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Abstract  

Abrasive water jet technology can be used for micro-milling using recently developed 

miniaturized nozzles. This thesis develops methodologies to predict the shape of micro-channels 

milled using high pressure abrasive water jets, and presents a new high pressure abrasive slurry jet 

micro-machining process. Since abrasive water jet (AWJ) machining is often used with both the 

nozzle tip and workpiece submerged in water to reduce noise and contain debris, the performance 

of submerged and unsubmerged abrasive water jet micro-milling of channels in 316L stainless 

steel and 6061-T6 aluminum at various nozzle angles and standoff distances were compared. It 

was found that the centerline erosion rate decreased with channel depth due to the spreading of the 

jet as the effective standoff distance increased, and because of the growing effect of the stagnation 

zone as the channel became deeper. The erosive jet spread over a larger effective footprint in air 

than in water, since particles on the jet periphery were slowed much more quickly in water due to 

increased drag. As a result, the width of a channel machined in air was wider than that in water. It 

was also found that the erosive efficacy distribution changed suddenly after the initial formation 

of the channel. Then, a new surface evolution model was developed that predicts the size and shape 

of relatively deep micro-channels up to aspect ratios of 3 resulting from unsubmerged and 
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submerged abrasive water jet micro-machining (AWJM) using a novel approach in which two 

different erosive efficacy expressions were sequentially applied. 

Since the channels produced by AWJM were found to be relatively wavy due to fluctuations 

in abrasive mass flow rate, a novel high pressure (water pump pressure up to 345 MPa) abrasive 

jet slurry micro-machining (HASJM) system was introduced by feeding a premixed slurry into the 

mixing chamber of a water jet machine with a micro-nozzle. Moreover, an existing model 

developed for AWJM abrasive particle velocities was modified and used to predict the particle 

velocity in HASJM, and then verified using a double disc apparatus (DDA). The HASJM system 

was then used to study the effect of entrained air in abrasive water jet micro-machining (AWJM) 

by performing experiments at the same particle velocity and dose for the two systems. The 

centerline waviness, Wa, of micro-channels made in SS316L and Al60661-T6 using HASJM were 

typically 3.4 times lower than those made with AWJM using the same dose of particles due to the 

more constant abrasive flow rate provided by the HASJM provided. The centerline roughness, Ra 

was approximately the same in both processes at a traverse velocity of Vt=4572 mm/min and a 

nozzle angle of 90°. For micro-channels of a given depth, the widths of those made with HASJM 

were 25.6 % narrower than those produced with AWJM, mainly due to the wider jet that resulted 

from the entrained air in AWJM.  
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Roman symbols 

Am The average channel cross-sectional area  

Apw The effective interaction areas between the particles and high pressure water 

Apw’ The effective interaction areas between the particles and low pressure water 

AO The cross section area in vena contracta zone (assumed equal to orifice 

diameter) 

Aww’ The effective interaction areas between the particles and low pressure water 

ASV Opening percentage of abrasive slurry valve stem 

CD The drag coefficients  

d Channel centerline depth (µm) 

𝑑𝑐𝑎𝑙 The centerline depths of the calibration channels (µm) 

𝑑𝑒𝑥𝑝 Expected centerline depth after n passes (µm) 

dj Jet diameter 

dM The mixing tube diameter 

dn Actual channel centerline depth after n passes (µm) 

do The jet diameter in vena contracta (assumed equal to orifice diameter) 

𝑑𝑑  Diameter of spherical elements of uniform dispersion phase 

E Specific erosion rate (mg/g) 

𝐸(𝛽) Specific erosion rate at the global nozzle angle of  (°)  

𝐸(90°) Specific erosion rate at the global nozzle angle of 90 (°) 

𝐸𝑐𝑎𝑙 Centerline erosion rate for a given calibration channel 

𝐸ℎ Centerline erosion rate at standoff distance of h 

𝐸ℎ
∗ Centerline depths of shallow channels at standoff distance h normalized by the 
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𝐸1 Centerline erosion rate at standoff distance of h=1 mm 

𝐸𝑖𝑛𝑠𝑡 Instantaneous normalized centerline erosion rate 

𝐸𝑁 Total volumetric centerline erosion rate on the multi-pass channel 

𝐸0 Initial erosion rate after n=2 passes 

𝐸𝑜𝑢𝑡,𝑠 The power of the slurry phase of the jet exiting the nozzle 
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 The drag forces between high pressure water and particle phases 
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K The velocity exponent 
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�̇� Particle mass flow rate incident to the area dA (g/min) 

�̇�(𝑛)   Instantaneous abrasive mass flow rate incident to dA during the nth pass (g/min) 

ṁp The mass flow rate of the abrasive particle entered the mixing tube (g/min) 

�̇�𝑠 The mass flow rate slurry entered the mixing tube (g/min) 

ṁw The mass flow rate of the high pressure water entered the mixing tube (g/min) 

ṁw’ The mass flow rate of the low pressure water entered the mixing tube (g/min) 

Ma Total mass of abrasive incident to the target surface (g)  

Mm Total mass of target material removed (mg) 

n Number of passes 

Pw The pressure of the high pressure water upstream of the orifice (MPa) 

Pp Water pump pressure (MPa) 

𝑄∗(𝑥∗) Non-dimensional erosive efficacy 

𝑄𝑖𝑛𝑠𝑡
∗ (𝑥∗) Non-dimensional instantaneous erosive efficacy 

Ra Centerline roughness (µm) 

Red Reynolds number of the dispersed phase 

S The distance between the upper disc and the recording disc 

t Machining time after n passes to reach a depth z 

t* Dimensionless machining time after n passes to reach a depth z 
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T The time required to propagate the surface at the channel centerline (i.e. x=0), 

to a centerline depth z equal to h 

𝑡𝐶 The corrected time 

Tc The corrected time constant 

𝑡𝑁 The time to reach the expected depth, dexp, after N passes 

uw Velocity of the high pressure water phase in the mixing tube (m/s) 

uw' Velocity of the low pressure water phase in the mixing tube (m/s) 

up Velocity of the abrasive particle phase in the mixing tube (m/s) 

V*( x*) V*(x*)=V(x*)/V(0) is the dimensionless particle velocity distribution at the 

surface 

𝑉𝑗 Velocity of the slurry jet at the exit of nozzle tip (m/s) 

𝑉𝑚 Total volume of material removed from the target surface 

𝑉𝑝 The average particle velocity in DDA test (m/s) 

𝑉𝑠 Velocity of slurry entered mixing tube (m/s) 

𝑉𝑡 The nozzle traverse velocity (mm/min) 

𝑉𝑤 Velocity of high pressure water entered mixing tube 

W Channel width (µm) 

Wa Centerline waviness (µm) 

Wt,in Inlet particle concentration (wt%) 

Wt,out Output particle concentration (wt%) 

x Width coordinate 

x* Dimensionless width coordinate 

y Axis along the channel length 

z Depth coordinate 

z* Dimensionless depth coordinate 

𝑧∗(0, 𝑡∗) Dimensionless depth at 𝑥∗=0 and dimensionless time of 𝑡∗, or dimensionless 

centerline depth at dimensionless time of 𝑡∗ 

𝑧∗
,𝑡∗ The derivative of z* with respect to t* 

𝑧∗
,𝑥∗ The derivative of z* with respect to x* 

𝑧∗
,𝑥∗𝑥∗(𝑥∗, 𝑡∗) The second derivative z* with respect to x* 
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Greek symbols 

𝛼 The particle local impact angle (°) 

αp The volume fraction of the abrasive particles in the mixing tube 

αw The volume fraction of the high pressure water in the mixing tube 

αw’ The volume fraction of the low pressure water in the mixing tube 

 The global angle of the nozzle (°) 

𝜀 Curvature-dependent smoothing term 

𝜂 Orifice efficiency 

θ Nozzle angle with the channel centerline (°) 

𝜇𝑐 The viscosity of the continuous phase 

ρp The density of abrasive particles 

ρw The density of the high pressure water upstream of the orifice 

ρw’ The density of the low pressure water entered to nozzle from slurry tube 

ρp The density of abrasive particles 

ϭ The spread of the erosive efficacy (standard deviation of a normal distribution) 

𝜙∗(𝑥∗) ϕ*(x*)= ϕ(x*)/ϕ(0) is the dimensionless particle flux 

𝜑 The angle of scar centerline with the reference line 

ω The disc angular velocity (rpm) 
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Chapter 1 Introduction 

1.1.  Water jet technology 

Abrasive water jet (AWJ) machining and abrasive slurry jet (ASJ) machining are water jet 

based technologies for micro machining in a variety of materials such as metals, glass, ceramics, 

polymers, and composite materials.  

In AWJ machining, an abrasive water jet (AWJ) machine uses an ultra-high water pressure 

(134 MPa to 345 MPa) jet of (1) water only, (2) water and air or (3) water, air, and abrasive 

additives to cut, mill or polish different materials [1]. In an AWJ machine (Figure 1-1), 

hydraulically driven high-pressure pumps bring the water to the applied cutting pressures. A 

pressure surge chamber produces a uniform flow of high-pressure water without a pressure  

 

 

Figure 1-1 Two-dimensional abrasive water jet cutting system [2]. 

 

variation. In the next step, the high-pressure water is directed through a small 0.1 mm-0.4 mm 

sapphire focusing orifice and a high-speed (i.e. 900 m/s) waterjet is formed [2]. As the water jet 

passes through the mixing tube, abrasive media (usually garnet) is fed in and mixed with the water 

stream. Then, the momentum of this high-speed water is gradually transferred to the abrasive 

particles, which enter into the mixing chamber and move down the mixing tube and ultimately 
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exit. The resulting abrasive particle speeds are generally 250-720 m/s. Because of this operation, 

a focused jet with a diameter on the order of the nozzle diameter is produced that will erode the 

workpiece material at impact [3]. In contrast with the AWJ system, no air is entrained into the ASJ 

system, because the abrasive and water are premixed in a separate container and then this slurry 

of abrasive and water is pumped through the orifice (i.e. traditional ASJ setup suggested by Miller 

[4]). 

AWJs have been used in the past mostly for large scale material separation, i.e. cutting, with 

kerf widths on the order of 1.3 mm. Recently, however, there has been considerable attention paid 

to the possibility of using AWJ machines to perform controlled depth milling (CDM) of these 

larger scale features. For example, Hashish [5,6] performed preliminary milling experiments on 

aluminum, titanium, glass and graphite composites with an AWJ machine, concluding that it is 

one of the most energy efficient methods of material removal, and has a great potential to be used 

in milling applications. Problems associated with the use of AWJs as a CDM technique include 

insufficient tolerance on depth, and unsatisfactory surface waviness and surface roughness of the 

milled area [7]. Ali and Wang [8] explained that AWJ equipment show potential to be used for the 

milling of materials in different patterns and shapes, using spiraling, zigzagging, stitching, and 

lapping patterns; however, they did not present any experimental results. Alberdi et al. [9] 

modelled the kerf shape of a straight channel as a Gaussian bell function using the maximum 

channel depth (d), maximum width (w), and the width at the half of the maximum depth (w0.5) as 

design variables. Freist et al. [10] used a cosine function to find the kerf geometry of channels 

made in ceramics. Laurinat et al. [11] also suggested an analytical model to predict the depth of 

cut in ductile materials using a modified cosine. However, these preliminary studies were mostly 

empirical and proof-of-concept for the milling of features larger than about 1 mm. More extensive 

research is required to understand and control operating parameters in the micro-AWJ milling 

domain. 

1.2.  Literature review 

In this section, a literature review of the developments in experimental and modeling aspects 

of AWJ machining will be presented to identify the knowledge gaps and potential areas for further 

research.    
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1.2.1. Solid particle erosion 

The abrasive particles machine a material surface using solid particle erosion mechanism. 

Material response to particle impact has been classified as ductile erosion and brittle erosion [8] 

as shown in Figure 1-2. Ductile erosion is applicable to materials (e.g. metals) that can have  

 

Figure 1-2 Ductile and brittle erosion modes [8]. 

 

plastic deformation and be scratched or ploughed under the impact of solid particles [12-14]. 

Brittle erosion applies to ceramics, glasses, and hard materials that do not have a significant plastic 

deformation and respond to impact loads by fracture forming cracks and fragmentation of affected 

zone [8]. Most ductile materials eroded by angular particles exhibit a peak erosion rate at incident 

angles of 20°-45° [8]. For brittle materials, the peak erosion occurs at angle 90°. 

1.2.2. Particle embedding 

AWJ machining can result in the embedment of abrasive particles in the target surface, which 

may cause problems such as coating delamination, imprint transfer problems in a micro-mold, and 

fatigue life reduction [16,19-21]. There are some papers about embedment of particles with 

relatively low velocities, e.g. in air-driven abrasive jet micro machining (AJM) [19-26]. Getu et 

al. [19] defined two criteria for embedment (i.e., particles do not lose contact with the target in the 

impact process and friction force between the particle and target is larger than the elastic rebound 

force the target applies on the particle). However, there are relatively few studies on the effect of 

processing parameters on the embedment of micro-particles into a target surface during milling 

with AWJ [16]. Ramulu and Raju [27] found that harder abrasive particles have a slight tendency 
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to be embedded. The shape of particles is another important factor that may affect particle 

embedment [22]. Ives and Ruff [22] explained that embedded particles, which are continually 

bombarded with incoming particles, are fractured and more deeply embedded. Particle embedment 

also depends on its impact angle. Higher impact angles (90°) generally lead to a lower level of 

particle embedment [22]. Shipway et al. [28] found that the level of embedded particle is rapidly 

reached a steady-state condition and then it does not increase with the number of passes of the jet. 

1.2.3. Effect of the plain water jet (PWJ) 

The effect of the high-speed water machining with AWJ is not completely understood [29]. 

Hashish [5] concluded that the water only accelerates the abrasive particles and cannot remove 

material from many metals. However, Summers et al. [30] observed pitting at steel surface under 

high water pressure (210 MPa). Ramulu [31] found that both the abrasive particles and high-

pressure water act during piercing of brittle materials. Indeed, some authors [32, 33] have used 

PWJ machining instead of AWJ machining for surface treatment, peening, milling, and cleaning 

technology due to its specific advantages, such as cost-effectiveness, environmental friendliness, 

and lack of grit embedment. Kong et al. [33] firstly attempted to use an ultra-high pressure water 

jet for milling hard materials such as gamma titanium aluminide. They concluded that PWJ has a 

high potential to generate features such as slots, grooves, and closed loop pockets on difficult to 

cut materials. 

1.2.4. Effect of the entrained air 

Along with abrasive, a significant amount of air is entrained into the abrasive jet in AWJ 

processes. The air-volume flow rate depends on several process parameters, including the pump 

pressure, abrasive flow rate, mixing-chamber design, focus diameter, and abrasive feed diameter. 

