistancesothatthetoolcanengageintothe material 

and its sharpness can be retained long during 

theprocess. In current machining practice, cutting 

tools with thehardness of as high as five times that 
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of the workpiece areoften referred to [1], and the 

diamond appears to be a vitalchoice for many such 

applications. However, sharpening 

ofsuchtoolsisdifficult[2].Ontopofthat,highmaterialh

ardness is often associated with high brittleness, so 

thatcontrollingtheprocessparameterstoavoidcrackfo

rmationisdifficult and often requires using very 

small cutting para-

meters.Forinstance,experimentsusingasinglepointcu

ttingtooltoprocessabrittlesiliconcarbidematerialsho

wedthattofacilitatetheductilemachiningmode,thedep

thofcutmust 

moulding) and chemical erosion/etching. LIGA is 

normallyexpensive to perform and cannot process 

materials 

whichcannotbepressedintotheLIGAmould.Thechem

icalero- 

sion/etching process cannot be used on chemical 

resistantmaterials without the assist of some toxic 

chemical gases inaddition to the difficulty in 

controlling the surface texturesand its low 

processing rate [4]. Other techniques include theuse 

of high intensity energy sources such as electrical 

dis-

chargemachining(EDM)[5]oralaserbeamablation[6] 

whichusethermalenergytolocallysoftenandremoveth

e 

unwantedmaterial.Thehighintensityheatusedinthese

processes is a main cause for craters, micro-cracks, 

thermaldamages and detrimentally tensile residual 

stresses [7] on themachined component surfaces, so 

that a post process is oftenrequired by, say, using 

an abrasive polishing technique. 

Forfemtosecondlasermachining,otherthanthecostof

operationand equipment, the ablation in this 

technique is material-specific which depends not 

only on the thermal but also 

theopticalpropertiesoftargetmaterial.Minimisingthe

heataffectzoneinthistypeofmachiningrequiresaprope

rselectionoflaserparametersinresponsetotheopticalb

reakdownandlaserablationthresholdsofthetargetmat

erialand is at the cost of production rate. In 

addition, 

ablatedmaterialsmayberedepositedatornearthesiteof

breakdown,creatingunintendedstructuresordebrisatt

hemachiningsite[8]. 

By contrast, AWJ has been increasingly used for 

themachining of difficult-to-machine materials [9]. 

In this techni-

que,ajetofwaterandabrasiveparticleslurryatahighpress

ureis introduced onto the workpiece. While 

material removal isessentially undertaken by the 

abrasive particles, the continuousflow of water 

carries away the heat generated during the 

processandeliminatesthethermaleffect,makingittheide

alprocessforthermal sensitive materials. However, 

the application has 

beenbasedmainlyontheuseofultrahighpressurejetofm

illimetresin diameter using large abrasives of above 

100 μm for 

quickstockremoval,whereasthesurfacequalityisofmin

orconcern.Almostallmaterials,includingthehardestand

extremelybrittlediamondcanbedeformedplasticallyto

someextent.However,this can only be achievable at 

a nano length scale during thecontact loading [1]. 

Given the scale and expense of 

modernmanufacturingintheproductionofdamage-

freemicrofeatures,areductioninscaleofthemacroAWJte

chnology,suchasusingsmaller nozzles, finer particles 

or lower pressures, to promoteductile-mode-like 

material removal has become attractive for industry. 

This paper reviews the developments of the micro 

AWFtechnology for the machining of hard and 

brittle materials.The review is based on the work 

that has been undertaken inthe authors’ laboratory 

and focuses on the system 

employedtogenerateamicroAWJandtheerosionmech

anismsasso- 

ciated with processing different types of brittle 

materials.Mathematical models to represent the 

process and estimatethe relevant process quantities 

are also presented. The reviewconcludes on the 

viability of the technology and the pre-

vailingtrendinitsdevelopment. 
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Figure1.AbladdertypemicroAWJmachiningsystem.Reprintedfrom[11],Copyright(2018),withpermissionfromElse

vier. 

 

1. Microabrasivejetmachiningsystems 

InanultrahighpressuredAWJsystem,theA

WJisformedbysupplying abrasives separately into a 

high pressured waterjetstream. The waterjet stream 

is formed by a small orifice andflows into a mixing 

chamber where vacuum is generated,drawing the 

solid abrasives in, so that it is referred to as 

anentrainmentsystem.Themixtureisforcedthroughan

ozzle 

(orcalledmixingtube),thediameterofwhichistypicala

bout 

0.8mmto1.6mm[10].Ascale-downofthisworkingprin- 

cipletoamicro-

sizedjetpresentsadifficultysincethepressure in a 

microjet system may not be high enough tocreate 

the required vacuum and to entrain the particles in, 

inaddition to the requirement for precision 

alignment of theorificeandnozzle. 

MicroAWJsystemsoftenuseaslurryjetprinciplewher

ethe particles are mixed with the liquid well before 

the slurrygoes into the nozzle. The pressure must 

be high enough 

toovercomethefrictionastheslurryflowsthroughatiny

nozzleof typically about a hundred micrometres in 

diameter. Thepressurised slurry jet must also 

provide sufficient energy toinitiate a material 

removal process on the target material. Onthe other 

hand, the pressure may not be set too high in 

orderto avoid damages to the material, particularly 

those of brittlenature. Furthermore, the divergence 

of the jet as it is ejectedfrom a micro nozzle must 

be controlled to meet the 

precisionofmicromachining. 

