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Abstract
The fabrication of miniature structures on components with high-integrity surface quality
represents one of the cutting edge technologies in the 21st century. The materials used to
construct such small structures are often difficult-to-machine. Many other readily available
technologies either cannot realise necessary precision or are costly. Abrasive waterjet (AWJ) is a
favourable technology for the machining of difficult-to-machine materials. However, this
technology is generally aimed at large stock removal. A reduction in the scale of this technology
is an attractive avenue for meeting the pressing need of industry in the production of damage-free
micro features. This paper reviews some of the work that has been undertaken at UNSW Sydney
about the development of such an AWJ technology, focusing on the system design currently
employed to generate a micro abrasive jet, the erosion mechanisms associated with processing
some typical brittle materials of both single- and two-phased. Processing models based on the
findings are also presented. The review concludes on the viability of the technology and the
prevailing trend in its development.

Keywords: micro abrasive jet, abrasive waterjet, ductile erosion, viscous flow, difficult to
machine materials
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Nomenclature

Cp percentage of particle concentration by mass

Cc percentage of chemical additive concentration
by mass

d, dj jet diameter (m)

dn nozzle diameter (m)

dp mean diameter of abrasive particle (m)

Em elastic modulus of target material (Pa)

Hm hardness of target material (Pa)

h channel depth (m)

K consistency index (Nm−2 sn)

Km fracture toughness of target material (Pam0.5)

kd discharge factor

L jet compact (or stabilised) length (m)

L/d characteristic length ratio

MRR material removal rate (m3 s−1)
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mp
mass flow rate of particle (kg s−1)

n flow behaviour index

P pressure (Pa)

Re Reynolds number

Sn nozzle standoff distance (m)

V removal volume of target material (m3)

v, vj jet velocity (ms−1)

vn nozzle traverse speed (ms−1)

vp particle velocity (ms−1)

w channel width (m)

We Weber number

Greek letters

f channel wall angle (rad)

μ dynamic viscosity of slurry (Pa.s)

σ dynamic surface tension of slurry (Nm−1)

ρs density of slurry (kg m−3)

ρp density of particle (kg m−3)

g shear rate (s−1)

1. Introduction

Miniature component structures are the fundamental elements
used in modern micro electro-mechanical (MEM), optical,
and biomedical systems. A technology that is capable of
fabricating these micro-structures with high precision and low
cost is in a high demand in industry, but places a technolo-
gical challenge worldwide. This challenge is intensified by
the increasing requirements for high surface integrity on the
manufactured components, as well as the need to process
advanced materials that are continually developed and are
often difficult-to-machine.

Conventional machining technologies are either not
capable of processing some of the materials or inevitably
cause damages to the machined components in addition to the
productivity and cost concerns. To process a difficult-to-
machine material, it requires a tool having high hardness and
good wear-resistance so that the tool can engage into
the material and its sharpness can be retained long during the
process. In current machining practice, cutting tools with the
hardness of as high as five times that of the workpiece are
often referred to [1], and the diamond appears to be a vital
choice for many such applications. However, sharpening of
such tools is difficult [2]. On top of that, high material
hardness is often associated with high brittleness, so that
controlling the process parameters to avoid crack formation is
difficult and often requires using very small cutting para-
meters. For instance, experiments using a single point cutting
tool to process a brittle silicon carbide material showed that to
facilitate the ductile machining mode, the depth of cut must

be set shallower than 100 nm [3]. Other non-mechanical
techniques include LIGA (lithography, electroplating, and
moulding) and chemical erosion/etching. LIGA is normally
expensive to perform and cannot process materials which
cannot be pressed into the LIGA mould. The chemical ero-
sion/etching process cannot be used on chemical resistant
materials without the assist of some toxic chemical gases in
addition to the difficulty in controlling the surface textures
and its low processing rate [4]. Other techniques include the
use of high intensity energy sources such as electrical dis-
charge machining (EDM) [5] or a laser beam ablation [6]
which use thermal energy to locally soften and remove the
unwanted material. The high intensity heat used in these
processes is a main cause for craters, micro-cracks, thermal
damages and detrimentally tensile residual stresses [7] on the
machined component surfaces, so that a post process is often
required by, say, using an abrasive polishing technique. For
femtosecond laser machining, other than the cost of operation
and equipment, the ablation in this technique is material-
specific which depends not only on the thermal but also the
optical properties of target material. Minimising the heat
affect zone in this type of machining requires a proper
selection of laser parameters in response to the optical
breakdown and laser ablation thresholds of the target material
and is at the cost of production rate. In addition, ablated
materials may be redeposited at or near the site of breakdown,
creating unintended structures or debris at the machining
site [8].