Himmelreich [34] measured the air-volume flow rate and found it increased almost linearly with 

the square root of the pump pressure (�̇�𝑎𝑖𝑟 = 𝑎3. √𝑝). Tazibt at al. [35,36] confirmed this 

relationship and found that the air occupies more than 90 percent of the volume of an abrasive 

water jet. The entrained air-volume flow rate significantly decreased as the abrasive-mass flow 

rate increases [37].   

Madadnia et al. [38] have postulated that the entrained air may play a major role in the jet 

cutting process. Chillman et al. [39] compared a plain water jet (PWJ) with a water air jet (WAJ) 
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and concluded that the air flow in a WAJ could increase the erosive nature of the jet by accelerating 

the breakdown of the solid fluid flow into droplet fluid flow (Figure 1-3).  

 

Figure 1-3 Water jet regions with distance from nozzle for three different conditions: (a) waterjet, 

(b) water-air jet with low air flow rate, and (c) water-air jet with high air flow rate [40]. 

 

The impingement of water droplets can cause erosion on the target material [39-41]. Huang 

et al. [32] explained that an initial stage of surface damage (i.e. material deformation) is formed 

by the water jet impingement and the subsequent surface damage is made by hydraulic penetration 

and lateral outflow of the water jet. Some papers [1,35,36] assumed a homogeneous mixture of 

water, air and particles in an AWJ. However, there is disagreement on this point, as others claimed 

that AWJ has non-uniform characteristics made up of different zones that vary from the interior to 

the exterior of the jet [42-44]. 

1.2.5. Channel repeatability and waviness in AWJ machining 

It is important to minimize surface waviness to prevent further finishing operations [28]. Chen 

and Siores [45] classified the causes of waviness formation into two categories, i.e. internal and 

external effects. The internal effect occurs because the kinetic energy in the jet is not uniformly 

distributed. For example, the jet energy has a wavy distribution, which this leads to a wavy striation 

formation on the target surface. The external effects refer to the fluctuation or unsteadiness of the 
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AWJ process parameters, including nozzle traverse velocity, water pressure, abrasive mass flow 

rate, air flow rate, as well as vibration of the workpiece and cutting head during machining [46,47].  

Water pressure has a significant influence on waviness of a cutting surface. Waviness is 

minimized at high water pressure since it provides sufficient energy to the abrasive enabling 

cutting [47]. Shipway et al. [28] noticed surface waviness increases with a decrease of traverse 

speed or an increase of multiple depth passes of the nozzle across the workpiece.  

An increase in the abrasive flow rate substantially reduces a cutting surface waviness. At lower 

abrasive-mass flow rate, the primary wavelength is about 6.djet. With an increase in the abrasive 

mass flow rate, the wavelength reduces initially due to decrease of air bubbles and increase of 

particle flux, and then it increases due to decrease of particles energy [29].   

1.2.6. Abrasive slurry jet machining 

Abrasive slurry jet (ASJ) machining is another water jet based technology for micro 

machining on metals, glass, ceramics, polymers and composite materials [4]. In ASJ machining, 

abrasive and water are premixed in a separate container and the slurry is pumped through a small 

orifice. In contrast with AWJ, no air is entrained in an ASJ, so that it behaves as a homogeneous 

jet without a water droplet zone at small standoff distances. The initial studies [91, 81, 48] of ASJ 

machining have shown that low pressure (<14 MPa) ASJ erosion is a practical process not only 

for cutting, but also for milling/etching of glasses and other ceramics. Because of the relatively 

low kinetic energies involved, the etch rate on metals is relatively low. Miller [4] also looked at 

high pressure slurry (70 MPa). However, the problem of his setup is the wear of the orifice, since 

the slurry forced through the orifice. In this research (Chapter 4), the AWJ machine will be used 

in the manner that the slurry will be added in the mixing tube. This is a potential large advantage 

to avoid any damage to the orifice. 

1.2.7. Surface evolution model of milling in AWJ machining 

A major step for controlled-depth milling in AWJ machining is to develop a model to predict 

the channel profile [49]. Some researchers [49,51] used statistical and empirical approaches (e.g. 

interpolation and regression analysis), which require many experiments varying a large number of 

parameters and must be repeated for each target material/abrasive powder combination. Artificial 
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intelligence approaches, such as genetic algorithms and programming [50,52] also require a great 

deal of raw data for model construction. Simulation approaches, such as the finite element method 

[17], require long computational times and simplifying hypotheses.  

A mathematical model to predict the AWJ  milled single-pass surface profile or ‘footprint’ 

using a relatively large nozzle (mixing tube diameter of 1 mm, with an average garnet particle size 

of 180-300 µm), has been developed by Kong et al [49], Axinte et al. [53] and Billingham et al. 

[54]. These models are broadly similar to the surface evolution models for the abrasive air jet 

machining (AJM) of glass first introduced by Boonkamp and Jansen [55] and Slikkerveer et al. 

[56], and later refined by Papini, Spelt and coworkers [57-58], who also extended them for use in 

the AJM of ductile materials such as polymethylmethacrylate (PMMA) [19,57] and metals [20,21]. 

The main differences between the surface evolution approach of Papini, Spelt and coworkers for 

AJM, and those used by Axinte et al. for AWJ are: (i) in contrast to the AJM models, the AWJ 

models did not consider the dependency of erosion rate on impact angle that occurs for ductile 

materials [59,60], (ii) the AWJ models have been tested for only relatively shallow features on 

titanium Ti6Al4V up to aspect ratio of 0.4, while the AJM models have been tested with high 

accuracy to aspect ratios up to 1.2 where the surface evolution can generate sharp corners or when 

the converging sidewalls at bottom of the feature bottom create a pointed profile. 

1.2.8. Submerged and unsubmerged AWJ machining  

Most previous studies of AWJ machining were limited to machining in the air; however, AWJ 

machining is often performed with a submerged nozzle tip and workpiece in order to reduce jet 

noise and abrasive dust. Since the drag of the surrounding fluid is significantly different when 

machining in air or water, it would be of interest to determine what effect this would have on the 

topography of the machined features, and the applicability of the surface evolution model. 

1.2.9. AWJ velocity 

1.2.9.1. Water velocity 

In an AWJ process, a pressurized water is passed through an orifice and a high-speed water 

jet is generated. Using Bernoulli’s Law and the nozzle coefficient (𝜂), the velocity of the exit 

water-jet can be estimated as [29] 
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𝑉𝑤 = 𝜂. √
2.𝑃

𝜌𝑤
                                                                     (1.1) 

where P and ρw are water pressure and density, respectively. The coefficient (𝜂) expresses the 

nozzle efficiency, by characterizing momentum losses due to wall friction, fluid-flow disturbances, 

and the compressibility of the water [29]. It can be measured by measuring impact force of the 

water jet and the nozzle diameter as follows [29]: 

𝜂 = √
2.𝐹𝑤

𝜋.𝜌𝑤.𝑑𝑁
2                                                                     (1.2) 

where Fw is the water-jet impact force and dN is the nozzle diameter. Momber and Kovacevic [29] 

found that the nozzle efficiency coefficient is usually between 0.83< 𝜂 <0.93.  

1.2.9.2. Particle velocity 

Erosion of metals is highly influenced by the particle impact velocity. It has generally been 

accepted that the erosion rate, E, is a function of the particle velocity, V. This relation is often 

empirically modelled as [59-61]  

𝐸 = 𝐶(𝑉)𝐾                                                                   (1.3) 

where C is a constant and K is the velocity exponent. The predicted channel profile shape is thus 

a strong function of K.  In AJM, Oka et al. [59] and Yerramareddy and Bahadur [62] observed that 

the value of K is between 2 and 3 for ductile metals, and between 3 and 5 for brittle metals in air 

abrasion processes. However, very few studies have investigated the value of K for AWJ, probably 

because of the difficulty in determining the particle velocity.  

1.2.9.3. Experimental measurement of particle velocity 

Several methods have been introduced to measure the abrasive velocity [63-72], such as laser 

dopper velocimetry [63], inductive method [64], the jet impact force method [66], rotary disk 

method [72], PIV (particle image velocimetry) method [68,71]. Liu et al. [72] used a dual-rotary 

disk apparatus to measure the average maximum water-droplet and abrasive speeds. This apparatus 

consists of two discs, fixed to a shaft one above the other at a given separation, and made to rotate 

rapidly. The particles pass from a narrow slot on the upper disk and generate an erosion scar on 
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the lower disk. The average speed of the particles (Va) is found by measuring the angle, between a 

reference line directly below the slot, and a line through the center of the erosion scar.  

Sawamura et al. [68] used the PIV (particle image velocimetry) method for measuring particle 

velocity. However, in doing so, they faced problems due to the presence of air bubbles in the 

abrasive water jet. The air bubbles were difficult to distinguish from the abrasive particles. Their 

results were thus limited by high uncertainties. 

Coray et al [69] compared all possible particle velocimetry methods and concluded that the 

method of laser-induced fluorescence and particle tracking velocimetry (LIF/ PTV) may be a 

promising method for the future. In the LIF/ PTV method, the abrasive particles are coated with a 

thin layer of fluorescent dye which is excited by a pulsed laser, and the emitted radiation is detected 

by a CCD camera [70]. Roth et al. [71] tried conditions, but LIF/ PTV method under real AWJ 

conditions but they had problems with the dye detaching from the abrasive particles, thus creating 

extensive background noise. The detachment problems are probably due to the use of Rhodamine 

B dye, a water-soluble material which is thus likely unsuitable for abrasive water jet applications.  

A sophisticated nonlinear image processing algorithm was developed to eliminate this noise and 

identify the fluorescent particles in the abrasive water jet. This algorithm helped to visually detect 

about 90% of the particles while only few ghost particles created.    

Generally, previous research suffered from one or more of the following problems: 1) only 

the average particle velocity was determined; 2) the results were not reliable due to difficulties in 

image processing to distinguish abrasive particles in a mixture of abrasive+water+air; 3) 

unrealistic conditions have been used, e.g., using magnetic particles instead of abrasive garnet so 

that a conductive-correlative method can be used; 4) previous investigations were not performed 

for micro-abrasive water jets.  

1.2.9.4. Theoretical prediction of particle velocity 

Theoretical models of particle velocity in AWJ applications have also been developed. For 

example, Tazbit et al. [35,36] used the momentum equation to find particle velocity in a two phase 

(abrasive-water) system. They assumed that the particles move under the action of drag determined 

the velocity as a function of the distance along the mixing tube. They claimed that their model can 
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predict the particle velocity at impact where there is also entrained air by replacing the water 

density in their equations with the following fluid jet density [1]: 𝜌𝑓𝑙 = 𝛽𝜌𝑎𝑖𝑟 + (1 − 𝛽𝜌𝑤𝑎𝑡𝑒𝑟). 

In this relationship, β is the air volume fraction in the total volume of air-particles, which was 

experimentally measured in their article. Zhang [73] also experimentally explored the air flow rate 

in the abrasive feed tube.  

Liu et al [79] suggested an idealized “reverse-bell” shape particle velocity and abrasive 

distribution when modeling AWJ, without considering air effects. Li et al. [80] derived perhaps 

the most complete model of particle velocity distribution in a micro abrasive air jet (i.e., AJM) in 

the nozzle and after leaving the nozzle in free jet flow. Narayanan et al. [81] used the Bernoulli’s, 

momentum and continuity principles to find particle velocity in an abrasive water jet, which was 

a three-phase flow consists of water (i.e. a non-compressible fluid), air (i.e. a compressible fluid), 

and abrasive. 

1.2.10. Abrasive water jet micro-machining (AWJM) 

All mentioned investigations have concentrated on the macro milling/cutting range. Further 

downsizing of the AWJ raises some challenges and difficulties in achieving consistent and uniform 

feeding of abrasives to the micro AWJ nozzle [82,83] due to: 1) a more complex flow phenomena 

in a three-phase micro abrasive water jet; 2) lower flowability of smaller particles due to the 

tendency of fine abrasives to coagulate or clump together as explained by Liu [83].  

Lately, some researchers have attempted to use abrasive water jets (AWJ) for micro-cutting 

applications [82-85], because conventional micro-machining methods such as chemical etching 

[86 5], micro-milling machining [87,88], electrical discharge machining (EDM) [89], and laser 

machining [90] require relatively expensive equipment, employ hazardous chemicals, are time-

consuming, cause thermal damage to the material, and can result in poor surface texture [91]. 

AWJs produce features with no heat-effected zone, minimal residual stresses, and edges without 

crushing, and having fewer defects [82,83]. For example, over the past five years, miniature AWJ 

nozzles, miniature AWJ nozzles and ancillary devices have been developed for micro-machining 

very small through-cut features [85], such as stainless steel micro-channels for fuel cells [92], 

stainless steel plates for orthopedic implants to repair bone and skull fractures [93], various 

medical devices [93], and miniature mechanical components, such as planetary gears [84]. 



11 

 

1.2.11. Summary 

The initial studies of AWJ machining [87-91] have shown that it is promising not only for 

cutting, but also milling/etching of materials. However, little is known about the relationship 

between AWJ operating parameters and the resulting erosion rates, especially in the range of 

micro-machining. Moreover, micro-milling of channels using water jet technology is also a 

potential research area. In addition, there is no reliable surface evolution model for prediction of 

channel profile. The machined channel cross-sectional profiles are highly dependent on the 

velocity distributions in the AWJ, which should be measured using suitable techniques. The 

influence of water and air on the resulting machined channel shape and quality also requires more 

investigation. Finally, the problem of repeatability and waviness resulting AWJ milling is an 

important issue that needs to be investigated and solved in future research. The research objectives 

of this thesis, outlined in Section 1.3, aim to address these challenges. 

1.3. Objectives 

This research investigates milling of micro-channels using abrasive water jet micro-machining 

(AWJM) and high-pressure abrasive slurry jet micro-machining (HASJM). In order to overcome 

the shortcomings of previous models and to improve channel quality (i.e. reduce waviness and 

roughness), this dissertation develops methodologies to predict the shape of micro-channels milled 

using high pressure abrasive water jets, and presents a new high pressure abrasive slurry jet micro-

machining process. The following secondary objectives were identified to build towards the main 

objectives: 

(i) Determine the effect of unsubmerged and submerged machining on the size and shape of 

micro-channels (Chapter 2). 

(ii) Develop a surface evolution model to predict the size and shape of relatively deep micro-

channels, resulting from unsubmerged and submerged abrasive water jet micro-machining 

(AWJM) (Chapter 3). 

(iii) Introduce a new high-pressure abrasive slurry-jet micro-machining (HASJM) apparatus 

from a relatively simple modification to a commercial high-pressure water jet (Chapter 4). 

(iv)  Isolate the effect of the entrained air in abrasive water jet micro-machining (AWJM) by 

comparing the centerline roughness and waviness of micro-channels made using AWJM 

and HASJM under identical velocity and dose conditions (Chapter 5). 
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Chapter 2  Abrasive Waterjet Micro-Machining of Channels in 

Metals: Comparison Between Machining in Air and Submerged 

in Water 

This chapter is based on the following published paper:   

N. Haghbin, J. K. Spelt, and M. Papini, “Abrasive waterjet micro-machining of channels in metals: 

comparison between machining in air and submerged in water,” International Journal of Machine 

Tools and Manufacture, vol. 88, pp. 108-117, 2015.  