There have been some studies aiming to scale down 

theultrahigh pressure AWJ systems, including the 

reduction 

insizeofthenozzleandwaterpressure[12]orusingpress

urisedwater tank [13]. Pressures used in these 

scaled-down systemsare typically around 100 MPa, 

while those in the 

pressurisedwatertankareabout5MPawhichisnotsufficie

nttoprocess 

highwearresistantmaterial.AnumberofmicroAWJsy

stemshave been constructed and studied in the 

authors’ laboratory.Figure 1 illustrates one that 

works better than others. An air-driven liquid pump 

is used to pressurise water to a 

desiredpressurebetween2and67MPa.Thewateristhenp

assedinto 

astainlesssteelvessel.Placedinsidethevesselisarubbe

r(orsoftskin)bladderwhichisusedtostore andisolate 

premixedslurryfromthepressurisedwater.Pressurise

dwatersqueezes 

the slurry through a nozzle assembly. The flow rate 

of slurrycan be controlled by adjusting the air 

pressure entering 

thepumpand/orawaterpressurecontrolvalve.Priortoa

machiningprocess,thepressurevesselisvibratedatabo

ut1 Hz by a shaker to allow the slurry to mix 

uniformly. Somepebbles are added inside the 

bladder to help with the mixingprocess. In a 

production environment, two or more vesselsmay 

be used so that when one is used, the other is 

refilled sothat continuous operation is possible. A 

nozzle tube made 

ofhighwearresistantZrO2ceramicisplacedinsidethen
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ozzle 

assembly.Toeffectivelyisolatethejetflowdisturbance

atthenozzle inlet, the aspect ratio (length/diameter) 

of the 

tubeshouldbemadegreaterthan50[14].Thisistoensure

thatthediameteroftheimpactzonecanbemaintainedap

proximatelyasthesameasthenozzlediameter. 

 

2. ErosionMechanisms 

Erosionofsingle-phasedmaterial 

Unliketheultrahighpressure(typicallyabove1

00 MPa)abrasive jet applications where the material 

can be 

erodedquickly[15,16],inmicrojetmachiningwithalo

werjetpressure(typicallyfrom1to30MPa),thejetenergyi

snot 

sufficient to form a cut immediately. The jet 

dynamic beha-viour and the response of material to 

the jet impact are vastlydifferent from those in 

ultrahigh pressure jet 

applications.Thisreviewisbasedontheinvestigationsi

ntothemicro-hole 

formationprocesscarriedoutinthe   authors’labora-

tory[17,18]. 

The test samples were 5 mm thick amorphous soda-

limesheetswhosepropertieswere2.5 × 10
3
 kg 

m
−3

indensity,75 MPa.m
0.5

 in fracture toughness, 74 

GPa in Young modulusand 5.5 GPa in hardness. The 

slurry jet was set at P = 3 MPaand contained alumina 

abrasives of 10 μm in average dia-meter(dp) 

attheconcentrationbymassCp= 

2.5%.Theabrasiveswerealuminawiththehardnessof10.

79GPaand 

density of 3.65 g cm
−3

. The nozzle tube was 0.2 

mm in innerdiameter and 10 mm in length, and 

positioned normally to thesample surface with the 

standoff distance Sn= 1.5 mm. Toinspect the effect 

of jet viscosity, a polymeric additive (non-ionic 

polyacrylamide flocculant type, Ciba Magnafloc 

333manufactured byCibaSpeciality 

Chemicals)wasmixedwith 

theslurryattheconcentrationbymassCc=0.25%. 

Figure2showsthefeatureofatypicalholeprocessedbya 

low-pressure slurry jet. Characterised by a cross 

sectionalshape of ‘W’, the hole has its open 

diameter about four timesthejetdiameter. 

Figure 3illustrates the fluid flow developed upon a 

jetimpact. The jet velocity direction is diverted 

from a potentialflow, which is aligned with the 

nozzle axis, to a viscous flowwhich is parallel to 

the target surface [20]. It follows that thekerf 

profiles created by these jet flow characteristics can 

bedistinguishedbythreezones:AB,BCandCD,assho

wnin 

figure 2(a). The jet impact zone AB is within the 

centralregionoftheholeunderthedirectimpactofthejet

[21],and 

is smaller than the jet diameter. In this zone, the 

normalimpact direction does not facilitate material 

removal in 

thecuttingwear(orductile)modeandtheassociatedremov

alrateis small, so that a ridge is formed in the hole 

central 

region.ThezoneBCiscreatedbytheviscousflowsweep

ingalong 

thetargetsurface.Thetargetsurfacebecomessteeperwi

ththeincrease of depth in this zone. While 

promoting the cuttingwear mode erosion, this also 

allows the erosion rate to beraised. The surface 

disturbances of the liquid within the vis-

cousflowzonedevelopawavetravellingradiallyoutwa

rd,as 

shown in figures 2(b) and 3(b) [22]. Beyond the BC 

zone 

istheCDzonewherethewaveisdiminishedandparticle

sare 

accumulated.Aturbulentflowisformedinthiszonewhi

chisboundedbytheholeedge. 