By contrast, AWJ has been increasingly used for the
machining of difficult-to-machine materials [9]. In this techni-
que, a jet of water and abrasive particle slurry at a high pressure
is introduced onto the workpiece. While material removal is
essentially undertaken by the abrasive particles, the continuous
flow of water carries away the heat generated during the process
and eliminates the thermal effect, making it the ideal process for
thermal sensitive materials. However, the application has been
based mainly on the use of ultrahigh pressure jet of millimetres
in diameter using large abrasives of above 100 μm for quick
stock removal, whereas the surface quality is of minor concern.
Almost all materials, including the hardest and extremely brittle
diamond can be deformed plastically to some extent. However,
this can only be achievable at a nano length scale during the
contact loading [1]. Given the scale and expense of modern
manufacturing in the production of damage-free micro features,
a reduction in scale of the macro AWJ technology, such as using
smaller nozzles, finer particles or lower pressures, to promote
ductile-mode-like material removal has become attractive for
industry.

This paper reviews the developments of the micro AWF
technology for the machining of hard and brittle materials.
The review is based on the work that has been undertaken in
the authors’ laboratory and focuses on the system employed
to generate a micro AWJ and the erosion mechanisms asso-
ciated with processing different types of brittle materials.
Mathematical models to represent the process and estimate
the relevant process quantities are also presented. The review
concludes on the viability of the technology and the pre-
vailing trend in its development.
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2. Micro abrasive jet machining systems

In an ultrahigh pressured AWJ system, the AWJ is formed by
supplying abrasives separately into a high pressured waterjet
stream. The waterjet stream is formed by a small orifice and
flows into a mixing chamber where vacuum is generated,
drawing the solid abrasives in, so that it is referred to as an
entrainment system. The mixture is forced through a nozzle
(or called mixing tube), the diameter of which is typical about
0.8 mm to 1.6 mm [10]. A scale-down of this working prin-
ciple to a micro-sized jet presents a difficulty since the
pressure in a microjet system may not be high enough to
create the required vacuum and to entrain the particles in, in
addition to the requirement for precision alignment of the
orifice and nozzle.

Micro AWJ systems often use a slurry jet principle where
the particles are mixed with the liquid well before the slurry
goes into the nozzle. The pressure must be high enough to
overcome the friction as the slurry flows through a tiny nozzle
of typically about a hundred micrometres in diameter. The
pressurised slurry jet must also provide sufficient energy to
initiate a material removal process on the target material. On
the other hand, the pressure may not be set too high in order
to avoid damages to the material, particularly those of brittle
nature. Furthermore, the divergence of the jet as it is ejected
from a micro nozzle must be controlled to meet the precision
of micromachining.

There have been some studies aiming to scale down the
ultrahigh pressure AWJ systems, including the reduction in
size of the nozzle and water pressure [12] or using pressurised
water tank [13]. Pressures used in these scaled-down systems
are typically around 100MPa, while those in the pressurised
water tank are about 5 MPa which is not sufficient to process

high wear resistant material. A number of micro AWJ systems
have 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 desired
pressure between 2 and 67MPa. The water is then passed into
a stainless steel vessel. Placed inside the vessel is a rubber (or
soft skin) bladder which is used to store and isolate premixed
slurry from the pressurised water. Pressurised water squeezes
the slurry through a nozzle assembly. The flow rate of slurry
can be controlled by adjusting the air pressure entering the
pump and/or a water pressure control valve. Prior to a
machining process, the pressure vessel is vibrated at about
1 Hz by a shaker to allow the slurry to mix uniformly. Some
pebbles are added inside the bladder to help with the mixing
process. In a production environment, two or more vessels
may be used so that when one is used, the other is refilled so
that continuous operation is possible. A nozzle tube made of
high wear resistant ZrO2 ceramic is placed inside the nozzle
assembly. To effectively isolate the jet flow disturbance at the
nozzle inlet, the aspect ratio (length/diameter) of the tube
should be made greater than 50 [14]. This is to ensure that the
diameter of the impact zone can be maintained approximately
as the same as the nozzle diameter.

3. Erosion Mechanisms

3.1. Erosion of single-phased material

Unlike the ultrahigh pressure (typically above 100MPa)
abrasive jet applications where the material can be eroded
quickly [15, 16], in microjet machining with a lower jet
pressure (typically from 1 to 30MPa), the jet energy is not

Figure 1. A bladder type micro AWJ machining system. Reprinted from [11], Copyright (2018), with permission from Elsevier.
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sufficient to form a cut immediately. The jet dynamic beha-
viour and the response of material to the jet impact are vastly
different from those in ultrahigh pressure jet applications.
This review is based on the investigations into the micro-hole
formation process carried out in the authors’ labora-
tory [17, 18].

The test samples were 5 mm thick amorphous soda-lime
sheets whose properties were 2.5×103 kg m−3 in density,
75MPa.m0.5 in fracture toughness, 74 GPa in Young modulus
and 5.5 GPa in hardness. The slurry jet was set at P=3MPa
and contained alumina abrasives of 10 μm in average dia-
meter (dp) at the concentration by mass Cp=2.5%. The
abrasives were alumina with the hardness of 10.79 GPa and
density of 3.65 g cm−3. The nozzle tube was 0.2 mm in inner
diameter and 10 mm in length, and positioned normally to the
sample surface with the standoff distance Sn=1.5 mm. To
inspect the effect of jet viscosity, a polymeric additive (non-
ionic polyacrylamide flocculant type, Ciba Magnafloc 333
manufactured by Ciba Speciality Chemicals) was mixed with
the slurry at the concentration by mass Cc=0.25%.