 

2.1. Introduction 

 

There has been increased recent interest in the use of abrasive waterjets (AWJ) for micro-

machining. For example, miniature AWJ nozzles have been used to micro-machine through-cut 

features as small as 200 µm [85], stainless steel micro-channels for fuel cells [92] stainless steel 

plates for orthopedic implants to repair bone and skull fractures [92], and miniature mechanical 

components, such as planetary gears [85].  Liu et al. [83] used AWJ to machine micro-features in 

composites and thin metals, and Liu and Shubert [84] outlined some of the difficulties involved in 

preventing clogging by fine abrasives as they flow from the mixing tube to the micro-nozzle.  A 

key motivation for this interest in AWJ micro-machining is the ability to machine a wide range of 

materials with no heat-affected zone, minimal residual stress and relatively little edge damage. 

There has also  been considerable attention paid to the use of AWJ machines to perform controlled 

depth milling of larger scale features having widths greater than 1.3 mm. For example, Hashish 

[5,6] performed preliminary milling experiments on aluminum, titanium, glass and graphite 

composites with an AWJ machine, concluding that it is one of the most energy efficient methods 

for material removal, and has a great potential in milling applications. Axinte et al. [53] machined 

multi-pass channels in glass and developed models to predict their developing cross-sectional 

shapes. Kong et al. [49] machined straight, single-pass channels in titanium, while Billingham et 

al. [54] milled overlapped, single-pass channels in titanium. Shipway et al. [28] investigated the 

role of waterjet pressure, jet impingement angle, traverse speed, and abrasive size on waviness and 

roughness of milled channels in titanium. 



13 

 

A vast published literature shows the effect of standoff distances on width, depth and AWJ 

velocity for cutting applications; however, very few of them discuss these effects in milling 

applications. Regarding milling, Laurinat et al. [11] showed that the top kerf width of channels is 

proportional to the standoff distance. Alberdi et al. [9] found that the standoff distance is the most 

important factor for the kerf width. Srinvasu et al. [77] reported an increased width at a shallower 

jet impingement angle, i.e. nozzle angle less than 90°, which is due to the increase in width of jet 

footprint. Moreover, they found that the kerf width deceased with the increase in jet feed rate, 

although the difference was insignificant. For cutting, Kovacevic [94] showed that an increase in 

the standoff distance decreased the depth of cut almost linearly. Chen et al. [95] explained that this 

is because the jet power reaching the workpiece decreases when standoff increases, and therefore 

the lower part of the kerf cannot be machined as efficiently. Momber and Kovacevic [29] noted 

that, compared to other cutting parameters, changes in the standoff distance do not significantly 

influence the velocity of the abrasive particles. Clark and Burmeister [96] also discussed the 

stagnation effect as the formation of a film on the impacted zone that decreases the particle velocity 

and the ability to erode. Matsumura et al. [97] explained that this stagnation effect is controlled by 

the channel sidewall angles, which changes the slurry flow direction and reduces the AWJ velocity. 

Lv et al. [98] used a CFD model to simulate slurry velocity in the impact zone.  

All of previous studies of AWJ cutting and milling have been conducted with the nozzle and 

target in air rather than submerged. However, AWJ machining is frequently performed with a 

submerged nozzle and workpiece in order to reduce noise, splash and airborne debris. For example, 

Radvanska et al. [99] suggested using submerged AWJ machining as a safer machining method, 

with some of the kinetic energy of the jet being consumed in order to reduce noise. Shimizu [100] 

found that a submerged stationary slurry jet with a pressure of 20 MPa at standoff distances 

between 20 and 40 mm caused cavitation erosion on the workpiece after 2 h of machining. 

Madadnia et al. [38] found a similar cavitation effect on an aluminum sample at standoff distance 

50 mm after 180 s of machining with a stationary submerged water jet having a diameter of 254 

µm at a pressure of 240 MPa submerged in a slurry solution. However, submerged milling using 

an abrasive water jet and the effect of the surrounding water on the erosion rate, depth, and width 

of channels at relatively lower standoff distances (less than 5 mm) appears not to have been 

considered in the literature. Since the drag on the particles due to the surrounding fluid is 
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significantly different when machining in air and water, the effect on the topography of the 

resulting micro-machined features needs to be considered.  

Previous research studies did not consider abrasive water jets for micro-milling purposes. This 

chapter presents a comparison of submerged and unsubmerged abrasive water jet micro-milling 

(AWJM) of micro-channels in  6061 aluminum alloy and 316L stainless steel using a novel 

prototype miniature nozzle with a 254 µm mixing tube. Experiments were conducted to examine 

the relative effects of nozzle standoff, channel depth and jet impingement angle on the erosion rate 

and shapes of channel cross-sections.   

2.2. Experiments 

2.2.1. Experimental setup 

An OMAX 2626 Jet Machining Center (OMAX Corp., Kent, WA, USA) was used with a 

prototype nozzle having orifice and mixing tube diameters of 127 µm and 254 µm, respectively. 

Channels were micro-milled at pressures between 131 MPa and 268 MPa with the nozzle and 

target submerged in water (Figure 2-1) and in air. A treated 320-mesh garnet, with an average size 

of 38 µm (Figure 2-2) was used in all experiments. Table 2.1 gives the range of AWJ parameters 

used in the experiments. The aluminum alloy 6061-T6 and stainless steel 316L target samples were 

3 mm thick and were cut into 16×5 cm pieces. These were clamped to a stationary base that was 

placed underneath the nozzle at standoff distances between 2 and 4 mm (Figure 2-1). 

The nozzle movement was computer controlled with a positioning accuracy of ±76 µm over 

30 cm and a maximum scan speed of 4572 mm/min. The resulting micro-channel profile shapes 

were measured using a non-contact optical profilometer (model ST 400, Nanovea, Irvine, CA, 

USA) having a lateral and vertical resolution of 0.1 µm. A scanning electron microscope was used 

for further characterizing the channels.  
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Figure 2-1 Schematic of submerged abrasive water jet. Not to scale. 

 

 

Figure 2-2 Particle size distribution of garnet abrasive. Curve gives cumulative percent. 

 

Table 2.1. Machining parameters. 

 

 

 

 

 

  

Standoff distance (mm), h 2, 2.5, 3, 3.5, 4 

Submerged depth (mm), HW 20 

Abrasive mass flow rate (g/s), ṁ𝑎 

Garnet nominal diameter (µm) 

0.6-1.1 

                    38, 75 

Water pump pressure (MPa), Pp 138 

Traverse speed (mm/min), Vt 1000, 4572 

Nozzle angle (deg.), Ɵ 90°, 60°, 45°, 30°, 15° 

Number of passes, n 1, 2, 4, 10, 20, 30, 40, 50 

Orifice diameter/mixing tube diameters 

(µm), dO/dM 

127/254 

Workpiece materials SS 316L, Al 6061-T6, Glass 
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2.2.2. Jet size 

The jet diameter was used to characterize its spreading behaviour at different standoff 

distances. It is difficult to define a jet diameter for a water jet since the entrained air bubbles [29] 

create a diffuse, unsteady transition zone between the jet core and the surrounding media, water or 

air, as shown in Figure 2-3. In the past, the jet edge has been defined as the location where the 

impact of individual water droplets was measured [43,44], or the location where the impact force 

of the jet drops to 5% of its maximum impact force [101].  

 

 

Figure 2-3 Magnified shape of the abrasive water jet emerging from the micro-nozzle blasted in 

air at Pp=138 MPa with 320 mesh garnet. The narrowest jet diameter is 254 µm where it emerges 

from the mixing tube. 

 

In the present work, the effective jet diameter at a given standoff distance was defined as the 

entrance width of the slot cut by the jet in a rigid, 3 mm thick polyurethane modeling foam 

(Renshape, Huntsman Advanced Materials). Because of its very rapid erosion rate, the jet cut 

through the foam almost instantaneously, and the resulting cut was created without significant 

backflow or secondary milling effects. In this sense, the jet diameter was defined as the diameter 

of the blast zone having sufficient kinetic energy to erode the foam. Tests were conducted at a 

nozzle scan speed Vt=4572 mm/min, Pp=138 MPa and at standoff distances between 2 and 4 mm 

with the nozzle either submerged or in air under three conditions: 1. water+abrasive+entrained air 

(i.e. the normal AWJ operation condition, 2. water+entrained air (i.e. with no abrasive flowing into 

Core zone of 

micro AWJ 

Droplet zone 

of micro AWJ 



17 

 

the mixing tube), and 3. water only (i.e. with the abrasive feed tube blocked so that neither air nor 

abrasive could enter the mixing tube). The jet diameter was taken to be the average of the slot 

widths found in 24 width measurements; i.e 8 measurements of width within a 2 cm long machined 

channel, repeated on three separate channels. 

2.2.3. Micro-machining experiments  

Straight, stepped channels of various depths were machined into the two target materials using 

1, 2, 4, 10, 20, 30, 40 and 50 passes at Pp=138 MPa and Vt=1000 mm/min without turning off the 

water jet. The measured water flow rate at this pressure was 0.213 L/min. The scanning direction 

and the nozzle axis were in the same plane, and channels were machined at Ɵ=30° and 90° at both 

h=2 and 3 mm (Figure 2-4). Each of the eight sections of the stepped channel corresponding to a 

particular number of passes was 20 mm long, so the entire channel was 160 mm long; i.e. the first 

pass of the jet was 160 mm long beginning at y=0 with the second pass returning to y=20 mm, the 

third pass went to y=140 mm leaving a 2-pass segment at the end, the forth pass returned to y=20 

mm, etc.  

 

 

                                                

                                     

Figure 2-4 Micro-milling with nozzle global angles of Ɵ=30°, 90°, and standoff distance, h. Not 

to scale. 
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Channel depths were reported as the average and standard deviation of 24 total measurements; 

i.e. 8 measurements within a 2 cm long machined channel, repeated on three separately machined 

channels. The average width of each of these three 2 cm channels was then calculated using the 

average cross-section, taken as the one of these 8 profiles which had a centerline depth equal to 

the average value. The width of a channel was defined by the points on either side where the depth 

of erosion was 1/8 of the particle diameter (i.e. 4.7 µm for a particle size 38 µm). The erosion 

depth was defined as the average depth of 10 profilometer points 2 mm apart. Channel to channel 

scatter in both depth and width was similar to scatter within a channel. The overall standard 

deviation among the centerline depths and widths were 28 µm and 14 µm, respectively.  

Significant variations in the abrasive mass flow rate are typical in AWJ operations 

[76,77,102]. Therefore, in order to more accurately associate a given multi-pass channel profile 

with a particular abrasive flow rate, two-pass shallow, 20 mm long, calibration channels were 

machined beside the main channel at Pp=138 MPa and Vt=1000 mm/min immediately after the 

machining of the steps having 4, 10, 20, 30, 40 and 50 passes. The depths of these shallow 

calibration channels were then used to characterize the abrasive flow rate at any number of passes. 

The positioning accuracy of the water jet was excellent, and the process of repeatedly moving 

away from the main channel to machine the adjacent calibration channels introduced only a 

negligible change in the width of the main channel (i.e. 1-3%).  The machining of an entire set of 

channels (i.e. with depths achieved using from 1 to 50 passes) with the associated calibration 

channels, plus 20 s for jet stabilization, took 20 min, during which time the machine was running 

continuously. 

2.2.4. Measurement of erosion rate  

2.2.4.1. Spreading effect on erosion rate 

It was found that the erosion rate was affected both by the spreading of the divergent jet as a 

function of the standoff distance, and the channel depth which affected the constraint of the flow 

and the size of the stagnation zone. The spreading effect was investigated by measuring the width 

of channels made in the two target materials. The stagnation effect was quantified by measuring 

the centerline depth of the channels to define an instantaneous centerline erosion rate (Section 

2.2.4.2).  
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A number of authors have found that the centerline erosion rate due to AWJ machining 

decreases with increasing standoff. Momber and Kovacevic [29] found a linear decrease in channel 

depth with an increase in standoff in air due to the radial expansion of the jet spreads and the 

resulting decrease in the number of impacts per unit area. They found that particle velocity was 

not influenced significantly by the increase of standoff distance. On the other hand, an excessively 

small standoff distance may impede flow from the abrasive tube, and so Gao [103] suggested an 

optimum standoff distance of about 2.0 mm. 

To investigate the effect of standoff with the present micro-nozzle, shallow channels were 

machined at standoffs between 2 and 5 mm on SS316L and Al6061-T6 using Pp=138 MPa, 

Vt=4572 mm/min, and Ɵ=90°. To avoid effects associated with the variation of the abrasive mass 

flow rate, the channels were machined one after the other rapidly without interrupting the AWJ 

flow.   

2.2.4.2. Normalized instantaneous centerline erosion rate, Einst, for micromachining 

experiments 

It was found that the centerline erosion rate decreased with increasing channel depth.  In order 

to study the instantaneous change in the centerline erosion rate with respect to channel depth for 

the experiments of Section 2.3.3, it was necessary to take into account variations in mass flow rate 

that occurred during a given multi-pass experiment. These fluctuations were reflected in the 

change in calibration channel depths. Thus, an expected centerline depth, dexp, after N passes, was 

defined as 

 

𝑑𝑒𝑥𝑝 = ∫ 𝑑𝑐𝑎𝑙(𝑛)𝑑𝑛
𝑁

0
                                                              (2.1) 

 

where the function dcal(n) is a curve fit of the centerline depths of the calibration channels measured 

during the course of a machining experiment to create a stepped channel. It is noted that if the 

abrasive flow rate did not fluctuate during an experiment, Eq. (2.1) was simplified to 𝑑𝑒𝑥𝑝 =

𝑁𝑑𝑐𝑎𝑙. Figure 2-5 illustrates how the depths of these calibration channels varied over the course 

of one particular experiment; i.e. the calibration channel depth, dcal, after the machining of each of 
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the stepped channel segments having 2, 4, 10, 20, 30 40 and 50 passes. Although these variations 

in dcal were due to changing abrasive mass flow rates that could not be predicted from one 

experiment to the next, there was a consistent trend of a monotonic decrease with increasing 

machining time, tending toward a steady value after some period.  

The expected centerline depth, dexp, in Eq. (2.1) is an estimate of the channel depth that would 

have been achieved if there were no decrease of erosion rate due to increasing channel depth; i.e. 

if the machining had continued on an effectively flat target taking into account the measured 

fluctuations in the mass flux of the abrasive. As will be discussed in Section 2.3.1, dexp also 

accounts for the effect of jet spreading due to changes in standoff distance, since dexp was measured 

for each experimental condition. The only remaining factor affecting channel depth that is not 

accounted for in dexp is the change in the erosive flow field that is a function of the channel depth. 

This is the focus of Section 2.3.3.  