Upon the impact of an abrasive particle, there are 

twoforcecomponentsactingonthetargetsurface.Whil

etheforcecomponent normal to the target surface 

facilitates an inden-

tationintheworkpiece,thecomponenttangentialtothes

urface promotes shearing stresses which may create 

micro-chips from the workpiece or cause a 

ploughing action to thesurface. Depending on the 

attribution of the two forces andthe response of 

target material to these forces, the removal 

ofmaterial takes place in brittle or ductile mode 

[23]. In thebrittle mode removal, cracks are 

initiated and propagated 

onthemachiningsurface.Bycontrast,whenthemateria

lundergoingaductileremovalmode,deformationasso

ciated 
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Figure2.Featuresoftheholeafterprocessingfor180sbya3MPaslurryjetof0.2mmindiameter,containing10μmparticles

withtheconcentrationCp=2.5%:(a) topviewandcrosssectionand 

(b)surfacemorphologyoftheimpactzone(dimensionalunitinμm). 

Reproducedwithpermissionfrom[17]. 

 

with shearing or cutting takes place. A 

new impact erosionmechanism for ductile materials 

has been developed to fun-

damentallyexplainthematerialremovalprocess,thatis

through material failures induced by inertia, 

elongation andadiabatic shear banding [24]. For 

consistency, the term cut-ting wear is still used in 

this paper. Further, the crackedfragments may 

contribute to the erosion process. It has 

beenreported that materials eroded by the cracked 

fragments formsurfaces with the accumulation of 

the crack edges [25, 26].Because of the jet 

divergence, a momentum is created thatresults in 

normal and shear stresses to the target surface 

[27].As discussed above, the attribution of the two 

stresses on 

thetargetmaterialdependsonthefluidflowzonedevelo

pedon 
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Figure3.Fluidflowdevelopeduponajetimpact:(a) 

schematic[17]and(b)visualisationofthewavedevelopmentbythejetimpact 

(machiningconditionasinfigure2)[19].(a)Reproducedwithpermissionfrom[17].(b)Reproducedwithpermissionfrom

[19]. 

 

material surface. This in turn results in a 

variation of theappearance of the processed surface. 

On the surface morph-ology shown in figure 2, 

some pits are clearly found withinthe AB zone. 

Within the CD zone, the accumulation of par-

ticlesandpossiblypitfragmentspromotesaturbulentm

otionthat generates further strikes of particles onto 

the surface 

atrandomdirections.Thisparticleladenflowleadstoad

ecreaseinerosionintheductilemode,ascomparedwitht

hewavyBCzonewhichappearssmootherthanboththe

ABandCDzones. The viscous flow in the BC zone 

provides a hydro-dynamic film layer that may act 

as a lubricant or dampinglayer to reduce the friction 

between abrasive particles andmaterial surface, 

thereby widening the range of attack anglesfor the 

cutting wear mode to occur [28]. Further, the 

fluidflow direction in this zone is favoured for 

cutting wear byparticles. As a result, a smooth 

surface without cracks wasgenerated in the BC 

zone irrespective of the brittleness 

ofmaterial.Thesesurfacecharacteristicsindicatethepr

e-dominance of the shearing action, thus ductile 

erosion modein the material removal process. The 

appearance of the 

wavysurfaceisaresultofthewaveenergytransferredtot

hesurfaceby the wavy viscous flow. An experiment 

was conductedwhere a polymeric additive was 

mixed with the slurry toincrease its viscosity. The 

result shown in figure 4 

confirmstheexistenceofawavyviscousflow. 

 

Erosionintwo-phased material 

Reaction-bondedsiliconcarbide(RB-SiC) 

isacompositemade of two major constituents, i.e. 

silicon carbide (SiC)grains surrounded by a matrix 

of silicon (Si) [29]. Owing 

toitsexcellentpropertiesoflightweight,thermalstabilit

yand 

chemical inertness, RB-SiC is a favourable material 

for con-structing devices working in harsh 

environment, e.g. 

opticalmirrorsusedinthespace[30].However,asmany

otheradvanced materials, RB-SiC is a difficult-to-

machine mat-

erial.Notonlybecauseofthehardnessandbrittlenessoft

he 
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Figure4.Wavypatterndevelopedonaglasssurfaceprocessedafter60sbya2MPaslurryjetof0.2mmindiameter,containi

ng10μmparticlesatCp=2.5%concentrationbymassandpolymericadditiveattheconcentrationCc=0.25%bymass.Repr

oducedfrom[18],withthepermissionofAIPPublishing. 

  

SiC constituent, but the difficulty is also 

due to the non-uniformity of the RB-SiC structure 

that consists of the hardphase SiC and the softer Si 

matrix. Under the same appliedstress, the response 

of these two constituents is distinctivelydifferent. 

The work in [11] presents an investigation on 

thematerial removal mechanisms of RB-SiC and 

the 

resultingsurfacequalitywhensubjectedtotheimpactof

amicroslurryjet. 