Figure 2 shows the feature of a typical hole processed by
a low-pressure slurry jet. Characterised by a cross sectional
shape of ‘W’, the hole has its open diameter about four times
the jet diameter.

Figure 3 illustrates the fluid flow developed upon a jet
impact. The jet velocity direction is diverted from a potential
flow, which is aligned with the nozzle axis, to a viscous flow
which is parallel to the target surface [20]. It follows that the
kerf profiles created by these jet flow characteristics can be
distinguished by three zones: AB, BC and CD, as shown in
figure 2(a). The jet impact zone AB is within the central
region of the hole under the direct impact of the jet [21], and
is smaller than the jet diameter. In this zone, the normal
impact direction does not facilitate material removal in the
cutting wear (or ductile) mode and the associated removal rate
is small, so that a ridge is formed in the hole central region.
The zone BC is created by the viscous flow sweeping along
the target surface. The target surface becomes steeper with the
increase of depth in this zone. While promoting the cutting
wear mode erosion, this also allows the erosion rate to be
raised. The surface disturbances of the liquid within the vis-
cous flow zone develop a wave travelling radially outward, as
shown in figures 2(b) and 3(b) [22]. Beyond the BC zone is
the CD zone where the wave is diminished and particles are
accumulated. A turbulent flow is formed in this zone which is
bounded by the hole edge.

Upon the impact of an abrasive particle, there are two
force components acting on the target surface. While the force
component normal to the target surface facilitates an inden-
tation in the workpiece, the component tangential to the
surface promotes shearing stresses which may create micro-
chips from the workpiece or cause a ploughing action to the
surface. Depending on the attribution of the two forces and
the response of target material to these forces, the removal of
material takes place in brittle or ductile mode [23]. In the
brittle mode removal, cracks are initiated and propagated on
the machining surface. By contrast, when the material
undergoing a ductile removal mode, deformation associated

with shearing or cutting takes place. A new impact erosion
mechanism for ductile materials has been developed to fun-
damentally explain the material removal process, that is
through material failures induced by inertia, elongation and
adiabatic shear banding [24]. For consistency, the term cut-
ting wear is still used in this paper. Further, the cracked
fragments may contribute to the erosion process. It has been
reported that materials eroded by the cracked fragments form
surfaces with the accumulation of the crack edges [25, 26].
Because of the jet divergence, a momentum is created that
results in normal and shear stresses to the target surface [27].
As discussed above, the attribution of the two stresses on the
target material depends on the fluid flow zone developed on

Figure 2. Features of the hole after processing for 180 s by a 3 MPa
slurry jet of 0.2 mm in diameter, containing 10 μm particles with
the concentration Cp=2.5%: (a) top view and cross section and
(b) surface morphology of the impact zone (dimensional unit in μm).
Reproduced with permission from [17].
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material surface. This in turn results in a variation of the
appearance of the processed surface. On the surface morph-
ology shown in figure 2, some pits are clearly found within
the AB zone. Within the CD zone, the accumulation of par-
ticles and possibly pit fragments promotes a turbulent motion
that generates further strikes of particles onto the surface at
random directions. This particle laden flow leads to a decrease
in erosion in the ductile mode, as compared with the wavy BC
zone which appears smoother than both the AB and CD
zones. The viscous flow in the BC zone provides a hydro-
dynamic film layer that may act as a lubricant or damping
layer to reduce the friction between abrasive particles and
material surface, thereby widening the range of attack angles
for the cutting wear mode to occur [28]. Further, the fluid
flow direction in this zone is favoured for cutting wear by
particles. As a result, a smooth surface without cracks was
generated in the BC zone irrespective of the brittleness of
material. These surface characteristics indicate the pre-
dominance of the shearing action, thus ductile erosion mode
in the material removal process. The appearance of the wavy
surface is a result of the wave energy transferred to the surface
by the wavy viscous flow. An experiment was conducted
where a polymeric additive was mixed with the slurry to
increase its viscosity. The result shown in figure 4 confirms
the existence of a wavy viscous flow.

3.2. Erosion in two-phased material

Reaction-bonded silicon carbide (RB-SiC) is a composite
made of two major constituents, i.e. silicon carbide (SiC)
grains surrounded by a matrix of silicon (Si) [29]. Owing to
its excellent properties of light weight, thermal stability and
chemical inertness, RB-SiC is a favourable material for con-
structing devices working in harsh environment, e.g. optical
mirrors used in the space [30]. However, as many other
advanced materials, RB-SiC is a difficult-to-machine mat-
erial. Not only because of the hardness and brittleness of the

SiC constituent, but the difficulty is also due to the non-
uniformity of the RB-SiC structure that consists of the hard
phase SiC and the softer Si matrix. Under the same applied
stress, the response of these two constituents is distinctively
different. The work in [11] presents an investigation on the
material removal mechanisms of RB-SiC and the resulting
surface quality when subjected to the impact of a micro
slurry jet.