 

 

Figure 2-5 Example of centerline depths of two-pass calibration channels, dcal, machined after 

making each of the stepped channel segments having 4, 10, 20, 30, 40 and 50 passes. SS316L at 

nozzle angle Ɵ=90°, Pp=138 MPa, Vt=1000 mm/min, h=2 mm, submerged. Second-order curve 

fit giving the function of dcal (n) of Eq. (2.1). Each of the data points represents the average depth 

of a total of 24 measurements on three separate channels. Scatter bars representing ±1 standard 

deviation were small enough to fit within the symbols.   
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The depth of a given channel can be related to the centerline erosion rate, E, as follows.   

Referring to the coordinate system in Figure 2-4, the volume removed due to the impact of particles 

on a differential area dA=dydx at the centerline is dV=zdydx, where z is the centerline depth. If the 

specimen moves at a traverse speed of Vt, then the removed volume in a time dt becomes  

d𝑉 = 𝑧𝑉 𝑡d𝑡 d𝑥                                                      (2.2) 

 

The volumetric erosion rate (volume removed per mass of particle incident) is thus  

𝐸 =
𝑧𝑉𝑡d𝑡 d𝑥

�̇�d𝑡
                                                              (2.3) 

 

where �̇� is the particle mass flow rate incident to the area dA. Thus, the particle mass flow rate 

delivered to dA on the centerline of a given single pass calibration channel of depth of dcal is 

�̇� =
𝑑𝑐𝑎𝑙𝑉𝑡 d𝑥

𝐸𝑐𝑎𝑙
                                                                (2.4) 

 

where Ecal is the volumetric erosion rate for a given calibration channel; i.e. a constant since all 

calibration channels were shallow, and machined on an initially flat surface at the same standoff 

distance.   

Since each calibration channel was machined immediately after each stepped channel segment 

having n=2, 4, 10, 20, 30, 40, and 50 passes, Eq. (2.4) with the appropriate value of dcal (n) 

represents the instantaneous mass flow rate delivered to the stepped channels during the nth pass. 

Thus, for the multi-pass channel segments, the total mass of abrasive delivered to dA on the 

centerline after N passes is 

 

𝑚𝑡𝑜𝑡 = [∫ �̇�(𝑛)𝑑𝑛
𝑁

0
] 𝑑𝑡                                                          (2.5) 
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where �̇�(𝑛) is the instantaneous abrasive mass flow rate incident to dA during the nth pass of a 

machining experiment to create a stepped channel (Eq. (2.4)). The total volumetric centerline 

erosion rate on the multi-pass channel segments having depth dn after N passes is thus 

𝐸𝑁 =
𝑑𝑛𝑉𝑡  𝑑𝑥

∫ �̇�(𝑛)𝑑𝑛
𝑁

0

                                                              (2.6) 

Substituting Eq. (2.4) for calibration channels after n passes into Eq. (2.6) leads to 

 

𝐸𝑖𝑛𝑠𝑡 =
𝐸𝑁

𝐸𝑐𝑎𝑙
=

𝑑𝑛

∫ 𝑑𝑐𝑎𝑙(𝑛)d𝑛
𝑁

0

=
𝑑𝑛

𝑑𝑒𝑥𝑝
                                              (2.7) 

 

Equation (2.7) shows that the instantaneous normalized centerline erosion rate (ratio of erosion 

rate at n passes to the erosion rate for a flat surface) is the instantaneous slope of a plot of the actual 

centerline depth after n passes versus the expected depth at that time; i.e. the depth were the surface 

to remain flat and at a constant standoff distance up to n passes. This expression will be used in 

the analyses of Section 2.3.3. 

2.3. Results and discussion 

2.3.1. Jet size  

As mentioned previously, several investigators have noted a decreased erosion rate with 

channel depth that was attributed to jet spreading as the effective nozzle to surface standoff 

increases (i.e. distance from the end of the mixing tube to the bottom of the channel). Figure 2-6 

shows the jet diameters, dj, that were taken to be equal to the opening widths of the cuts on the 

foam material (Section 2.2.2) as measured using an optical microscope. It is evident that the jet 

diameter increased linearly with standoff distance, although differences existed depending on the 

composition of the jet, and whether the machining was done in air or submerged under water. For 

the water-only jet (Figure 2-6a), the jet diameter remained at the orifice diameter (127 µm) up to 

a standoff distance of 2 mm, and then  gradually increased to just less than the mixing tube 
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diameter, 254 µm, at h=4 mm. For the water with entrained air (Figure 2-6b), the jet was wider, 

occupying the entire mixing tube (254 µm diameter) at h=2 mm, and gradually spreading to 300 

µm at h=4 mm. The diameters of both the water-only jet and the water+air jet (Figure 2-6a, b) 

were found to be significantly smaller (t-test, p<0.001) when exiting in water than in air, 

presumably because the increased drag of the surrounding water decreased the water droplet 

velocity at the jet periphery to the point where erosion of the foam target did not occur, thereby 

creating a narrower channel. 

Upstream of the mixing tube, the water jet entrains air with the abrasive particles. The effect 

of this entrained air on the water jet as it spreads in air was explored by Yanaida and Ohashi [43,44] 

and Huang et al. [32] who found that after a certain standoff distance the central water jet breaks 

up into droplets. Chillman et al. [39] concluded that entrained air in a water jet accelerates the 

breakup of the jet, regardless of whether the jet is in air or is submerged under water. Neusen et 

al. [104] found that the length of the water jet before it breaks up was sensitive to the jet velocity, 

and was between 50.dM and 125.dM, where dM is the mixing tube diameter. For the present 

experiments with the micro-nozzle (dM =254 µm) at Pp=138 MPa, this implies that the water jet 

did not break up in the axial direction for the entire range of the selected standoffs between 2 and 

5 mm.  

For the case of a jet comprised of water+abrasive+air, the channels were much wider than 

those machined with water+air, reflecting a greater effective jet diameter; i.e. approximately 460 

µm or about twice the mixing tube diameter at h=2 mm for both exit conditions. This was probably 

due to collisions of the abrasive particles with the mixing tube wall, which caused the particles to 

exit at a greater angle to the nozzle axis. This is similar to the spreading mechanism seen in 

abrasive air jet machining [14]. Moreover, the addition of abrasive caused the rate of spreading 

with distance from the nozzle to be greater when the jet exited in air than when it was under water 

(Figure 2-6c). Therefore, comparing the spreading rates (slopes) of the jets without (Figure 2-6a 

and b) and with abrasive (Figure 2-6c) revealed that not only was the effective AWJ diameter 

significantly larger in air than under water, but also that the jet spread more rapidly with abrasive 

present (t-test, p<0.001).  
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(a)                                                                      (b) 

 

                                                                 

(c) 

 

Figure 2-6 Effective jet diameters, dj, from foam-board cuts when jet exited in air and in water for 

(a) Water-only jet; (b) Water+air jet; (c) Water+air+abrasive jet; Pp=138 MPa, Vt=4572 mm/min. 

Scatter bars represent  1 standard deviation. Mixing tube and orifice diameters shown for 

reference. Each of the data points and scatter bars represent the average width and standard 

deviation of a total of 24 measurements on 3 separate channels.  

 



25 

 

As mentioned previously, it is hypothesized that this was due to the increased drag on particles 

at the periphery of the submerged jet. Peripheral particles in air retained their velocity over a 

greater standoff distance, thereby machining wider channels in the foam; i.e. there was a greater 

effective jet diameter when the jet was in air (Figure 2-6c). This is consistent with Srinivasu et al. 

[77] who found that the jet axial velocity decreased as the jet diverged with increasing standoff 

distance. Statistical comparison of each pair of data points (t-test, p<0.01) in Figure 2-7 showed 

that single-pass channels (d≤30 µm) machined in the stainless steel and aluminum were 

significantly wider in air than in water, consistent with the effective jet diameter data of Figure 

2-6c. Figure 2-7 also illustrates that the channels in SS316L were significantly narrower (t-test, 

p<0.001) than those in Al6061-T6, simply because a narrower cone of particles had sufficient 

velocity to erode stainless steel than in the case of aluminum, where more peripheral particles still 

had sufficient velocity to erode a channel. 

 

 

Figure 2-7 Channel width versus standoff distance in air and in water for SS316L and Al6061-T6 

at Pp=138 MPa, Vt=4572 mm/min, Ɵ=90° (water+air+abrasive). Each of the data points represents 

the average width of 3 cross-sections, each being the average of 8 cross-sections taken from each 

of the three channels. Scatter bars representing ±1 standard deviation were small enough to fit 

within the symbols. 
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2.3.2. Channel shape and width 

Figure 2-8 shows typical micro-channels with aspect ratios (depth/width) of about 1.2 

machined under water using 30 passes for stainless steel and 10 passes for aluminum at PP=138 

MPa, Vt=1 m/min and h=2 mm. It is seen that the sidewalls were relatively steep so that the channel 

width increased only slowly with increasing depth. This is consistent with the creation of a filled 

portion of the channel having a constant aspect ratio, as mentioned previously.  

 

 

    (a)                                                                  (b)  

Figure 2-8 Scanning electron micrographs of channels with aspect ratio 1.2 in (a) SS316L (30 

passes) and (b) Al6061-T6 (10 passes), machined under water at Pp=138 MPa, Vt=1000 mm/min, 

and h=2 mm.  

 

Figure 2-9 shows that channels machined in air were slightly wider than those machined under 

water for the same depth, but the differences were relatively small. This agrees with the narrowing 

of the effective diameter of the submerged jet shown in Figure 2-6 and Figure 2-9 also reveals that 

the centerline depths of submerged and unsubmerged channels were approximately the same, 

because although the energy in the peripheral area of the AWJ in water was less than that in air, 

the energy in the jet core was equal in water and in air. This is discussed further in Section 2.3.3 

(Figure 2-12). 
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(a) 

 

(b) 

Figure 2-9 Comparison of half-channel shapes in water and in air for (a) 316L SS (30 passes), 

and (b) 6061-T6 Al (10 passes) at Pp= 138 MPa, Vt=1000 mm/min, Ɵ=90°, and h=3 mm. 
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2.3.3. Decrease of normalized instantaneous centerline erosion rate, Einst, with channel depth 

Figure 2-10 presents the centerline depth of channels, d, versus the expected depth, dexp, for 

the two target materials, machined in water and in air at Pp=138 MPa, Vt=1000 mm/min, h=2, 3 

mm with nozzle angles Ɵ=90° and Ɵ=30° for both backward (BW) and forward (FW) machining 

(Figure 2-4). As mentioned above, the expected depth (Eq. (2.1)) was calculated assuming that the 

erosion rate, measured using the shallow calibration channels, was maintained as the channels 

became deeper. The machining tests were performed using the standard conditions (Table 2.1; 38 

µm garnet) (Figure 2-10a, b) as well as a larger size garnet with an average size of 75 µm (Figure 

2-10c). It was found that a single power law curve (d=2.0441dexp
0.850) could be fit to all of these 

data at both nozzle angles with R2=0.991 with both abrasives. It is important to remember that dexp 

(from Eq. (2.1)) incorporated the effects of spreading inherent in the use of the two standoff 

distances (h) and the two nozzle angles; i.e. the only effect not inherent in dexp is the effect of 

stagnation within a channel. Therefore, Figure 2-10 shows that there was a progressive reduction 

in the measured centerline depth compared with the depth expected from the total incident energy 

of the abrasive jet (the latter being proportional to dexp). This progressive decrease in the expected 

depth was attributed to the reduction in the particle velocity caused by stagnation effects within 

the confines of the deepening channel, and to continued spreading as the effective standoff to the 

bottom of the channel increased. A point by point statistical analysis of the experimental data 

points in Figure 2-10 (t-test, p>0.95) showed that the function relating the actual depth to the 

expected depth was  independent of the two target materials tested, the nominal standoff distance, 

nozzle angle, particle size, and surrounding fluid. 

As explained in Section 2.2.4.2, the slope of the power-law curve fit (d=2.04dexp
0.850) in Figure 

2-10, is equal to the instantaneous centerline erosion rate normalized by the corresponding value 

on a flat surface; i.e Einst=1.74dexp
-0.150, or in terms of the actual channel centerline depth, d,  

(dexp=0.431d1.17) as 

𝐸𝑖𝑛𝑠𝑡 =
1.97

𝑑0.177                                                                 (2.8) 
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(a)                                                                      (b) 

 

(c) 

Figure 2-10 Channel centerline depth, d, versus the expected depth, dexp (Eq. (2.1)) for micro-

milling with (a) normal nozzle angle, Ɵ=90°, h=2, 3 mm, and (b) inclined nozzle angle, Ɵ=30°, 

h=3 mm (backward and forward) in water and in air for SS316L and Al6061-T6, (c) using larger 

garnet particles (75 µm) at Ɵ=90°, h=2 for Al6061-T6, Pp=138 MPa, Vt=1000 mm/min. Each of 

the data points represents the average depth of a total of 24 measurements on three channels. 

Scatter bars representing ±1 standard deviation were small enough to fit within the symbols. 
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Figure 2-11 shows the dependence of the normalized instantaneous centerline erosion rate 

(Einst) on channel depth, Eq. (2.8), for both target materials at nominal standoff distances of h=2 

and 3 mm for both submerged and unsubmerged machining at normal (θ=90°) and inclined (θ=30°) 

nozzle angles. As with Figure 2-10, Einst was independent of the target material, the initial 

(nominal) standoff distance, h, and whether the jet was submerged or not. Therefore, the decrease 

in the normalized instantaneous centerline erosion rate (Einst) was only a function of the channel 

depth for the given jet diameter. Figure 2-11 shows that stagnation effects within the confines of 

the channels and the increased jet spreading caused the normalized instantaneous centerline 

erosion rate to decrease by up to 40% of its initial value at a channel depth of 800 µm.  

Similar trends were apparent in the behavior of the volumetric erosion rate as a function of 

the channel centerline depth. The principal difference was that the volumetric erosion rate 

decreased less with increasing depth than did the centerline erosion rate. This was a consequence 

of how the channel width also changed with depth. 

 

 

Figure 2-11 Normalized instantaneous centerline erosion rate, Einst, versus channel centerline 

depth, d, for channels machined in air and submerged in water for SS316L and Al6061-T6 at 

nozzle angles, Ɵ=30°, 90°, Pp=138 MPa, Vt=1000 mm/min, h=2, 3 mm.  
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As mentioned above, it is hypothesized that the decrease in the normalized instantaneous 

centerline erosion rate with increasing channel depth, d, seen in Figure 2-11, was due to continued 

jet spreading and a further decrease in particle velocity resulting from drag within the stagnation 

zone near the bottom of the channel. The increase in the spreading effect (relative to the spread of 

the jet on the initial flat surface) was a function of the total effective standoff, htotal, between the 

nozzle and channel bottom (h+d), and was quantified by measuring the depths of shallow channels 

(d≤50 µm) at 5 standoff distances between h=2 and 5 mm. It was assumed that the stagnation effect 

in such shallow channels was relatively small compared with the deeper channels of Figure 2-10.  