The material used in this study had the SiC grains 

ofapproximate35μminsizesurroundedbyamatrixofSiwi

ththe volume fraction, CSi about 21.5%. Surface 

roughness 

ofthesamples,Ra,wasabout14μm.Theslurryjetcontai

ned25μmaluminaparticleswiththemassconcentrationof

15%andwasoperatedatthewaterpressureof25 

MPa.Forcomparison,anothermodeoffixedparticlepol

ishingwas 

 

 
Figure 5.Surfacepolishedafter3minbydiamondabrasives: 

(i) brittle fracture of a SiC grain, (ii) embedment of plasticallydeformed Si, and (iii) grooves. Reprinted from 

[11], Copyright(2018),withpermissionfromElsevier. 

 

conducted, and it was made by using a Struers–

TegraForce-1polishing machine.The loadingforceof 

20 N 

wasappliedonthesamplesurfacewhichwasplacedagainst

a65μmdia- 

mondgraineddiskof200 

mmindiameterrotatingat30rpm.Figure5showsasurfac

eprocessedbydiamondpolish- 

ing.Large-

scaledfracturesintheformofirregularpitsappearonthe

surfaceofSiCgrains.Incontrast,theSiportionisfoundt

ohavebeendeformedplastically.OnthesurfaceofSiph

ase,thereareanumberofdeepandparallelgroovesalign

edwiththeabrasivemotion.ThedeformedSichipswere
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foundembeddingoverthesurfaceofthefracturedSiCgr

ains.Figure6illustratesthewearprocessbydiamondpo

l-

ishing.Becauseoftheirextremelyhighbrittleness[31],

SiCgrainswhensubjectedtotheindentationofdiamond

abrasivesexperienceaninitiationofcracks.Followingt

heirrelativemotiontothediamondabrasives,thecracks

arepropagatedalongtheSiCgraincleavages.Asthepro

cesscontinues,thecracksbecomedeepenand,acertain

degree,largefragmentsareformedandconsequentlyre

movedfromthegrains,leavingthesurfacewithlargepit

s.However,theprocessisdifferentfromthegrindingofs

ingle-phasedSiCmaterialwhere brittle material 

removal mode is dominant [32]. Of theRB-

SiCcompositestructureistheSimatrixwhichcanbepla

sticallydeformed,unlikethebrittleSiCgrains.Somepr

eviousstudiesshowthatamorphoustransformationinS

icanbeinitiatedbystress,evenatextremelylowtempera

ture 

ofliquidnitrogenboilingpoint(−195 °C) 

[33],andtheinitiation occurs when indenting the 

material at a hydrostaticpressure greater than 11–13 

GPa [34, 35]. Owing to the 

wearresistancehigherthanthatofSiC,thesharpnessoft

hedia- 

mond abrasives was retained during the process to 

allow 

theabrasivestoengagewiththesamplematerialwithsm

allcontact areas. As a result, sufficient stresses were 

developed,raising a plastic deformation on the Si 

phase. It is noted 

thatthediamondabrasiveswererelativelylargerthanth

eSiC 

grains(65 μm versus 35 μmSiC). During the 

process, 

theremovedamorphousSiwasaccumulatedandcompr

essedintothenearbypockets.Thepocketsincludethesp

acesbetween 

thediamondabrasivesandtheprocessedsamplesurface

,aswellastheavailablepitsformedbythefracturedSiCg

rains. 

When comparing with the surface of RB-SiC 

processedbyaslurry 

jet,showninfigure7,itisnotedthatnotonlywasthejetpre

ssureused(25 MPa) muchlowerthanthehydro-

staticpressurerequiredforinitiatingtheamorphoustran

s- 

formationontheSimatrix(11–13 

GPa),theabrasivesofaluminawasalsosofterthantheSiC

grainconstituent(20.45 GPa versus 24.53 GPa). 

Notwithstanding these facts, ahole with a depth of 

about 141 μm, about four times of theaverage SiC 

grain size (≈ 35 μm) were formed. The pro-

cessedsurfaceappearedwithirregularpatternsofexpos

ed 

SiCgrainswhicharesurroundedbymicrochannelsfor

medontheSimatrix.Althoughboththematerialconstit

uentsarebrittle,therewasnomicrocrackfoundontheer

odedsurfaces.ThemechanismofwearonRB-

SiCbytheimpactofaslurryjetisclearlydifferentfromthat

bydiamondpolishingandthatonthesingle-

phasematerialdescribedearlier.Inpolishing,thesamelo

adisappliedtobothofthematerialconstituentsforthesa

medepthofcut.Inslurryjetimpact-

inducedmaterialremoval,weartakesplacemainlybythe

motionoftheabrasiveswhich can roll, rebound, 

collide and/or slide freely. 

Certainly,thealuminaabrasives,particularlywhendriv

enbyalowpres-

surisedjet,cannotindentintotheharderSiCgrains.Thea

bra-sive-

materialengagementcanbemadeonlyontheSimatrixw

hose hardness is lower than that of the abrasives. 

Followingtheengagement,theremovalofmaterialisma

debytwoactionsofshearingandwedging.Theshearingta

kesplacebytherollingactionoftheengagedabrasives,w

hicheventuallycreatesanumberofchannelsalongtheSi

matrixandaroundtheharder 

SiCgrains,asillustratedinfigure7(a).Itisnotedonthedept

hoftheholeprocessedinthisworkisfourtimestheSiCgra

insize. 