The material used in this study had the SiC grains of
approximate 35 μm in size surrounded by a matrix of Si with
the volume fraction, CSi about 21.5%. Surface roughness of
the samples, Ra, was about 14 μm. The slurry jet contained
25 μm alumina particles with the mass concentration of 15%
and was operated at the water pressure of 25MPa. For
comparison, another mode of fixed particle polishing was

Figure 3. Fluid flow developed upon a jet impact: (a) schematic [17] and (b) visualisation of the wave development by the jet impact
(machining condition as in figure 2) [19]. (a) Reproduced with permission from [17]. (b) Reproduced with permission from [19].

Figure 4. Wavy pattern developed on a glass surface processed after
60 s by a 2 MPa slurry jet of 0.2 mm in diameter, containing 10 μm
particles at Cp=2.5% concentration by mass and polymeric
additive at the concentration Cc=0.25% by mass. Reproduced from
[18], with the permission of AIP Publishing.
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conducted, and it was made by using a Struers–TegraForce-1
polishing machine. The loading force of 20 N was applied on
the sample surface which was placed against a 65 μm dia-
mond grained disk of 200 mm in diameter rotating at 30 rpm.

Figure 5 shows a surface processed by diamond polish-
ing. Large-scaled fractures in the form of irregular pits appear
on the surface of SiC grains. In contrast, the Si portion is
found to have been deformed plastically. On the surface of Si
phase, there are a number of deep and parallel grooves
aligned with the abrasive motion. The deformed Si chips were
found embedding over the surface of the fractured SiC grains.

Figure 6 illustrates the wear process by diamond pol-
ishing. Because of their extremely high brittleness [31], SiC
grains when subjected to the indentation of diamond abrasives
experience an initiation of cracks. Following their relative
motion to the diamond abrasives, the cracks are propagated
along the SiC grain cleavages. As the process continues, the
cracks become deepen and, a certain degree, large fragments
are formed and consequently removed from the grains,
leaving the surface with large pits. However, the process is
different from the grinding of single-phased SiC material
where brittle material removal mode is dominant [32]. Of the
RB-SiC composite structure is the Si matrix which can be
plastically deformed, unlike the brittle SiC grains. Some
previous studies show that amorphous transformation in Si
can be initiated by stress, even at extremely low temperature
of liquid nitrogen boiling point (−195 °C) [33], and the
initiation occurs when indenting the material at a hydrostatic
pressure greater than 11–13 GPa [34, 35]. Owing to the wear
resistance higher than that of SiC, the sharpness of the dia-
mond abrasives was retained during the process to allow the
abrasives to engage with the sample material with small
contact areas. As a result, sufficient stresses were developed,
raising a plastic deformation on the Si phase. It is noted that
the diamond abrasives were relatively larger than the SiC

grains (65 μm versus 35 μm SiC). During the process, the
removed amorphous Si was accumulated and compressed into
the nearby pockets. The pockets include the spaces between
the diamond abrasives and the processed sample surface, as
well as the available pits formed by the fractured SiC grains.

When comparing with the surface of RB-SiC processed
by a slurry jet, shown in figure 7, it is noted that not only was
the jet pressure used (25MPa) much lower than the hydro-
static pressure required for initiating the amorphous trans-
formation on the Si matrix (11–13 GPa), the abrasives of
alumina was also softer than the SiC grain constituent
(20.45 GPa versus 24.53 GPa). Notwithstanding these facts, a
hole with a depth of about 141 μm, about four times of the
average SiC grain size (≈ 35 μm) were formed. The pro-
cessed surface appeared with irregular patterns of exposed
SiC grains which are surrounded by micro channels formed
on the Si matrix. Although both the material constituents are
brittle, there was no micro crack found on the eroded surfaces.

The mechanism of wear on RB-SiC by the impact of a
slurry jet is clearly different from that by diamond polishing and
that on the single-phase material described earlier. In polishing,
the same load is applied to both of the material constituents for
the same depth of cut. In slurry jet impact-induced material
removal, wear takes place mainly by the motion of the abrasives
which can roll, rebound, collide and/or slide freely. Certainly,
the alumina abrasives, particularly when driven by a low pres-
surised jet, cannot indent into the harder SiC grains. The abra-
sive-material engagement can be made only on the Si matrix
whose hardness is lower than that of the abrasives. Following
the engagement, the removal of material is made by two actions
of shearing and wedging. The shearing takes place by the rolling
action of the engaged abrasives, which eventually creates a
number of channels along the Si matrix and around the harder
SiC grains, as illustrated in figure 7(a). It is noted on the depth of
the hole processed in this work is four times the SiC grain size.
Since wear cannot be made directly on the SiC grains, it is
implied that the removal of the SiC grains takes place by
weakening their bonding with the material structure to cause an
eventual removal of the whole grains from the substrate.
Because of the small volume fraction of Si (CSi≈21. 5%), the
space between the hard SiC grains is generally narrower than the
abrasive size. Such narrow spaces prevent the abrasives from
penetrating deeper into the roots of the SiC grains. The wear
caused by the shearing on Si may be diminished. As the process
continues, the coming abrasives act as wedges that weaken the
bond and finally lift up the whole SiC grains from the substrate,
as shown in figure 8. By this wedging action, micro-cracks may
be formed at the interface between the remained SiC grains and
the surrounding Si bond. Nevertheless, the shear induced by the
rolling action of abrasives again takes place to smoothen the
newly cracked surfaces, resulting in the crack-free surface as
shown in figures 7 and 8(b).