Figure 2-12 shows these shallow channel depths normalized by the depth of the channel 

machined at h=2 mm, 𝐸ℎ
∗, for the two target materials at a highest scan speed, Vt=4572 mm/min, 

Pp=138 MPa, and nozzle angles θ=45°, 90°.  

 

 

Figure 2-12 Shallow channel depth normalized by that at h=2 mm, E*
h as a function of total 

effective standoff distance to the bottom of each shallow channel, htotal, for θ=90° (solid line) and 

θ=45° in water and in air. SS316L and Al6061 at Pp=138 MPa, and Vt=4587 mm/min. Each of the 

data points represents the average depth of a total of 24 measurements on three channels. Scatter 

bars representing ±1 standard deviation were small enough to fit within the symbols. 
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A statistical analysis was performed to compare the slopes of lines fitted for the different 

machining conditions (note: for all conditions at h=2 mm, 𝐸ℎ
∗=1). With a high probability (t-test, 

p>0.9), the effect of standoff distance in water and in air machining was the same. As expected for 

this spreading effect, the decrease in 𝐸ℎ
∗ with increasing h was independent of the target material, 

the jet inclination, and whether the jet was submerged or in air. 

The decrease in the normalized centerline depth due to increased spreading seen in Figure 

2-12, can be superimposed on the data of Figure 2-11 to show how much of the normalized 

centerline erosion rate decrease with depth was due to flow stagnation in deeper channels. Figure 

2-13 shows these two effects, with the difference between the solid line, representing 𝐸ℎ
∗, and the 

instantaneous erosion rate, Einst, being due to the effect of the growing stagnation zone in channels 

as they become deeper. This is consistent with the CFD modelling of waterjet particle velocities 

in channels of various depths and widths of Matsumura et al. [97] and Lv et al. [98].   

 

 

Figure 2-13 Normalized instantaneous centerline erosion rate, Einst (Figure 2-11) and the amount 

of it due to jet spreading, E*
h (Figure 2-12) as a function of total effective standoff distance, htotal. 

Data for Al6061-T6 and SS316L machined in water and in air, at θ=30°, 90°, h=2 mm, Pp=138 

MPa, Vt=4587 mm/min. 
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It is intriguing that the reduction in Einst due to the stagnation zone seen in Figure 2-13, 

increases quickly to approximately htotal=3.4 mm (d1 mm), but then becomes constant so that 

further decreases are attributable to spreading alone; i.e. the slopes of the two curves become 

roughly equal. It is hypothesized that this was probably a consequence of attaining an 

approximately constant value for the aspect ratio of the filled portion of the channel cross-section; 

i.e. the depth to width ratio of the part of the cross-section that is effectively filled with water 

within the footprint of the jet. This is consistent with the observation of Section 2.3.2, that the 

channels in steel and aluminum had essentially the same cross-sectional shapes, which did not 

change appreciably with depth since the side walls were quite steep.  

This hypothesis was explored further by comparing the curves of Figure 2-10 for the two 

metals with the behavior of glass, as shown in Figure 2-14a. In this case, channels were made in 

borosilicate glass plates (Borofloat®, Schott Inc., NY, USA) when submerged and in air with a 

high scan speed (Vt=4572 mm/min) and n=1, 2, 4, 6, 8 passes (Ɵ=90°, h=2 mm, Pp=138 MPa). A 

statistical analysis comparing the slopes of the two curves (Figure 2-14a) showed that the 

progressive reduction in the expected depth was significantly greater in glass than in the two target 

metals (t-test, p<0.001). This is consistent with the greater V-shape of channels made in glass than 

in metal, as shown in Figure 2-14b. It is hypothesized that the narrower glass channels would be 

filled to a higher level by the jet flow within the footprint, and that this would produce a greater 

stagnation zone reduction of the erosion rate. Thus, the channel shape can affect the depth of water 

within the channel, which in turn affects the relationship between the expected depth and the actual 

depth. Target materials that erode to produce similarly shaped channels result in similar decreases 

in instantaneous erosion rate. 
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(a) 

 

(b) 

Figure 2-14 (a) Comparison of channel centerline depth, d, versus the expected depth, dexp (Eq. 

(2.1)) for channels machined in glass (data points and dashed curve) and metals (solid curve, data 

of Figure 2-10). (b) Normalized cross-sectional shapes of channels with the same depth (d≈1mm) 

machined in water in SS316 (n=50 passes) with Vt=1000 mm/min and glass (n=8 passes) with 

Vt=4572 mm/min at Ɵ=90°, h=2 mm, Pp=138 MPa. Each of the data points represents the average 

depth of a total of 24 measurements on three separate channels. Scatter bars representing ±1 

standard deviation were small enough to fit within the symbols. 
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2.4. Summary 

The abrasive water jet micro-machining of channels in aluminum and stainless steel was 

compared in the submerged and unsubmerged conditions for a range of angles and standoff 

distances. It was found that the channels machined using the unsubmerged jet were significantly 

wider than those machined with the submerged jet because of increased drag on the jet periphery. 

This was true for water-only jets, jets with entrained air, and jets with entrained air and particles. 

Moreover, the instantaneous centerline erosion rate and volumetric erosion rates decreased with 

channel depth. It was established that this was due to the combined effects of jet spreading with 

increase effective standoff distance and the jet stagnation zone at the bottom of the channel within 

the footprint of the jet. The decrease in erosion rate due to the stagnation zone was shown to be 

only a function of channel geometry, and was independent of the standoff distance, jet angle, jet 

direction (forward or backward machining) and whether the jet was submerged or in air. A major 

advantage of submerged abrasive waterjet micro-machining compared to its use in air, is that it is 

possible to machine narrower channels, thereby increasing the resolution of the process without 

reducing the centerline etch rate. Submerged AWJ micro-machining also has the additional 

benefits of reducing noise and releasing less abrasive debris to the air. In Chapter 3, the data from 

this chapter will be used to develop a model to predict the cross sectional channel shapes resulting 

from submerged and unsubmerged AWJM.   
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Chapter 3 Abrasive Waterjet Micro-Machining of Channels in 

Metals: Model to Predict High Aspect-Ratio Channel Profiles for 

Submerged and Unsubmerged Machining   

This chapter is based on the following published paper:   

N. Haghbin, J. K. Spelt, and M. Papini, “Abrasive waterjet micro-machining of channels in metals: 

Model to predict high aspect-ratio channel profiles for submerged and unsubmerged machining,” 

Journal of Materials Processing Technology, vol. 222, pp. 399-409, 2015.  

 

3.1. Introduction 

Micro-channels  with a wide range of low to high aspect ratios (i.e. depth/width) have many 

applications in micro-electromechanical systems (MEMS) and micro fluidics systems, such as 

those in lab-on-chip devices [105], microchip electronic cooling systems [106], biomedical micro-

devices [107], biochemistry [107], and electrophoretic applications [109]. Abrasive water jet 

micro-machining (AWJM) is an attractive technology for producing micro-channels  because of 

its ability to machine a wide range of ductile and brittle materials with no heat affected zone, 

minimal residual stress, and relatively little edge damage. 

To obtain a micro-channel of a given required aspect ratio with a low waviness and roughness, 

the AWJM process must be precisely controlled. This is most easily accomplished using multiple 

passes at a relatively high scan speed. Researchers such as Agus et al. [110] have also found that 

using this multi-pass strategy is an efficient solution because it decreases surface waviness, and 

reduces total costs associated with the purchase of spare parts, energy, and abrasive. Furthermore, 

Wang and Guo [111] found that, for the same machining time, multi-pass AWJ milling in ceramics 

at a high traverse speed can result in a higher material removal and lower surface roughness than 

single-pass machining with a slow traverse speed. Shipway et al. [28] also showed that using a 

high traverse velocity and multi-pass machining in titanium results in a lower roughness and 

waviness of channels than a single pass at a low traverse velocity. The present work thus focuses 

on the development of a model to predict the depth and shape of micro-channels made using 

multiple nozzle passes. 
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The first relatively simple mathematical models of AWJ machining could predict only the 

depth of cut made by relatively large nozzles, rather than the actual channel shape as it is milled 

and becomes deeper. For example, for water-only jets, Crow [112] derived an equation for depth 

as a function of water velocity and the properties of the target (rock), and Rehbinder [113] 

developed a model to predict the water pressure required to reach a required depth in the cutting 

of rock. Hlavac and Vasak [114] proposed an energy approach to express the depth of a deep cut 

made by a water-only jet in rock in terms of the initial jet velocity, traverse velocity, cutting time, 

and the strength of the rock. In AWJ machining, Hashish [115] presented a model to predict the 

depth of cut in ductile materials as a function of the different abrasive waterjet parameters (i.e. 

water pressure, abrasive flow rate, traverse velocity, and jet diameter). 

A key step for controlled-depth abrasive water jet (AWJ) milling is to develop a model to 

predict the size and shape of the channel cross-sectional profile [49]. Alberdi et al. [9] modelled 

the kerf shape of a straight channel in aluminum 7075-T651 as a Gaussian bell function using the 

maximum channel depth, maximum width, and the width at half of the maximum depth as 

parameters. Freist et al. [10] defined the kerf shape for AWJ milling in ceramics using a cosine 

function. Laurinat et al. [11] described channel kerf profiles in different materials using modified 

cosine functions, and related their model to the standoff distance and the traverse feed rate. They 

divided the kerf profile in two zones, and developed analytical models for the total depth of cut in 

the case of ductile materials. Wang [116] presented an empirical model using a dimensional 

analysis technique to determine the depth of cut in alumina ceramic, but the model did not predict 

the shape and width of channels. Ojmertz and Amini [117] used statistical methods such as 

interpolation and regression analysis to model the shapes of channels in a milling process, but 

these types of empirical approaches require many experiments, varying a large number of 

parameters, and must be repeated for each target material/abrasive powder combination. Artificial 

intelligence approaches, such as the genetic algorithms applied by Carrascal and Alberdi [118], 

also require a great deal of data spanning the range of the many machining parameters in order to 

predict the kerf profile in AWJ machining. Simulation approaches to predict the shape of AWJ 

milled footprints, such as the finite element methods presented by Anwar et al. [119] or the unit 

event approach used by Lebar and Junkar [120] require long computational times and many 

simplifying hypotheses. 
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A mathematical model to predict relatively shallow AWJ milled surface profiles or 

‘footprints’ using a relatively large nozzle (mixing tube diameter of 1 mm, with an average garnet 

particle size of 180-300 µm), was developed by Axinte et al. [53] for brittle materials with the jet 

incident perpendicular to the surface, i.e., at a 90° jet impact angle. This model for brittle materials 

was subsequently applied to single straight paths in a titanium alloy, normally considered to be a 

ductile material, for moving jets with arbitrary angle [49], and for overlapped single and multiple 

straight paths in titanium [54]. This footprint approach is similar to that pioneered by Ghobeity et 

al. [58] that utilized a shallow first pass profile in order to determine the erosive efficacy of the 

blasting system in the prediction of the surface evolution of features machined in glass using 

abrasive air jet micro-machining (AJM). This AJM methodology has also been extended so that it 

could be used for ductile materials such as polymethylmethacrylate (PMMA) at both normal and 

oblique angles of attack [19,121], and to metals [21]. Nouraei et al. [122] also successfully applied 

the AJM model for brittle materials to the abrasive slurry jet micro-machining of borosilicate glass.  

While useful for planning the milling of relatively wide and shallow features,  the footprint 

models developed thus far for AWJ using relatively large nozzles (1 mm) are not appropriate for 

the presently considered multi-pass micro-machining of high aspect-ratio channels. As machined 

features become deeper, the local impact angle on the steep sidewalls changes.  Oka et al. [59] and 

many others have shown that for ductile materials, the erosion rate depends strongly on the impact 

angle. Since the current AWJ footprint models do not consider this dependency, they are 

appropriate only for shallow and wide features, and have therefore been tested only up to an aspect 

ratio (ratio of feature depth to width) of 0.4. The earlier AJM surface evolution models, on the 

other hand, do consider this dependence on the local impact angle, as well as other complications 

associated with the prediction of very high aspect-ratio features (up to 2.5), such as the use of 

curvature-dependent smoothing [78] near rapid changes in sidewall slope.  

Haghbin et al. [123] presented erosion rates and cross-sectional profiles of micro-channels in 

SS316L and Al6061-T6 made using a novel prototype miniaturized nozzle with a 254 μm mixing 

tube operating in air and when submerged under water. They showed that submerged AWJM, 

which is used to reduce dust and noise, produces narrower channels than those made in air without 

a reduction in the centerline etch rate. In contrast to micro-channels machined using air driven 

AJM, the instantaneous centerline erosion rate and volumetric erosion rates decreased with channel 
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depth due to jet spreading with increased effective standoff distance and the jet stagnation zone at 

the bottom of the channel within the footprint of the jet. The decrease in erosion rate due to the 

stagnation zone was only a function of channel geometry, and was independent of the standoff 

distance, jet angle, jet direction (forward or backward machining) and whether the jet was 

submerged or in air. These effects were captured conveniently by defining a centerline 

instantaneous erosion rate that was normalized by the erosion rate of a shallow channel at the same 

effective standoff distance, Einst. This normalized instantaneous centerline erosion rate decreased 

with increasing centerline depth, d, according to a single master power-law curve that reflected the 

increase in the stagnation zone size. In addition to being independent of the nozzle-to-surface 

standoff distance via the normalization, Einst was independent of target material (glass or metal) 

and the surrounding fluid (air or water).   

This chapter demonstrates that the erosive efficacy distribution also changes with channel 

depth, reflecting changes in the local particle impact angles within a deepening machined channel. 

Previous AWJM models have not considered these changes and are, therefore, limited to relatively 

shallow channels. The new model can predict the shapes of channels machined in water and in air 

on 6061-T6 aluminum alloy and 316L stainless steel targets up to aspect ratios of 3.2. Since these 

targets span a wide range of material properties such as hardness and density that are known to 

strongly affect the erosion rate, the model is expected to be generally applicable to a wide variety 

of metals and other ductile materials.  

3.2. Experiments 

3.2.1. Micro-machining of high aspect ratio channels 

The experimental setup and the AWJ parameters and procedure are described in detail in 

section 2.2.1. Briefly, an OMAX 2626 Jet Machining Centre (OMAX Corp., Kent, Washington, 

USA) fitted with a prototype nozzle having an orifice diameter, dO, of 127 µm and a 254 µm 

mixing tube (i.e. focusing or collimating tube) diameter, dM, with a 28 mm mixing tube length, LM, 

was used to machine straight micro-channels up to an aspect ratio of 3.2 in aluminum 6061-T6 and 

stainless steel 316L target samples. The prototype nozzle was a 5/10 MAXJET 5, which had the 

same nozzle body as the 7/15 Mini MAXJET 5 (OMAX part no. 305764-07) as discussed by Liu 

and Sagawa [124] (i.e. only the mixing tube and orifice were changed). The water flow rate at a 



40 

 

machining pressure of Pp=138 MPa was 0.213 L/min. Figure 3-1 presents the size distribution and 

an image of the treated 320-mesh garnet (Barton International, Glens Falls, NY, USA) with an 

average equivalent spherical diameter of 38 µm used in all experiments. The abrasive mass flow 

rate, ṁa, was varied between 0.6 and 1.1 g/s.  