Since wear cannot be made directly on the SiC 

grains, it isimplied that the removal of the SiC 

grains takes place 

byweakeningtheirbondingwiththematerialstructureto

causeaneventualremovalofthewholegrainsfromthes

ubstrate. 

Because of the small volume fraction of Si (CSi≈ 21. 

5%), 

thespacebetweenthehardSiCgrainsisgenerallynarrower

thanthe 

abrasive size. Such narrow spaces prevent the 

abrasives frompenetrating deeper into the roots of 

the SiC grains. The 

wearcausedbytheshearingonSimaybediminished.Asth

eprocesscontinues,thecomingabrasivesactaswedgest

hatweakenthebondandfinallyliftupthewholeSiCgrain

sfromthesubstrate,asshowninfigure8.Bythiswedginga

ction,micro-

cracksmaybeformedattheinterfacebetweentheremain

edSiCgrainsandthesurroundingSibond.Nevertheless,t

heshearinducedbytherolling action of abrasives 

again takes place to smoothen 

thenewlycrackedsurfaces,resultinginthecrack-

freesurfaceas 

showninfigures7and8(b). 

Itisfeasibletousealow-pressureslurryjetcontaining 

abrasives that are softer than the SiC grains, to 

machine RB-SiCcomposite without causing any 

brittle fracture. The abrasivewearonRB-

SiCinvolvesdifferentmechanismsintheSiand 
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Figure6.SchematicofwearprocessonRB-

SiCbydiamondabrasives:(a)formingofcracksonSiCgrainsandplasticdeformationonSimatrix;and(b)embedmentofSiinth

efractured pockets ofSiC grains.Reprintedfrom[11],Copyright(2018), withpermission fromElsevier. 

 

Figure7.Topology(a)and3Dprofile(b)ofRB-

SiCsurfacesprocessedafter10sbyslurryjet((i)exposedSiCgrainsand(ii)channels).Reprintedfrom[11],Copyright(20

18),withpermissionfromElsevier. 

 

Figure8.SchematicofthewearprocessofRB-

SiCbytheimpactofanaluminaslurryjet:(a)materialremoval,and(b)exposedsurface.Reprintedfrom[11],Copyright(2

018),withpermissionfromElsevier. 
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SiCconstituents.Indiamonddiskpolishing,brittlefract

ureisdominant on the SiC phase and there are 

depositions of 

theplasticallydeformedSiphaseonthefracturedSiCsur

face.Bycontrast,wearcausedbyslurryjettakesplacem

ainlythroughweakeningtheSibondbyerosionandwed

gingaction,whicheventuallyreleasestheSiCgrainfro

mthematerialstructure. 

3. Processmodels 

Jetstability 

Aliquidjetasejectedfromanozzleisnolongerconstraine

dbythenozzleinnerwall,but contactswiththe 

atmosphericair.The 

 

 
Figure9.Jetstabilitybytheeffectof:(a)chemicalconcentration,Cc,varyingfrom0,0.1%,0.25%to0.5%(P=2MPa,d=0.84mm);

and 

(b) 

pressure,P,varyingfrom1,2,3to4MPa(d=0.84mm,Cc

= 0.25%,Cp= 5%anddp= 

10μm).Reprintedfrom[36],Copyright 

(2008),withpermissionfromElsevier. 

 

Table1.Testingconditionsinthestudyofjetstability.Re

printedfrom[36],Copyright(2008),withpermissionfr

omElsevier. 

Nozzlediameter,d(mm) 0.19,0.50and0.84 

Pressure,P(MPa) 1,2,3and4 

Polymeradditive(%bymass),Cc

 0(wateronly),0.1,0.25and0.5Particleconten

t(%bymass),Cp 1and5 

Particlemesh(andsizeinbrackets)

 600(dp=25μm),1000(15μm),and1500(10μ

m) 

 

jetbecomes diverged and depending on the distance 

from 

thenozzleexit,differentflowregimesaredeveloped.Unlik

etheuseof solid cutting tools, where the depth of cut 

can be easilycontrolled and the tool/workpiece 

contact area can be deter-

mined,inthejetcuttingtheseparametersdependontheki

neticbehaviouroftheejectedjet.Whereasthedivergencee

nlargestheimpactzone,thechangeintheflowregimelea

dstoavariationofvelocitydistributionwithinthejetcros

ssectionalareawhenimpacting on a target. These 

changes potentially make thecontrol of liquid jet 

difficult. This is particularly important inmicrojet 

machining where precision is of major concern. 

Inaddition, as discussed above, viscosity of the 

slurry used in anon-

throughcutinmicrojetmachiningplaysanimportantrolei

nthebehaviouroftheviscousflowthatgovernsthemorp

hologyofthemachinedsurface.Inthiswork[36],ajetco

mpactlengthmodel was established to present a 

mathematical 

relationshipbetweenthejetstabilitymeasuresandthejet

tingparameters. 

Table 1 [36] shows the test conditions. To examine 

theeffect of surface tension and viscosity of the jet, 

a 

polymericadditive(nonionicpolyacrylamidefloccula
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nttype,Ciba 

Magnafloc333manufacturedbyCibaSpecialityChem

icals) 

was mixed with the slurry. The jet images were 

obtained atsteady state of flow using the 

stroboscope method [37] 

withtheilluminationflashingof3μs. 