It is feasible to use a low-pressure slurry jet containing
abrasives that are softer than the SiC grains, to machine RB-SiC
composite without causing any brittle fracture. The abrasive
wear on RB-SiC involves different mechanisms in the Si and

Figure 5. Surface polished after 3 min by diamond abrasives:
(i) brittle fracture of a SiC grain, (ii) embedment of plastically
deformed Si, and (iii) grooves. Reprinted from [11], Copyright
(2018), with permission from Elsevier.
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SiC constituents. In diamond disk polishing, brittle fracture is
dominant on the SiC phase and there are depositions of the
plastically deformed Si phase on the fractured SiC surface. By
contrast, wear caused by slurry jet takes place mainly through
weakening the Si bond by erosion and wedging action, which
eventually releases the SiC grain from the material structure.

4. Process models

4.1. Jet stability

A liquid jet as ejected from a nozzle is no longer constrained by
the nozzle inner wall, but contacts with the atmospheric air. The

Figure 6. Schematic of wear process on RB-SiC by diamond abrasives: (a) forming of cracks on SiC grains and plastic deformation on Si matrix;
and (b) embedment of Si in the fractured pockets of SiC grains. Reprinted from [11], Copyright (2018), with permission from Elsevier.

Figure 7. Topology (a) and 3D profile (b) of RB-SiC surfaces processed after 10 s by slurry jet ((i) exposed SiC grains and (ii) channels).
Reprinted from [11], Copyright (2018), with permission from Elsevier.

Figure 8. Schematic of the wear process of RB-SiC by the impact of an alumina slurry jet: (a) material removal, and (b) exposed surface.
Reprinted from [11], Copyright (2018), with permission from Elsevier.
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jet becomes diverged and depending on the distance from the
nozzle exit, different flow regimes are developed. Unlike the use
of solid cutting tools, where the depth of cut can be easily
controlled and the tool/workpiece contact area can be deter-
mined, in the jet cutting these parameters depend on the kinetic
behaviour of the ejected jet. Whereas the divergence enlarges the
impact zone, the change in the flow regime leads to a variation
of velocity distribution within the jet cross sectional area when
impacting on a target. These changes potentially make the
control of liquid jet difficult. This is particularly important in
microjet machining where precision is of major concern. In
addition, as discussed above, viscosity of the slurry used in a
non-through cut in microjet machining plays an important role in
the behaviour of the viscous flow that governs the morphology
of the machined surface. In this work [36], a jet compact length
model was established to present a mathematical relationship
between the jet stability measures and the jetting parameters.

Table 1 [36] shows the test conditions. To examine the
effect of surface tension and viscosity of the jet, a polymeric
additive (nonionic polyacrylamide flocculant type, Ciba
Magnafloc 333 manufactured by Ciba Speciality Chemicals)

was mixed with the slurry. The jet images were obtained at
steady state of flow using the stroboscope method [37] with
the illumination flashing of 3 μs.

Figure 9(a) shows instantaneous images of the jets sub-
jected to different conditions of chemical concentration.
Typically, a jet consists of three zones: AB, BC and CD.
These zones are indicated in figure 9(a) for the most right
flow where Cc =0.5%. In the compact zone AB, the jet is in
good coherence and its length is measured as a compact
length, L. The stability of the jet maintains until reaching the
stage where disintegration occurs in the zone BC. Farther
from the jet nozzle is the zone CD where the jet has totally
lost its stability, forming drops. In contrast with the use of
water only slurry solution (Cc =0) where the disintegration
of waterjet occurred somewhere close to the nozzle exit, the
compact lengths (L) were increased by increasing the polymer
additive in the jet. On the surface of a liquid jet, oscillations
and perturbations occurs as a result of the competition
between cohesive and disruptive forces [38]. The cohesion is
formed by surface tension that restrains the liquid from
breaking up into drops. In contrast, the disruption is promoted

Table 1. Testing conditions in the study of jet stability. Reprinted from [36], Copyright (2008), with permission from Elsevier.