 

 

Figure 3-1 The size distribution and shapes of the surface-treated320-mesh garnet. Scale bar 

represents 100 m. 

 

The straight micro-channels were machined using multiple nozzle passes (up to n=50) at a 

traverse velocity of Vt=1000 mm/min with global nozzle inclinations of θ= 90° and 30°.  Nozzle 

to surface standoff distances of h=2, 3 mm (Figure 3-2a) were used, and both the nozzle tip and 

the workpiece were either in air or were submerged in water. The θ=30° experiments were 

performed both in the ‘forward’ and ‘backward’ configuration (Figure 3-2a). The resulting micro-

channel cross-sectional profile shapes were measured using a non-contact optical profilometer 

(model ST 400, Nanovea, Irvine, CA, USA) having a lateral and vertical resolution of 0.1 µm. 

Channel centerline depths were recorded as the average and standard deviation of 24 total 

measurements; i.e. 8 measurements within a 2 cm long machined channel, repeated on three 

separately machined channels. Channel to channel scatter was similar to scatter within a channel. 

100 µm 



41 

 

The average cross-sectional profile of these three 2 cm channels was then, taken as the one of these 

24 profiles which had a centerline depth equal to the average value. The overall standard deviation 

among the channel centerline depth was 28 µm. 

 

 

                                                                                 

(a)                                                                                  (b) 

Figure 3-2 (a) Setup used for (a) micro-milling with nozzle at global angles of Ɵ=30°, 90°, and 

standoff distance, h, and (b) measurement of erosion rates on nominally flat surfaces using very 

shallow channels as function of global angle β. Not to scale. 

 

3.2.2. Measurement of erosion rate versus angle of attack 

The erosion rate, E, generally depends on the angle, , between the incident particles and the 

target according to 

𝐸(𝛽) =
𝑀𝑚

𝑀𝑎
                                                                    (3.1) 

where Mm and Ma are the total mass of target material removed and the total mass of abrasive 

incident to the target surface, respectively. The use of very shallow channels ensured that the local 

impact angles, α, within the jet footprint (Figure 3-3) were unaffected by the slope of the channel 

walls and were approximately equal to the global angle of the nozzle,  (Figure 3-2b). It was 
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further assumed that incident particle trajectories were largely unaffected by streamline deflection 

within the footprint area [120], and that the effect of the shallow sidewall slope on the size of the 

stagnation zone was negligible. Therefore, under these conditions, the jet angle  was equal to the 

local impact angle α. 

 

                                                                        

 

 

                                             

Figure 3-3 AWJ nozzle at angle =90° when machining a deep channel (Figure 3-2a) and local 

impact angle (α) of abrasive particles. 

 

The function E() was determined for the 6061-T6 aluminum alloy and 316L stainless steel 

by machining very shallow (<50 µm) channels using a scan speed of 4572 mm/min at =15°, 30°, 

45°, 60°, 90° at h=3 mm as shown in Figure 3-2b. This configuration, i.e. with the nozzle axis 

perpendicular to the scanning direction at all angles, was used in order to minimize erosion that 

may be caused by flow parallel to the target, beyond the initial blast zone of the jet. The removed 

target mass was calculated by measuring the average channel cross-sectional area, Am, and 

multiplying by the channel length and target density (stainless steel: 8027 kg/m3, aluminum: 2700 

kg/m3). The mass of abrasive incident to the channel was found by collecting and weighing the 

abrasive exiting from the abrasive hopper during the machining time. The average volume of 
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eroded material was calculated using the average channel cross-sectional profile as defined in 

Section 3.2.1.   

The normalized dependence of the erosion rate on  was expressed as, 

 

𝑔(𝛽) =
𝐸(𝛽)

𝐸(90°)
                                                                   (3.2) 

 

where 𝐸(𝛽) and 𝐸(90°) are the erosion rates (g/g) at a given global angle of attack, , and at 

normal incidence (β=90°), respectively. The function 𝑔(𝛽), or equivalently, 𝑔(𝛼), where α is the 

local angle of impact, was fit to the following expression [59]: 

 

𝑔(𝛽) =(𝑠𝑖𝑛𝛽)𝑛1(1 + 𝐻𝑉(1 − 𝑠𝑖𝑛𝛽))𝑛2                                            (3.3) 

 

where the first term is associated with erosion due to repeated plastic deformation, and the second 

term is related to erosion due to cutting. The constants n1 and n2, which are fitted using the erosion 

versus angle of attack data, depend on particle type, hardness and size, and the impact conditions, 

while HV (GPa) is the initial Vickers hardness of the target.   

 

3.3. Surface evolution modelling   

3.3.1. Original AJM model   

Getu et al. [57] developed a surface evolution model for air-driven abrasive jet micro-

machining (AJM) of ductile polymers. The model was adapted for use in the AJM of metals by 

Ally et al. [21]. The partial differential equation describing the general surface evolution in this 

case is 

 

𝑧∗
,𝑡∗ = 𝑄∗(𝑥∗). (√(1 + 𝑧∗

,𝑥∗(𝑥∗, 𝑡∗)2)) . 𝑔(𝛼). [1 − 𝜀.
𝑧∗

,𝑥∗𝑥∗(𝑥∗,𝑡∗)

(1+𝑧∗
,𝑥∗(𝑥∗,𝑡∗)2)

3
2

]              (3.4) 
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where the starred letters represent the dimensionless depth and width coordinates z*=z/h, x*=x/h, 

respectively, that have been normalized by the standoff distance h (Figure 3-2). The terms 𝑧∗
,𝑡∗, 

and 𝑧∗
,𝑥∗ are the derivatives of z* with respect to t* and x*, respectively. The dimensionless 

machining time is t*=t/T, where t is the machining time after n passes to reach a depth z. The time 

constant, T, is the number of passes, assuming a constant erosion rate, required to propagate the 

surface at the channel centerline (i.e. x=0), to a centerline depth z equal to h; i.e. z*=1. The term 

𝑄∗(𝑥∗) represents the potential of the abrasive jet to erode the target, the so-called non-dimensional 

"erosive efficacy”, defined as 

 

𝑄∗(𝑥∗) = 𝑉∗(𝑥∗)𝐾𝜙∗(𝑥∗)                                                  (3.5) 

 

where V*(x*)=V(x*)/V(0) is the dimensionless particle velocity distribution at the surface, 𝐾 is the 

velocity exponent, and ϕ*(x*)= ϕ(x*)/ϕ(0) is the dimensionless particle flux. Therefore, the erosive 

efficacy represents the amount of erosion at a given transverse coordinate, x*, normalized by the 

value at the center of the channel. The model in Eq. (3.4) assumes a constant centerline erosion 

rate, an assumption that was found to be valid for AJM of channels and holes up to aspect ratios 

of 2.5 and 1.2, respectively [57,121].   

Haghbin et al. [123] found that the erosion rate in the AWJ machining decreased with 

increasing channel depth due to the continued spreading of the jet and the increase in the size of 

the stagnation zone. These two effects were modelled using a normalized instantaneous centerline 

erosion rate, Einst, equal to the slope of a plot of the actual centerline depth after n passes (dn) versus 

the expected depth at that time (dexp); i.e. Einst=dn/dexp. It was showed that Einst decreases with the 

centerline depth according to 

 

𝐸𝑖𝑛𝑠𝑡 =
𝐴

[𝑧∗(0,𝑡∗).ℎ]𝐵                                                          (3.6) 

 

where A and B are 1.972 and 0.177, respectively, for SS316L and Al6061-T6 regardless of whether 

the jet is in or out of water [123]. The term z*(0,t*) is the normalized depth of the channel at the 
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centerline (x*=0) at  standoff distance, h, and a normalized time t*. Therefore, Einst is just the ratio 

of the centerline erosion rate in a channel at depth z* and the corresponding value on a flat surface 

at a standoff distance equal to z*.  Consequently, the erosive efficacy could be corrected to account 

for the effect of the footprint stagnation zone at depth z* by multiplying by Einst; i.e.  

 

𝑄𝑖𝑛𝑠𝑡
∗ (𝑥∗) = 𝐸𝑖𝑛𝑠𝑡 . 𝑄∗(𝑥∗)                                                 (3.7) 

 

 

This instantaneous erosion efficacy 𝑄𝑖𝑛𝑠𝑡
∗ (𝑥∗) was then used in Eq. (3.4) instead of the constant 

erosion efficacy, 𝑄∗(𝑥∗), that was used in the original AJM model.  

The last term in Eq. (3.4) is a curvature-dependent smoothing term, 𝜀 that is necessary to 

improve accuracy and maintain stability in the solution of the partial differential equation in cases 

where the profile has a relatively sharp corner. Guidelines for the choice of 𝜀, based on the aspect 

ratio of the channel, can be found in Ghobeity et al. [78]. In the present work, values between 

0.001 and 0.01 were appropriate.  

3.3.2. Erosion rate as function of global angle of incidence, 𝒈(𝜷)  

The measured 𝑔(𝛽) functions in Eq. (3.2) are shown in Figure 3-4 for the SS316L and 

Al6061-T6. These relationships were effectively independent of the surrounding medium of air or 

water. The best fits to Eq. (3.3) were found using a non-linear least-squares curve fit in Mathcad 

14 (Mathsoft Engineering & Education, INC., Cambridge, MA, USA). The fitted exponents n1 and 

n2 and the nominal Vickers hardness, HV, were 1.578, 37.184, 1.373 (GPa) for SS316L, and 1.808, 

40.292, 0.981 (GPa) for Al6061-T6. While Oka et al. [59] correlated n1 and n2 to particle and target 

properties reflecting brittle and ductile contributions to erosion, following the work of Ally et al. 

[21], the present work utilized Eq. (3.3) to provide only the functional form for an empirical curve 

fit without these interpretations. 

The curve fits of Eq. (3.3) indicated that the maximum erosion rates for Al6061-T6 and 

SS316L occurred between 20° and 30°, indicating a ductile erosion response similar to that 

reported by other authors for these materials. For example, Ally et al. [21] reported that the 

maximum erosion rates of stainless steel, aluminum, and titanium alloys blasted using air abrasion 

with 50 µm aluminum oxide particles occurred between 20° and 35°, similar to the finding of Oka 
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et al. [59] for ductile materials air blasted with 325 µm silica sand particles. This indicates that 

particle divergence within the footprint of the water jet did not have a significant effect on the 

average impact angle, which could still be represented by the jet angle, .  

 

 

 

Figure 3-4 Normalized erosion rate, 𝑔(), as a function of global angle, , for Al6061-T6 and 

SS316L at nozzle angles =15°, 30°, 45°, 60°, 90°, Pp=138 MPa, Vt=4572 mm/min. Dashed lines 

indicate best fit to Eq. (3.3). Each of the data points represents the average depth of a total of 24 

measurements on three separate channels. Scatter bars representing ±1 standard deviation are small 

enough to fit within the symbols.   

 

 

Referring to Figure 3-3, the local impact angle on the channel sidewall, α, is given by 

 

𝛼 = (
𝜋

2
− 𝑎𝑟𝑐𝑐𝑜𝑠 (

1

√1+𝑧∗
,𝑥∗

2
))                                               (3.8) 

As mentioned above, for very shallow channels (depth≤ 50 µm), the local impact angle of the 

abrasive particles and the nozzle angle are approximately equal (=α). Therefore, once the 
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function 𝑔(𝛽) has been determined from Eq. (3.2), it can be used in Eq. (3.4) by replacing  with 

α. It is noted that in ductile materials, the local erosion rate on the sidewalls increases as the 

channels become deeper, since the local angle, α, decreases. 

3.3.3. Predicted micro-channel profiles using modification for abrasive flow-rate fluctuations 

Haghbin et al. [123] that found that the fluctuation of abrasive mass flow rate over time that 

commonly occurs in AWJ operations can be quantified by periodically machining shallow, two-

pass calibration channels during the machining experiments. This led to the following expression 

for the expected depth of a channel after N passes that includes the effects of the measured abrasive 

flow rate fluctuations 

 

𝑑𝑒𝑥𝑝 = ∫ 𝑑𝑐𝑎𝑙(𝑛)𝑑𝑛
𝑁

0
                                                           (3.9) 

 

where the function dcal(n) is a curve fit of 5th order polynomial to the centerline depths of the 

calibration channels measured after n=2, 4, 10, 20, 30, 40, and 50 passes during the course of a 

machining experiment to create a stepped channel [123]. The time, tN, to reach the expected depth, 

dexp, after N passes is just the product of N and the time per pass as determined by the scanning 

speed and length of channel. Recalling that Eq. (3.4) assumes a constant erosion rate, it is necessary 

to correct the dimensionless machining time, t*=t/T, so that t and T correspond to an effective, 

constant centerline erosion rate (µm/s), chosen here to be the value measured in the first two-pass 

calibration channel, E0, at standoff distance, h. Therefore, the corrected time, tc and the corrected 

time constant, Tc, used in Eq. (3.4) are defined as 

 

𝑡𝐶 =
𝑑𝑒𝑥𝑝

𝐸0
                                                                      (3.10) 

 

𝑇𝐶 =
ℎ

𝐸0
                                                                         (3.11) 

 

which is equivalent to tc=tN/t2, and the corrected time constant Tc=T/t2. 

Figure 3-5a shows an example of predicted and measured profiles, expressed in dimensional 

form, using the original AJM model with the initial condition z*(x*,0)=0. The effect of abrasive 
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flow rate fluctuations was eliminated using Eq. (3.9). The method of lines implemented in Mathcad 

14 (Mathsoft Engineering & Education, Inc., Cambridge, MA, USA) was used to solve Eq. (3.4) 

and obtain the predicted multi-pass normalized micro-channel profiles. The non-dimensional time 

step was ∆t*= 120 and the non-dimensional coordinate step was ∆x*=120.  

 

 

                            

(a)                                                         (b) 

Figure 3-5 Experimental (symbols) and predicted (solid lines) micro-channel profiles using: (a) 

surface evolution model of Eq. (3.4) without depth correction (Einst=1), and (b) using 

Einst=1.972/𝑧∗(0, 𝑡)0.177. Data for submerged machining in SS 316L at Ɵ=90°, Pp=138 MPa, 

Vt=1000 mm/min, h=2 mm, n=2, 4, 10, 20, 30, 40, 50 passes.  

The particle flux 𝜙(𝑥), particle velocity 𝑉(𝑥), and velocity constant K in Eq. (3.5) under the 

AWJ conditions of the present tests were not easily determined. Therefore, following the approach 

of Getu et al. [57,121], the erosive efficacy function, 𝑄∗(𝑥∗), of Eqs. (3.4) and (3.5) was inferred 
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by curve fitting a measured shallow cross-sectional profile to a normal distribution with a standard 

deviation of σ=0.055 (Eq. (3.12)).  