Figure 9(a) shows instantaneous images of the jets 

sub-

jectedtodifferentconditionsofchemicalconcentration

. 

Typically, a jet consists of three zones: AB, BC and 

CD.These zones are indicated in figure 9(a) for the 

most 

rightflowwhereCc=0.5%.InthecompactzoneAB,thej

etisin 

good coherenceand itslength ismeasured asa 

compactlength, L. The stability of the jet maintains 

until reaching thestage where disintegration occurs 

in the zone BC. Fartherfrom the jet nozzle is the 

zone CD where the jet has 

totallylostitsstability,formingdrops.Incontrastwithth

euseof 

water only slurry solution (Cc= 0) where the 

disintegrationofwaterjetoccurredsomewhereclosetot

henozzleexit,the 

compact lengths (L) were increased by increasing the 

polymeradditive in the jet. On the surface of a 

liquid jet, 

oscillationsandperturbationsoccursasaresultoftheco

mpetition 

between cohesive and disruptive forces [38]. The 

cohesion 

isformedbysurfacetensionthatrestrainstheliquidfrom

breakingupintodrops.Incontrast,thedisruptionispro

moted 

byaerodynamicforcesactingontheliquidsurface.Whe

nthemagnitude of the disruptive forces exceeds the 

surface ten-sion, break-ups occur. The role of 

liquid viscosity, on 

theotherhand,istoinhibitthegrowthofinstabilitiesand

gen- 

erally delay the onset of disintegration [37, 39–41]. 

For 

thepolymericfluidsusedinthisstudy,theenhancement

ofjet 

stability is mainly attributed to the increase of 

viscosity sincethe surface tension is reduced when 

increasing the chemicalconcentration[42]. 

Theeffectsofjetpressureonthejetstabilityareshownin

figure9(b).Atalowpressureof1MPa,thejethasaverylarge

compactlength.Thisisprobablybecausethejetbehave

dunderRayleighmanneroflaminarflowwherethe 

disintegrationofjetwascausedmainlybydilatationalw

aves.This type of waves is developed by 

rotationally 

symmetricaloscillationofthejetwhereanydisturbance

sisdampedoutbythefluidviscosity.Thejetbecomesun

stableanddisintegratesonly when the incidental 

internal perturbations cause narrowbands to 

develop in the jet to a certain critical stage of 

thewavelength[43].AccordingtotheWebertheory[38

],thewaveformationisinducedbytherelativevelocityo

fairtothe outer layer of jet on which the air friction 

shortens thecritical wave length. Jets injected at 

low pressures have lowvelocities, thus receiving a 

low air friction so that it is morestable. The 

promotions of the air friction to the jet surface 

athigherjetvelocitiesincreasethewaveamplitudesand

shortenthewavelengths.Enlargedviewsofthispheno

menonare 

shownontherighthandsideoffigure9(b)forthejetwave 

 

 
Figure 10.Modelpredictions(solid line) 

versusexperimentalmeasurements(dots).Reprintedfrom[36],Copyright(2008),withpermissionfromElsevier. 
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5 

Thepowerlawformulationapproachwasappliedtofurt

herdevelop equation(1) inwhich 

thecoefficientandexponents of the power law 

equation were obtained usingmulti-variable 

regression of the experimental data. At a 

95%confidencelevel,itgave 

patternsat20mmdownstreamfromthenozzleexit.Itcanbe
 L 

⎛ dp⎞
-0.95 

noticedthatwaveamplitudesincreaseandwavelengths

decrease as the jet pressure increases from 1 to 4 MPa, 

wherethewavepatternsmaybeconsideredasadilatatio

nalwavein1 MPa,sinuouswavein2 

MPaandadistortionofwaveaxes 

=4.1´10
5
(1-Cp)-1.32⎜

⎝
1- 

d
⎟
⎠ 

Re-0.24We-0.73, 

(2) 

in3and4MPa. 

The aforementioned physical understanding shows 

thatthe stability of a jet is governed by the internal 

and externalfactors. By superimposing the two 

causes, the stability whichis represented by the 

compact length, L can be analysed anddetermined. 

Theinternaldisturbances are associated with the 

fluid properties including slurry density (ρf), 

surface tension(σ), viscosity (μ), particle size (dp) 

and particle 

concentration(Cp).Theexternaldisruptionisformedby

thefrictionbetweenthejetsurfaceandtheatmospherica

ir,thatinturnisadirectresultofthejetvelocity(vj)orjetpr

essure(P).Usingthe Buckingham Π theorem, the 

above parameters can begroupedas[31] 

whereunitsoftheparametersareinSIsystem.Figure10 

showstherelationshipexpressedinequation(2),where

experimentaldataarealsoplottedforcomparison. 