Nozzle diameter, d (mm) 0.19, 0.50 and 0.84
Pressure, P (MPa) 1, 2, 3 and 4
Polymer additive (% by mass), Cc 0 (water only), 0.1, 0.25 and 0.5
Particle content (% by mass), Cp 1 and 5
Particle mesh (and size in brackets) 600 (dp =25 μm), 1000 (15 μm), and 1500 (10 μm)

Figure 9. Jet stability by the effect of: (a) chemical concentration, Cc, varying from 0, 0.1%, 0.25% to 0.5% (P=2 MPa, d=0.84 mm); and
(b) pressure, P, varying from 1, 2, 3 to 4 MPa (d=0.84 mm, Cc=0.25%, Cp=5% and dp =10 μm). Reprinted from [36], Copyright
(2008), with permission from Elsevier.
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by aerodynamic forces acting on the liquid surface. When the
magnitude of the disruptive forces exceeds the surface ten-
sion, break-ups occur. The role of liquid viscosity, on the
other hand, is to inhibit the growth of instabilities and gen-
erally delay the onset of disintegration [37, 39–41]. For the
polymeric fluids used in this study, the enhancement of jet
stability is mainly attributed to the increase of viscosity since
the surface tension is reduced when increasing the chemical
concentration [42].

The effects of jet pressure on the jet stability are shown in
figure 9(b). At a low pressure of 1 MPa, the jet has a very
large compact length. This is probably because the jet
behaved under Rayleigh manner of laminar flow where the
disintegration of jet was caused mainly by dilatational waves.
This type of waves is developed by rotationally symmetrical
oscillation of the jet where any disturbances is damped out by
the fluid viscosity. The jet becomes unstable and disintegrates
only when the incidental internal perturbations cause narrow
bands to develop in the jet to a certain critical stage of the
wave length [43]. According to the Weber theory [38],
the wave formation is induced by the relative velocity of air to
the outer layer of jet on which the air friction shortens the
critical wave length. Jets injected at low pressures have low
velocities, thus receiving a low air friction so that it is more
stable. The promotions of the air friction to the jet surface at
higher jet velocities increase the wave amplitudes and shorten
the wave lengths. Enlarged views of this phenomenon are
shown on the right hand side of figure 9(b) for the jet wave
patterns at 20 mm downstream from the nozzle exit. It can be
noticed that wave amplitudes increase and wave lengths
decrease as the jet pressure increases from 1 to 4MPa, where
the wave patterns may be considered as a dilatational wave in
1MPa, sinuous wave in 2MPa and a distortion of wave axes
in 3 and 4MPa.

The aforementioned physical understanding shows that
the stability of a jet is governed by the internal and external
factors. By superimposing the two causes, the stability which
is represented by the compact length, L can be analysed and
determined. The internal disturbances are associated with the
fluid properties including slurry density (ρf), surface tension
(σ), viscosity (μ), particle size (dp) and particle concentration
(Cp). The external disruption is formed by the friction
between the jet surface and the atmospheric air, that in turn is
a direct result of the jet velocity (vj) or jet pressure (P). Using
the Buckingham Π theorem, the above parameters can be
grouped as [31]

P P P P P =( ) ( )f , , , , 0, 11 2 3 4 5

where the dimensionless parameters are defined as

P =
L

d
1

characteristic length ratio, representing the jet
stability

r
m

P = =Re
vd

2
Reynolds number, expressing the liquid inertial
force/viscous force ratio

r
s

P = =We
v d

3

2 Weber number, expressing the liquid inertia
force/the surface tension ratio

P = Cp4 representing the effect of particle concentration

P =
d

d
p

5
representing the effect of particle size

The power law formulation approach was applied to
further develop equation (1) in which the coefficient and
exponents of the power law equation were obtained using
multi-variable regression of the experimental data. At a 95%
confidence level, it gave

= ´ - --
-

- -
⎛
⎝⎜

⎞
⎠⎟( )

( )

L

d
C

d

d
Re We4.1 10 1 1 ,

2

p
p5 1.32

0.95
0.24 0.73

where units of the parameters are in SI system. Figure 10
shows the relationship expressed in equation (2), where
experimental data are also plotted for comparison.

It can be concluded that the jet stability can be
strengthened by the addition of polymeric additives that
increases the liquid viscosity. By contrast, the friction
between the surrounding air and the jet surface promotes jet
break-up, and this external effect increases when increasing
the jet velocity. The parametric model developed provides an
essential means towards optimizing the liquid and jetting
parameters to maximize the jet stability and ultimately to
enhance the cutting performance of microjets.

4.2. Process performance

It is clear that the micromachining technology using a
microjet can create a cut or channel with a wider top and
narrower bottom, so that a kerf taper is formed, as approxi-
mated and shown in figure 11 [44], with the geometry that
includes the channel depth (h), the top channel width (w) and
the channel wall angle (f). These characteristics of the
machined features as well as material removal rate (MRR) are
of major concern in practice. Models for estimating these
micromachining performance measures for given target mat-
erial properties have been developed such as those in [44].

Figure 10. Model predictions (solid line) versus experimental
measurements (dots). Reprinted from [36], Copyright (2008), with
permission from Elsevier.
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Figure 12 presents a schematic of the flows developed upon
the jet impact on a surface. As discussed in [44, 45], the jet
kinetic energy that is directly transferred to the abrasive particles
plays a major role in forming the depth of channel, while the
formation of the channel width is governed by the viscous flow.
The expansion of the flow is constrained by the created channel
sidewall where vortices are generated. Such vortices form a
turbulent flow that drives the particles accumulated at the bottom
of the channel and contributes to the formation of channel wall
inclination. The features of the channel therefore can be analysed
based on the main causes, including the jet kinetic energy,
properties of the target material and particle, dynamic properties
of the fluid, and dynamics of the nozzle motion. A semi-ana-
lytical approach has been used to develop the models [2, 37].