As expected, the model greatly over-predicted the centerline depth (Figure 3-4a; average error 

for all conditions was 29%), because it assumed an erosion rate that did not decrease with depth.  

Figure 3-5b shows the predicted results with the depth-varying instantaneous erosion rate, Einst. 

Although the depths were now predicted accurately (with an average centerline depth error less 

than 4%), the widths were still vastly over-predicted after about 2 passes. The average percentage 

error in the predicted width at half the channel depth was 58% for n≥4 passes. This suggested that 

there was a change in the erosive efficacy dependence on x* that was originally determined from 

the shape of a shallow channel cross-section. Specifically, the erosion pattern of the water jet 

became markedly narrower after about 2 passes, corresponding to a channel depth of 

approximately 200 µm.  

3.3.4. Profile predictions using a depth-varying erosive efficacy function  

The model predictions of Figure 3-5b imply a two-stage channel formation, where a relatively 

wide erosive efficacy characterizes the erosion pattern when channels are initially forming, and 

the sidewalls adjacent to the footprint are subject to the radial flow of the abrasive slurry as 

illustrated in Figure 3-6a. After the initial formation of the channels, a second stage of channel 

formation is hypothesized to occur wherein most of the slurry flow from the footprint is directed 

along the length of the channel rather than radially and up the sidewalls (Figure 3-6b). This would 

decrease the erosion of the sidewalls relative to the channel depth in the region of the footprint and 

make the effective erosive efficacy seen on further passes much narrower, approaching the jet 

diameter.   

 

                   

Slurry flow 

Work piece 

Nozzle 

Slurry flow 

Work piece 

Nozzle 



50 

 

(a)                                                                  (b) 

Figure 3-6 (a) The first stage (n≤2 passes), the channel is forming and a radial flow from the 

footprint erodes the channel wall as shown by the arrows. (b) The channel is sufficiently deep to 

direct most of the slurry goes along the length of the channel. 

 

Figure 3-5 shows that, in the initial stages of machining, the shallow channel profiles could 

be fitted accurately by using a Gaussian function of the form 

 

𝑄𝑖𝑠
∗ (𝑥∗, 0, 𝜎) = 𝑒

−
(𝑥∗)2

2𝜎2                                                   (3.12) 

 

where the subscript “is” refers to the initial stage of channel formation. This is consistent with 

Alberdi et al. [9] who reported that the water jet channels in aluminum had the bell shape or a 

normal distribution. As mentioned above, the parameter ϭ which represents the spread of the 

erosive efficacy, was found by fitting Eq. (3.12) to profiles of shallow channels in the two target 

materials made in water and in air at nozzle angle θ=90° and standoffs h=2 and 3 mm. This yielded 

ϭ= 0.055 and 0.04 at h=2 and 3 mm, respectively, independent of the target material and whether 

the machining was in air or submerged. Figure 3-7 shows that a normal distribution with a standard 

deviation, σ, of 0.055 at h=2 mm provided a good curve fit to the measured profile. However, the 

cross-sectional profile shape became much narrower after 2 passes (Figure 3-6), and the channel 

width approached that of the free jet, dj. 
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Figure 3-7 Normalized measured (Exp.) two-pass profile of AWJM channels machined at standoff 

h=2 mm, and curve fit of Eq. (3.12), using σ=0.055. Dashed curve is best-fit of Eq. (3.12) to deeper 

channel profiles (n>2). 

 

As explained by Haghbin et al. [123], the AWJ diameter, dj, increased linearly with standoff 

distance, h, due to spreading as  

 

𝑑𝑗 = 𝐶. ℎ𝑒𝑓𝑓 + 𝐷                                                       (3.13) 

 

 

 where heff is effective standoff distance (i.e. the sum of the nominal standoff distance and the 

channel centerline depth), and the parameters C and D are specific to the water jet orifice and 

operating conditions, and were measured to be 50.55 and 350.9, respectively, for submerged 

machining, and 120.7 and 214.3, respectively, for machining in air. The narrower erosive efficacy 

in the second stage (n>2) was modelled by making the width of the erosion pattern a function of 

the channel depth. This was done by choosing σ in Eq. (3.12) to correspond to a distribution where 

the erosive efficacy was 1% of its centerline value at an x* corresponding to the jet diameter (Eq. 
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(3.13)) at a given effective standoff length, heff. This yielded an erosive efficacy that changed with 

channel depth according to:  

 

𝑄∗(𝑥∗, 0, 𝜎) = − exp (
−(𝑥∗)2

2[(
𝐶

6069.71
|𝑧∗(𝑥,𝑡)|)+(

(𝐶+𝐷
ℎ⁄ )

6069.71
)]

2)                                        (3.14) 

 

where h is standoff distance in mm. Equation (3.14) was then used in Eqs. (3.7) and (3.4) to predict 

the profiles of micro-channels machined using 4-50 passes for submerged and unsubmerged 

machining at h=2 and 3 mm. 

3.3.5. Predicted surface evolution for AWJM at Ɵ=90° in water and in air using new model 

Equation 3.4 was numerically solved using the modifications introduced in Section 3.3. with 

the initial condition z*(x*,0)=0, using the method of lines implemented in Mathcad 14 (Mathsoft 

Engineering & Education, Inc., Cambridge, MA, USA) to obtain the predicted multi-pass 

normalized micro-channel profiles. The non-dimensional time step was ∆t*= 500 and 1000 while 

the non-dimensional coordinate step was ∆x*=500 and 1000 for n≤2 passes and n>2 passes, 

respectively. 

Figure 3-8 and Figure 3-9 compare the predicted profiles using the new two-stage model with 

measured profiles for submerged and unsubmerged machining in stainless steel 316L and 

aluminum 6061-T6 at , at standoff distances h= 2 and 3 mm, respectively. Although the two-stage 

model is more accurate than the single-stage model of Figure 3-5, the differences in the predicted 

and measured channel width remained larger than the differences in the predicted depth. The 

average percentage difference in the channel width at half depth was 10% for all the data of Figure 

3-8 and Figure 3-9. The difference between the predicted and measured width varied randomly 

with depth due to process fluctuations, such as variations of water pressure and abrasive mass flow 

rate, which lead to change of AWJ diameter. It is noted that a few of the model cross-sections 

contained some waviness near the bottom (e.g. the model profiles for 40 and 50 passes in Figure 

3-8b). These were artifacts of the numerical solution procedure that can be eliminated by 
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increasing either the smoothing term,  𝜀, or the non-dimensional time step, ∆t*, and coordinate 

step, ∆x*. 

 

               

       (a)                                  (b)                                      (c)                                  (d) 

Figure 3-8 Measured (symbols) and predicted (solid lines) micro-channel profiles for standoff 

distance h=2 mm and nozzle angle θ=90° using model of Eq. (3.4) with Einst (Eq. (3.6)) and a two-

stage erosion efficacy. SS316L (n=2, 4, 10, 20, 30, 40, 50): (a) submerged, (b) in air. Al6061-T6 

(n=2, 4, 10, 20): (c) submerged, (d) in air. Pp=138 MPa, Vt=1000 mm/min. 
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       (a)                                  (b)                                      (c)                                  (d) 

Figure 3-9 Measured (symbols) and predicted (solid lines) micro-channel profiles for standoff 

distance h=3 mm and nozzle angle θ=90° using model of Eq. (3.4) with Einst (Eq. (3.6)) and a two-

stage erosion efficacy. SS316L (n=2, 4, 10, 20, 30, 40, 50): (a) submerged, (b) in air. Al6061-T6 

(n=2, 4, 10, 20): (c) submerged, (d) in air. Pp=138 MPa, Vt=1000 mm/min. 

 

3.3.6. Predicted surface evolution for AWJM at Ɵ=30° in water and in air using new model 

As shown in Figure 3-4, the erosion rate of both target materials was maximum between 20° 

and 35°. The predicted and measured profiles for micro-channels machined at θ=30° using both 

backward (BW) and forward (FW) machining in SS316L and Al6061-T6 are shown in Figure 3-10 

and Figure 3-11, respectively. For in-air and submerged machining at h=3mm, the standard 

deviation of 0.035 (Eq. (3.12)) was used for the first stage, and Eq. (3.14) was used to make the 

width of the erosive distribution a function of depth in the second stage of forming channels. 
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Figure 3-10 and Figure 3-11 show that the overall accuracy of the model in predicting the 

shape of the channels at a jet angle of 30° was similar to that at θ=90° (Figure 3-8 and Figure 3-9); 

i.e. the error in the predicted width at half depth was 16%, while it was 10 % at θ=90°. The 

maximum error in the prediction of the sidewall slopes was 3% for both nozzle angles. There was 

no significant difference in the prediction error between forward and backward machining.  

 

 

               

             (a)                                  (b)                                      (c)                                   (d) 

Figure 3-10 Experimental (symbols) and predicted (solid lines) micro-channel profiles machined 

in SS316L (n=2, 4, 10, 20) at standoff distance h=3 mm and nozzle angle θ=30°, using surface 

evolution model of Eq. (3.4) with Einst (Eq. (3.6)) and the two-stage erosion efficacy with σ=0.035 

(Eq. (3.12)) for the first stage and Eq. (3.14) for the second stage. (a) backward (B.W.) submerged, 

(b) forward (F.W.) submerged, (c) backward (B.W.) in air, (d) forward (F.W.) in air. Pp= 138 MPa, 

Vt=1000 mm/min. 
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             (a)                                  (b)                                      (c)                                   (d) 

Figure 3-11 Experimental (symbols) and predicted (solid lines) micro-channel profiles machined 

in Al6061-T6 (n=2, 4, 10, 20) at standoff distance h=3 mm and nozzle angle θ=30°, using surface 

evolution model of Eq. (3.5) with Einst (Eq. (3.6)) and the two-stage erosion efficacy with σ=0.035 

(Eq. (3.12)) for the first stage and Eq. (3.14) or the second stage. (a) backward (B.W) submerged, 

(b) forward (F.W.) submerged, (c) backward (B.W.) in air, (d) forward (F.W.) in air. Pp= 138 MPa, 

Vt=1000 mm/min. 

 

The main source of the remaining error in the prediction of the channel cross-sectional shapes 

was attributed to the inability of the present model to account for the secondary milling caused by 

the jet flow as it deflected from the bottom of relatively deep channels. Such secondary milling of 

the sidewalls was not captured by the profiles of shallow calibration channels, as explained in 

Haghbin et al. [123]. Computational fluid dynamic (CFD) modelling could be used to better 

understand and predict the erosion produced by these additional complex flows. 
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3.3.7. Summary of methodology to predict surface evolution in high aspect-ratio channels 

The instantaneous erosion efficacy, 𝑄𝑖𝑛𝑠𝑡
∗ (𝑥∗), in Eq. (3.7) and the normalized erosion rate 

(Figure 3-4) at different incident angles, 𝑔(𝛼), used in the model are typical of a system consisting 

of the target material, abrasive particles, pressure, micro-nozzle, and the fluid surrounding the jet 

(i.e. submerged or unsubmerged machining). In this section, a procedure is described which can 

be used to calibrate the model for different systems. The present water-jet micro-machining model 

incorporated two modifications that were necessary to capture the effects of the water flow on the 

erosion: 

(i) The centerline erosion rate was modelled as a function of channel depth to account for its 

decrease with the growing stagnation zone [123]. 

(ii) The width of the erosion pattern was modelled in two-stage stages, because channel shape in 

the very early phase of machining from a flat surface was significantly broader than in a second 

phase where the abrasive flow was constrained by the channel walls, thereby making the erosive 

pattern narrower. Moreover, in the second stage, channels became progressively wider with 

increasing depth, and this was modelled by broadening the distribution of the erosive flux to match 

the growing width of the spreading water-jet at the effective nozzle standoff distance to the bottom 

of the channel.   

 The implementation of this surface evolution model (Eq. (3.4)) requires the following data: 

1.  The variation of the normalized instantaneous centerline erosion rate, Einst, with channel depth 

can be obtained by measuring the depths of two channels spanning the range of the shallowest and 

deepest desired channels. The error incurred in using only these two data points (i.e. the deepest 

and shallowest channels) compared to using all the data from Haghbin et al. [123] was found to be 

only about 7% for metals (Al6061-T6 and SS316L). This is an acceptable error given the large 

decrease in experimental effort associated with using just these two measurement conditions. This 

dependence of Einst on channel depth is only a function of channel geometry (independent of the 

type of metal, jet angle, standoff distance, jet submerged or in air, forward or backward 

machining), and is therefore expected to be the same for a wide range of ductile materials that 

result in U-shaped channels. Moreover, another master curve for V-shaped channels, such as those 

that develop in brittle materials such as glass, has also been provided [123]. 
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2.  The diameter of the water jet can be estimated as a function of standoff distance by cutting slots 

through an easily-eroded material such as high-density polyurethane modeling foam [123]. This is 

used to determine the variation of the erosion efficacy distribution with channel depth using the 

method of Section 3.3.4. 

3.  The dependence of the erosion rate on the angle of attack (g(α)) can be measured by machining 

shallow channels (about 50 µm deep) at various nozzle inclinations as discussed in Section 3.2.2. 

The effect of random fluctuations in the abrasive mass flow rate during water jet machining can 

be accounted for by periodically machining shallow calibration channels. 

 

3.4. Summary 

The present model to predict the cross-sectional profiles of relatively deep channels produced 

in metals by abrasive water jets was based on an earlier model developed for abrasive air-jet micro-

machining [21,78]. The erosion patterns produced by water jets are quite different, and so it was 

necessary to incorporate three modifications into the model: (i) the decrease in erosion rate with 

increasing channel depth, (ii) the abrupt narrowing of the erosive pattern produced by the jet 

footprint once a channel was formed on a flat surface and the flow became constrained by the 

channel walls, and (iii) the progressive widening of the channels as they became deeper. The model 

was tested for stainless steel 316L and aluminum 6061-T6 at nozzle angles of 90° and 30°, with 

standoff distances of 2 and 3 mm.  It was found to work equally well when the water jet was 

submerged and when it was used in air, and when machining was in the forward or backward 

directions. Channel depths were predicted to within approximately 4%, while the average error in 

the predicted channel width at half the depth was less than 16%, and the maximum error of the 

predicted sidewall slopes was less than 3%. Further refinements of the model will likely require 

CFD modelling of the complex flows within deeper channels in order to account for the relatively 

small amount of secondary milling of the sidewalls. As will be shown in the next chapter, AWJM 

can result in wavy channels due to fluctuations in abrasive mass flow rate. The next chapter 

describes a new high pressure slurry jet apparatus that solves this problem. 
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Chapter 4 High Pressure Abrasive Slurry Jet Micro-Machining using 

Slurry Entrainment 

This chapter is based on the following published paper:   

N. Haghbin, F. Ahmadzadeh, J. K. Spelt, and M. Papini, “High pressure abrasive slurry jet micro-

machining using slurry entrainment,” International Journal of Advanced Manufacturing 

Technology, pp. 1-13, 2015. 