Itcanbeconcludedthatthejetstabilitycanbestrengthen

edbytheadditionofpolymericadditivesthatincreasest

heliquidviscosity.Bycontrast,thefrictionbetween the 

surrounding air and the jet surface promotes 

jetbreak-up, and this external effect increases when 

increasingthe jet velocity. The parametric model 

developed provides anessentialmeans 

towardsoptimizing the liquid and jettingparameters 

to maximize the jet stability and ultimately 

toenhancethecuttingperformanceofmicrojets. 

f(P1,P2,P3,P4,P5)=0, 

wherethedimensionlessparametersaredefinedas 

(1) 

 

Processperformance 

Itisclearthatthemicromachiningtechnologyusingami

crojetcancreateacutorchannelwithawidertopand 

P1=
L

 

d 
rvd 

P2=Re=
m

 

characteristiclengthratio,representingthejet 

stability 

Reynoldsnumber,expressingtheliquidinertial 

force/viscousforceratio 

narrower bottom, so that a kerf taper is formed, as 

approxi-mated and shown in figure 11[44], with the 

geometry thatincludes thechanneldepth(h),thetop 

channelwidth(w)and 

P=We=
rv2dWebernumber,expressingtheliquidinert

ia  

thechannelwallangle(f).Thesecharacteristicsofthe 

3 

P4=Cp 

P=
dp

 

s force/thesurfacetensionratio 

representingtheeffectofparticleconcentration 

representingtheeffectofparticlesize 

machinedfeaturesaswellasmaterialremovalrate(MRR)a

reofmajorconcerninpractice.Modelsforestimatingth

ese 

micromachiningperformancemeasuresforgiventarge

tmat- 

d
 erialpropertieshavebeendevelopedsuchasth

osein[44]. 

d 
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where vpis the average velocity of particles 

impacting on 

thematerial,andmpisthemassflowrateofabrasiveparticl

es throughthenozzlewhichisgivenby 

pd
2
 

mp=Cprpvj
n 

4 

(4) 

inwhichrpisthedensityoftheparticle,dnisthenozzledia

meter and Cpis the percentage particle concentration by 

mass.Sincetheslurryisconsideredtobeuniformlymixe

d,theparticlevelocity(vp)canbe assumedtobeequal 

totheslurry 

velocity(vj)atthenozzleexit,i.e. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure11.Approximationofthechannelcrosssection.Reprintedfrom[44],Copyright(2012),withpermissionfromElse

vier. 

 

vp»vj. 

(5) 

 

FromBernoulli’sprinciple,thejetvelocitycanbedeterminedas 

vj=kd
2P

, 

rs 

(6) 

wherePisthewaterpressure,rsisthedensityoftheslurryandkdisadischargefactortoaccountforvelocitylossduring 

jetformationduetonozzlewallfriction,andfluidflowdisturbancesoftheslurry. 

 

 Properties of the target material and particle.Volumeof the target material removed by an abrasive particle 

(V ) iscomputedusingthemodelproposedbyHutchings[28],i.e. 

rpdp
2
 

V=Cmdp
3
 , 

Hm 

(7) 

whereCmis the coefficient that accounts for the materialproperty in response to the impact of a particle, including 

thehardness(Hm),fracturetoughness(Km)andelasticmodulus 

(Em) ofmaterial,i.e. 
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Figure12.Schematicof theflowsdevelopedbythejetimpingement 

C=C 

(H,K,E). 

(8) 

 

inthecreationonachannel.Reprintedfrom[44],Copyri

ght(2012),withpermissionfromElsevier. 

 

Figure 12 presents a schematic of the flows developed 

uponthe jet impact on a surface. As discussed in 

[44, 45], the 

jetkineticenergythatisdirectlytransferredtotheabrasivep

articlesplays a major role in forming the depth of 

channel, while 

theformationofthechannelwidthisgovernedbythevisco

usflow. 

m m m m m 

 

 Dynamicpropertiesofthefluid.Theviscousb

ehaviourof a flow depends on the fluid properties of 

the slurry, i.e. thedynamicfluidviscosity(μ) 

andsurfacetension(σ).Theabrasive-

waterslurryistreatedasanon-Newtonianfluidwith 

thedynamicfluidviscosity,μasshown[46] 

 

 

 

Theexpansionoftheflowisconstrainedbythecreatedcha

nnelsidewallwherevorticesaregenerated.Suchvortice

sforma 

m=Kg
n-1

, 

(9) 

 

turbulentflowthatdrivestheparticlesaccumulatedattheb

ottomofthechannelandcontributestotheformationofc

hannelwallinclination.Thefeaturesofthechanneltherefo

recanbeanalysedbased on the main causes, including 

the jet kinetic 

energy,propertiesofthetargetmaterialandparticle,dyna

micproperties 

wheregistheshearrate,andKandnaretheconsistencyan

d 
theflowbehaviourindexesoftheslurry,respectively.K

andnare the constitutive properties which for a 

given fluid, is 

afunctionoftheparticlecontained(Cp)andthesizeofpartic

les 

(dp) intheslurry,i.e. 

 

ofthefluid,and dynamicsofthe nozzlemotion.Asemi-

ana-

lyticalapproachhasbeenusedtodevelopthemodels[2,

37]. 

 

4.2.1.Jetkineticenergy.  

Astheerosiontakesplacebythe 

K=K(Cp,dp), 

n=n(Cp,dp). 