4.2.1. Jet kinetic energy. As the erosion takes place by the
motion of abrasive particles, the kinetic energy can be
approximated as

»  ( )dKE

dt
m v

1

2
, 3p p

2

where vp is the average velocity of particles impacting on the
material, and mp is the mass flow rate of abrasive particles
through the nozzle which is given by

r
p

= ( )m C v
d

4
4p p p j

n
2

in which rp is the density of the particle, dn is the nozzle
diameter andCp is the percentage particle concentration by mass.

Since the slurry is considered to be uniformly mixed, the
particle velocity (vp) can be assumed to be equal to the slurry
velocity ( )vj at the nozzle exit, i.e.

» ( )v v . 5p j

From Bernoulli’s principle, the jet velocity can be
determined as

r
= ( )v k

P2
, 6j d

s

where P is the water pressure, rs is the density of the slurry
and kd is a discharge factor to account for velocity loss during
jet formation due to nozzle wall friction, and fluid flow
disturbances of the slurry.

4.2.2. Properties of the target material and particle. Volume
of the target material removed by an abrasive particle (V ) is
computed using the model proposed by Hutchings [28], i.e.

r
= ( )V C d

d

H
, 7m p

p p

m

3
2

where Cm is the coefficient that accounts for the material
property in response to the impact of a particle, including the
hardness (Hm), fracture toughness (Km) and elastic modulus
(Em) of material, i.e.

= ( ) ( )C C H K E, , . 8m m m m m

4.2.3. Dynamic properties of the fluid. The viscous behaviour
of a flow depends on the fluid properties of the slurry, i.e. the
dynamic fluid viscosity (μ) and surface tension (σ). The
abrasive-water slurry is treated as a non-Newtonian fluid with
the dynamic fluid viscosity, μ as shown [46]

m g= - ( )K , 9n 1

where g is the shear rate, and K and n are the consistency and
the flow behaviour indexes of the slurry, respectively. K and n
are the constitutive properties which for a given fluid, is a
function of the particle contained (Cp) and the size of particles
(dp) in the slurry, i.e.

= ( ) ( )K K C d, , 10p p

= ( ) ( )n n C d, . 11p p

For a given controlled volume, the shear rate caused by a
given slurry can be considered as a function of the jet velocity
at the impact zone [47], i.e.

g g=  ( ) ( )v . 12j

Figure 11. Approximation of the channel cross section. Reprinted
from [44], Copyright (2012), with permission from Elsevier.

Figure 12. Schematic of the flows developed by the jet impingement
in the creation on a channel. Reprinted from [44], Copyright (2012),
with permission from Elsevier.
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From equations (9)–(12),

m m= ( ) ( )C d v, , . 13p p j

According to the reported studies [48, 49], the increase of
particle concentration can lead to an increase in the interfacial
surfaces and the absorption of particles in slurry, which in
turn results in an increase in the dynamic surface tension of
the slurry. Further, the absorption of the particles is limited by
the size of the particles contained in the slurry. The dynamic
surface tension of slurry therefore can be expressed in the
form as

s s= ( ) ( )C d v, , . 14p p j

4.2.4. Dynamics of the nozzle motion. The nozzle traverse
speed, vn governs the time that the jet is in contact locally with
the target material, thus determining the channel depth.
This is particular important in the low pressured microjet
machining. As discussed above in section 3.1, the low
pressure jet is susceptible to the external influences such
as mechanical vibrations from the equipment pressure
fluctuation. The major wave formed at the bottom of the
channel influences on the MMR.

From the above analysis, the volumetric MRR can be
expressed in a general form as

r= ( ) ( )MRR f d C v v d H E K, , , , , , , , . 15p p p p n n m m m

Following the Buckingham Pi theorem and applying the
power law, equation (15) can be expressed in the dimension-
less form as

r
=

=

⎛
⎝
⎜⎜

⎞
⎠
⎟⎟

⎛
⎝⎜

⎞
⎠⎟

⎛
⎝⎜

⎞
⎠⎟

⎛
⎝⎜

⎞
⎠⎟

⎛
⎝⎜

⎞
⎠⎟

( )

( )

MRR

d v
k

v

H
C

v

v

d

d

E

H

K

H d
0. 16

p p

p p

m

a

p
b n

p

c

n

p

d
m

m

e
m

m p

f

2 1

2

0.5

1

1

1

1 1 1

For convenience, vp can be represented by the equipment
parameter of P, such that

r

r

r

r

=
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Similarly, the channel angle, f, can be expressed as

r

r

r
Æ =
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To determine the constants in equations (17) and (18), an
experimental work has been conducted. The test specimens

used were 5 mm thick amorphous soda-lime glass sheets, the
same material as that used in the hole drilling study of
this paper. Alumina abrasives with the average diameter
dp =25 μm were used. Table 2 shows the operating
parameters for machining micro-channels.

By regression analysis of the experimental data at 95%
confidence level, equations (17) and (18) become

r

r
= ´ -

-⎛
⎝⎜

⎞
⎠⎟

⎛
⎝⎜

⎞
⎠⎟( ) ( ) ( )MRR

P
C

v

P
1.99 10 , 19

s
p

n s22
1.83

1.78
0.78

f
r

r
= ´ -

-⎛
⎝⎜

⎞
⎠⎟

⎛
⎝⎜

⎞
⎠⎟( ) ( ) ( )P

C
v

P
771 10 , 20

s
p

n s10
0.34

1.27
0.1.45

where units are in SI system.
From the approximation of the channel cross section

shown in figure 11, the channel depth can be determined, i.e.

f
f

=
+ - ( )

( )
/

h
w w MRR v4 cos

2 cos
. 21

n
2

The top channel width can be determined from a regression
analysis of experimental data where a backward elimination
procedure was employed to eliminate those variables that
have only minor or negligible effect on the channel width.
The regression model is given by

= ´ - ´ + ´- - ( )w P P2.34 10 2.5 10 4.79 10 . 2218 2 11 4

A quantitative assessment of the models was made, based
on the percentage deviation of the model predictions with
respect to the experimental results under the corresponding
conditions [41]. It can be concluded that the models can
provide an adequate predication for the channel feature
dimensions and MRR under the test conditions considered.

It is noted that due to the lower kinetic energy possessed by
the jet, the factors that affect the formation of micro-channels are
very much different from those of the ultrahigh pressure AWJ
meso-machining process. This is notably attributed to the
secondary material removal process induced by the viscous flow
that causes the particles to impact the material surface at a
shallower angle. The shallower impact angle results in a ductile-
mode-like erosion even on a brittle material.

5. Vibration assisted microjet machining

There have been numerous reported works where ultrasonic
vibration assistance is employed to improve the machining
process. Vibration has also been used to assist microjet
machining process [50, 51] although the mechanisms beyond
which the vibration affects the machining process and

Table 2. Operating parameters for micro-channel machining.
Reprinted from [44], Copyright (2012), with permission from Elsevier.

Water pressure, P (MPa) 8, 10, 12 and 14
Nozzle traverse speed, vn (mm s–1) 0.15, 0.20, 0.25 and 0.30
Particle concentration, Cp (% by mass) 15, 20, 25 and 30
Nozzle standoff distance, Sn (mm) 3, 4, 5, 6
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performance may be different from those in traditional
machining where solid tools are used [52, 53]. In a recent
study at the authors’ laboratory, ultrasonic vibration of
20 kHz was applied perpendicularly on the target material
surface with the amplitude in an order of ten micrometres.
The target material was single crystal 4H-SiC thin film of
350 μm in thickness. This type of material is considered to be
extremely hard and brittle, ranked as third in the hardness
scale after diamond and cubic boron nitride (CBN) [1]. The
work used a 125 μm diameter nozzle and SiC abrasives with
the concentration varying up to 15%. The jet velocity was
characterised as fully turbulent with the velocity above
120 m s−1.

Figure 13 shows the typical hole features obtained from
microjet machining without and with vibration assistance. It was
found that vibration assistance could enhance the MRR. The
hole processed with the vibration assistance had the depth of 18
times greater than that obtained with the same machining con-
dition but without the assistance of vibration. It was interesting
to find that not only the MRR, but also the surface finish that

was significantly improved, as shown in figure 14. It is noticed
that in spite of the material’s brittleness and the tendency of
brittle failure, ductile deformation was found to be dominant on
the SiC surface processed with vibration assisted microjet.
Details of this finding will be reported separately.

6. Conclusions

A micro scale of the ultrahigh pressure AWJ is capable of
machining micro part geometrical features. While it earns the
various advantages of AWJ, it can provide a ductile-like material
removal on the processed surface regardless of the material’s
brittleness. The characteristics of the machined surface and
features are a result of different wear processes associated with
the change of flow regimes developed on the surface. The vis-
cous flow generated upon the jet impact induces a shearing
action which is a key mechanism that promotes the ductile-like
removal mode. Relevant models have been developed for esti-
mating the jet and process performance. With the assistance of

Figure 13. Hole features obtained on SiC surface after 30 s of processing by a 120 m s–1 slurry jet of 125 μm in diameter containing 25 μm
SiC abrasives at 15% concentration: (a) without vibration and (b) with vibration.

Figure 14. Surface topology of SiC after 30 s of processing by a slurry jet described in figure 13: (a) without vibration and (b) with vibration.
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vibration, it is feasible to extend the technology to processing
extremely hard and brittle materials, in which the vibration does
not only enhance the MRR, but also the surface finish. Further
work is being undertaken to optimise the operating parameters
for a balance between the productivity and the high demand for
machined surface integrity.
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