(10) 

(11) 

motionofabrasiveparticles,thekineticenergycanbeap

proximatedas 

Foragivencontrolledvolume,theshearratecausedbya

givenslurrycanbeconsideredasafunctionofthejetvelo

cityattheimpactzone[47],i.e. 

 

dKE
»

1
m
 

   
v

2
, 

(3) 

 

dt 2
p p

 

g=g(vj). 

(12) 

Fromequations(9)–(12), 

m=m(Cp,dp,vj). 

 

(13) 

 

Table2.Operatingparametersformicro-

channelmachining.Reprintedfrom[44],Copyright 

(2012),withpermissionfrom Elsevier. 

 

 

Waterpressure,P(MPa) 8,10,12and14 

Nozzletraversespeed,vn(mms
–1

)

 0.15,0.20,0.25and0.30 

 

Accordingtothereportedstudies[48,49],theincreaseo

fparticleconcentrationcanleadtoanincreaseintheinter

facial 

Particleconcentration,Cp(%bymass) 15,20,25and30 
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Nozzlestandoffdistance,Sn(mm) 3,4,5,6 

 

surfacesandtheabsorptionofparticlesinslurry,whichi

n   

turnresultsinanincreaseinthedynamicsurfacetension

of 

 

 

theslurry.Further,theabsorptionoftheparticlesislimit

edbythe size of the particles contained in the slurry. 

The dynamicsurface tension of slurry therefore can 

be expressed in theformas 

used were 5 mm thick amorphous soda-lime glass 

sheets, 

thesamematerialasthatusedintheholedrillingstudyoft

hispaper.Aluminaabrasiveswiththeaveragediameter

dp= 25μmwereused.Table2showstheoperating 

 

s=s(Cp,dp,vj). 

(14) 

parametersformachining micro-channels. 

Byregressionanalysisoftheexperimentaldataat95% 

confidencelevel,equations(17)and(18)become 

 

 

4.2.4.Dynamicsofthenozzlemotion.   

MRR=f(dp,rp,Cp,vp,vn,dn,Hm,Em,Km). 

 

(15)h= 

2cosf 

(21) 

 

 

 
 

Figure13.HolefeaturesobtainedonSiCsurfaceafter30sofprocessingbya120ms
–

1
slurryjetof125μmindiametercontaining25μmSiCabrasivesat15%concentration:(a)withoutvibrationand(b)withvib

ration. 

 

 

Figure14.SurfacetopologyofSiCafter30sofprocessingbyaslurryjetdescribedinfigure13:(a)withoutvibrationand(b)withvib

ration. 

w+ w
2-(4MRR/vn)cosf 
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performancemaybedifferentfromthoseintraditional

machiningwheresolidtoolsareused[52,53].Inarecent 

studyattheauthors’laboratory,ultrasonicvibrationof2

0kHzwasappliedperpendicularlyonthetargetmaterial 

surface with the amplitude in an order of ten 

micrometres.The target materialwas single crystal 

4H-SiC thin film of350 μm in thickness. This type of 

material is considered to 

beextremelyhardandbrittle,rankedasthirdinthehardn

ess 

scale after diamond and cubic boron nitride (CBN) 

[1]. 

Theworkuseda125μmdiameternozzleandSiCabrasives

with 

the concentration varying up to 15%. The jet 

velocity 

wascharacterisedasfullyturbulentwiththevelocityab

ove120ms
−1

. 

Figure 13shows the typical hole features obtained 

frommicrojetmachiningwithoutandwithvibrationassist

ance.Itwasfound that vibration assistance could 

enhance the MRR. 

Theholeprocessedwiththevibrationassistancehadthed

epthof18timesgreaterthanthatobtainedwiththesamem

achiningcon-

ditionbutwithouttheassistanceofvibration.Itwasintere

stingtofindthatnotonlytheMRR,butalsothesurfacefin

ishthat 

wassignificantlyimproved,asshowninfigure14.Itisno

ticedthat in spite of the material’s brittleness and 

the tendency 

ofbrittlefailure,ductiledeformationwasfoundtobedomi

nantonthe SiC surface processed with vibration 

assisted 

microjet.Detailsofthisfindingwillbereportedseparate

ly. 

 

II. CONCLUSIONS 
A micro scale of the ultrahigh pressure 

AWJ is capable ofmachining micro part 

geometrical features. While it earns 

thevariousadvantagesofAWJ,itcanprovideaductile-

likematerialremoval on the processed surface 

regardless of the 

material’sbrittleness.Thecharacteristicsofthemachin

edsurfaceand 

featuresarearesultofdifferentwearprocessesassociate

dwiththechangeofflowregimesdevelopedonthesurfa

ce.Thevis-cous flow generated upon the jet impact 

induces a 

shearingactionwhichisakeymechanismthatpromotest

heductile-

likeremovalmode.Relevantmodelshavebeendevelop

edforesti-

matingthejetandprocessperformance.Withtheassista

nceof vibration,it 

isfeasibletoextendthetechnologytoprocessingextrem

elyhardandbrittlematerials,inwhichthevibrationdoesn

otonlyenhancetheMRR,butalsothesurfacefinish.Furt

herworkisbeingundertakentooptimisetheoperatingpa

rametersforabalancebetweentheproductivityandthehi

ghdemandformachinedsurfaceintegrity. 
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