 

4.1. Introduction 

Abrasive slurry jets (ASJ) have been used for micro-machining in recent years, because they 

have advantages over traditional micro-fabrication technologies including the absence of a heat-

affected zone and a low workpiece force transfer, which result in little change in target material 

properties. A promising application of ASJ technology is the milling of micro-channels for use in 

micro-fluidic devices [125] and micro-electro-mechanical systems (MEMS) [126].  

In abrasive slurry jet micro-machining (ASJM) systems, a slurry of abrasive particles and 

water is premixed and pumped through a small orifice to form a jet that erodes a target material. 

Most previously developed ASJM setups operate at relatively low pressures (<14 MPa). 

Investigators such as Nguyen et al. [127] have identified such ASJM devices as promising for the 

micro-machining of high-quality features in brittle materials such as glass. For example, Wang et 

al. [48] drilled holes in glass using a 3 MPa slurry jet and found that the cross-sections of these 

holes were W-shaped. Pang et al. [91] used an ASJM system with a pressure range of 8-14 MPa 

to machine channels in glass, finding that the channel width increased with increasing pressure 

and standoff distance. Moreover, they reported an increase in channel depth with increasing 

pressure and dose of particles (decreasing traverse velocity), but standoff distance did not have a 

significant effect on channel depth. Nouraei et al. [128] used a 4 MPa ASJM system to micro-

machine holes and 350-500 μm wide U-shaped micro-channels having a very low waviness. They 

reported a glass erosion rate of 0.6 mg/g. Later, Kowsari et al. [129] used the same setup with a 

dilute polymer solution to machine V-shaped micro-channels and micro-holes with a width less 

than 250 μm in glass. They found that the polymer solution allowed for machining symmetric 

through-holes in a 3-mm-thick glass plate without chipping around the exit edge.  
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There have been relatively few attempts at developing high-pressure abrasive slurry jet micro-

machining (HASJM) systems. For example, Hashish [130] developed a 345 MPa HASJM set-up 

with a slurry that had a concentration of garnet particles of up to 48 wt% in order to mill Al6061-

T6. Liu [131] fabricated an HASJM apparatus with a similar working concept and similar pressure 

range, and found that it was a viable technology for producing concave and convex surfaces such 

as optical lenses, with a relatively low roughness and waviness in both ductile and brittle materials. 

Miller [4] developed a 70 MPa HASJM system using 20 wt% slurries of either aluminum oxide 

(Al2O3) or garnet, and demonstrated very high resolution cutting of metals, polymer, composites 

and glass. However, the conventional HASJM systems discussed above forced the high-pressure 

slurry through critical components, resulting in premature damage to the slurry valve [4], and very 

high wear in nozzles and valves [130].  

The present work was aimed at avoiding these problems by introducing a system in which the 

slurry was entrained after the high-pressure water passed through an orifice into a mixing chamber. 

The water pump pressure, Pp (i.e. the water pressure measured at the exit of the water pump) was 

between 135 and 250 MPa. The system was essentially a modified abrasive water jet micro-

machining setup fitted with a prototype micro-nozzle and a pre-mixed slurry tank. The system was 

used to machine micro-channels over a wide range of aspect ratios (depth/width), and the system 

process parameters such as pressure, traverse velocity, standoff distance, and slurry flow rate were 

optimized for micro-machining purposes. A preliminary investigation by Haghbin et al. [132] 

showed that this HASJM system produced channels with centreline roughness (Ra=1.35 µm) and 

waviness (Wa=1.93 µm) that were, respectively, 19% and 44% smaller than those produced with 

conventional abrasive water jet micro-machining (AWJM). This was attributed to a more 

consistent abrasive flow rate and the elimination of air bubbles in the erosive jet. 

4.2. Experiments 

4.2.1. Experimental setup 

Figure 4-1 shows a schematic of the high-pressure slurry jet setup. A water-based slurry with 

either 3 wt% or 6 wt%  25 μm aluminum oxide was premixed in two separate 19 L graduated 

containers a main slurry tank and a reservoir tank mounted H1=28 cm higher and connected to the 

main tank with a 6.35 mm tube. Once the slurry level  in the main tank decreased by more than 0.5 
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L, the valve installed on the connecting tube between reservoir tank and the main tank was opened 

in order to keep the slurry level in the main tank approximately constant (Figure 4-1a). This 

ensured an approximately constant slurry mass flow rate to the nozzle; i.e. there was at most a 

measured 1.2% variation in slurry flow rate. Both slurry tanks were continuously stirred using 102 

mm diameter propellers at 180 rpm. The ratio of propeller to mixing tank diameter and the mixer 

rotational speed were chosen to prevent particle settlement, as calculated by Nouraei et al. [128]. 

The slurry flowed under the pressure head H2=79 cm from the main tank through a  3.2 mm inner 

diameter tube into the mixing chamber of an OMAX 2626 Jet Machining Center (OMAX Corp., 

Kent, WA, USA) capable of water pump pressures, Pp, of up to 345 MPa. As shown in Figure 

4-1b, the slurry flow rate was adjusted using a 1/8” abrasive slurry valve. The OMAX system was 

fitted with a prototype nozzle having orifice and mixing tube diameters of 127 µm and 254 µm, 

respectively. 

The OMAX system utilized a dump valve (Figure 4-1a) to control the water flow rate, ṁw. 

The water pressure immediately upstream of the nozzle orifice, Pw, was calculated using 

Bernoulli’s equation by collecting and weighing the flow rate of water, ṁw, exiting from the nozzle 

during the machining process (Section 4.3.1). It was found that Pw was much less than water pump 

pressure, Pp. The nozzle movement was computer controlled with a positioning accuracy of ±76 

µm over 30 cm and a maximum traverse velocity of 4572 mm/min.  

In Figure 4-1, The inlet slurry flow rate, �̇�𝑠, and thus the particle concentration (wt%) of the 

slurry exiting the nozzle (i.e. 𝑊𝑡,𝑜𝑢𝑡 = (𝑊𝑡,𝑖𝑛 �̇�𝑠) (�̇�𝑠 + �̇�𝑤)⁄ ) was controlled using the abrasive 

slurry valve (ASV, Figure 4-1b) and was measured  in each experiment as the difference in the 

weight of the main tank before and after 60 s of flow. The 25 μm aluminum oxide particle 

concentration in the inlet slurry, Wt,in, was either 3 wt% or 6 wt%. The jet flow rate exiting the 

nozzle (i.e. �̇�𝑗 = �̇�𝑤 + �̇�𝑠) was measured in a similar fashion, using slurry collected in a small 

container at the nozzle exit. The nozzle high-pressure water flow rate (�̇�𝑤 in Figure 4-1) was 

found as �̇�𝑤 = �̇�𝑗 − �̇�𝑠.  
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(a) 

 

(b) 

Figure 4-1 (a) Schematic of high-pressure slurry jet setup, and (b) AWJM nozzle. Not to scale.  
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4.2.2. Micro-channel experiments 

As explained in Section 4.1, the micro-fabrication of channels with a width less than 1 mm is 

useful in many industrial applications [133]. Using the parameters in Table 4.1, the influence of 

pressure, traverse velocity, standoff distance, slurry flow rate, and number of passes on the shape, 

erosion rate, depth, and width of micro-channels was investigated. Straight multi-pass micro-

channels were milled into 15×5×0.3 cm thick Al6061-T6 and 10×5×0.3 cm thick borosilicate 

glass (Borofloat®, Schott Inc., NY, USA) samples using the HASJM setup. These materials were 

chosen to represent typical ductile (Al6061-T6) and brittle (glass) erosive systems used in MEMS 

and microfluidics applications.  

 

 

Table 4.1. Operational parameters of the HASJM  
 

 

 

 

 

 

The micro-channels of various depths were machined into the two target materials using a 

stepped arrangement with adjacent sections receiving an increasing number of passes (n=4, 10, 20, 

30, 40, 50, 60 passes) without turning off the slurry jet. The samples were clamped to a stationary 

base that was placed underneath the nozzle (Figure 4-1b) at different standoff distances, h, and the 

nozzle was moved at different traverse speeds. The resulting micro-channel profile shapes were 

measured using a non-contact optical profilometer (model ST 400, Nanovea, Irvine, CA, USA) 

having lateral and vertical resolutions of 0.1 µm.  

  

Standoff distance (mm), h 1, 2, 5, 10 

Abrasive type Al2O3 

Average abrasive diameter (µm) 25 

Opening of abrasive slurry valve (%), ASV 25-40-50-100 

Inlet slurry flow rate (g/min), ṁs 200-317 

particle concentration of input slurry (%), Wt,in 3, 6 

Water pump pressure (MPa), Pp 134-263 

Traverse speed (mm/min), Vt 20, 40, 100, 500, 1000 

Nozzle angle (deg.), Ɵ 30°, 45°, 90° 

Number of passes, n 1, 2, 4, 10, 20, 30, 40, 50, 60 

Orifice diameter/mixing tube diameters (µm), dO/dM 127/254 

Workpiece material Al6061-T6, glass 
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A scanning electron microscope was used to further characterize the channels. All data points 

(i.e. depths, widths, erosion rates, roughness, and/or waviness) of channels were reported as the 

average and standard deviation of 18 total measurements; i.e. 6 measurements within a 1.5 cm 

long machined channel, repeated on three separately machined channels. It was found that channel-

to-channel scatter was similar to scatter within a single channel. 

4.2.3. Specific erosion rate  

In order to compare the material removal under the different machining conditions (e.g. 

pressure, standoff distance, traverse velocity, abrasive mass flow rate, etc., the specific erosion 

rate was calculated as  

       𝐸 =
𝑀𝑚

𝑀𝑎
                                                            (4.1) 

where Ma was the total abrasive mass used to remove a mass Mm of target material. 

4.2.4. Optimum slurry flow rate 

It was found that for machining harder materials such as metals, the slurry flow rate had to be 

controlled to ensure a maximum transfer of momentum from the high-speed pure water jet exiting 

the orifice to the low speed slurry entering the mixing tube. To determine the optimum abrasive 

slurry flow rate, the momentum and energy exchange analysis developed by Zhang et al. [134] for 

abrasive water jet micro-machining, was modified for use with the HASJM system.    

Applying conservation of momentum to the input and output flows of the nozzle (assembly 

consisting of the mixing chamber, mixing tube and high-pressure orifice. Figure 4-1b), the output 

velocity of the slurry jet at the nozzle tip (exit of mixing tube), 𝑉𝑗 is 

𝑉𝑗 =
�̇�𝑠𝑉𝑠+�̇�𝑤𝑉𝑤

(�̇�𝑠+�̇�𝑤)
                                                              (4.2) 

where ṁs and ṁw are the mass flow rates of the slurry and water entering the mixing chamber from 

the slurry tank and orifice, respectively, while Vs and Vw are the corresponding velocities entering 

the mixing chamber.  
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Neglecting the water velocity upstream of the orifice and pressure within the mixing chamber, 

the water velocity, Vw, on the mixing tube side of the orifice (i.e. the orifice exit) was found using 

Bernoulli’s law as 

𝑉𝑤 = 𝜂√
2𝑃𝑤

𝜌𝑤
                                                                  (4.3) 

where Pw and ρw are the pressure and density of the high-pressure water upstream of the orifice. 

The orifice efficiency, 𝜂, which was 0.65, characterizes energy losses due to wall friction, water 

flow disturbances, and the compressibility of the water [29].  

The power of the slurry phase of the jet exiting the nozzle, 𝐸𝑜𝑢𝑡,𝑠 is 

 𝐸𝑜𝑢𝑡,𝑠 =
1

2
 �̇�𝑠 𝑉𝑗

2                                                             (4.4) 

By substituting Eq. (4.2) into Eq. (4.4), and ignoring the contribution of the slow moving slurry 

entering the mixing chamber (ṁsVs), the kinetic energy out of the nozzle is                            

𝐸𝑜𝑢𝑡,𝑠 =
1

2
�̇�𝑠 (

�̇�𝑤 𝑉𝑤

�̇�𝑠+�̇�𝑤
)

2

                                                      (4.5) 

 Taking the derivative of Eq. (4.5) with respect to ṁs and setting it to zero leads to the following 

condition for the maximum 𝐸𝑜𝑢𝑡,𝑠 

�̇�𝑠 = �̇�𝑤                                                                   (4.6) 

Eq. (4.6) demonstrates that the slurry output power is optimal when the input slurry mass flow rate 

equals the high-pressure water mass flow rate through the orifice. The mass flow rate of the high-

pressure water, ṁw, either can be measured directly or estimated using the continuity equation: 

�̇�𝑤 = 𝜌𝑤 𝐴𝑂 𝑉𝑤                                                            (4.7) 

where AO is the cross section area in vena contracta zone downstream of the orifice where the area 

is minimum and Vw is the water velocity in the vena contracta. Substituting Eq. (4.3) into Eq. (4.7)  

𝑃𝑤 =
8�̇�𝑤

2

𝜌𝑤𝜂2𝜋2𝑑𝑜
4                                                                (4.8) 
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where do is the jet diameter in vena contracta. The value of do was approximated as the orifice 

diameter (i.e. do=125 µm). It is noted that in reality only a portion of the momentum of the high-

pressure water is actually transferred to the slurry; i.e. 𝑉𝑗 <
�̇�𝑠𝑉𝑠+�̇�𝑤𝑉𝑤

(�̇�𝑠+�̇�𝑤)
 in Eq. (4.2) due to friction 

and particle fracture, so �̇�𝑠 < �̇�𝑤. This will be discussed further in Section 4.3.3. 

4.3. Results and discussion 

4.3.1. Measurement of water and slurry flow rate  

Figure 4-2 shows the measured dependence of �̇�𝑠 and Wt,out on the percentage that the slurry 

valve stem was opened at Pp=235 MPa. The values of �̇�𝑠 and Wt,out decreased from 291 g/min and 

3.3 wt% to 200 g/min and 2.2 wt%, respectively, when the valve stem was closed to about 25% of 

its rotations to the fully open state. As expected, the output particle concentration was significantly 

lower than that entering (6 wt%) due to the mixing of the inlet slurry with the water exiting the 

orifice.  

 

Figure 4-2 Variation of input slurry flow rate, ṁs, and output particle concentration, Wt,out, of the 

jet exiting the nozzle with percentage of the abrasive slurry valve (ASV) stem turns to fully open.  

Pp=235 MPa and inlet particle concentration, Wt,in , of 6 wt%. Scatter bars represent ±1 standard 

deviation of three separate measurements. 
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The globe valve used to regulate �̇�𝑠 was found to perform better than a needle valve, which 

tended to clog due to the accumulation of particles. There was a plateau in �̇�𝑠 to the nozzle at 

approximately 50% opening, which did not occur when the slurry tube was disconnected from the 

nozzle; i.e. the flow could be regulated beyond 50% when the tube was disconnected. Therefore, 

the plateaus in Figure 4-2 cannot be explained by the non-linear behavior of the globe valve alone. 

The most likely reason is flooding of the small annular space between the walls of the mixing tube 

and jet exiting the orifice. In other words, at ASV=50% (�̇�𝑠~300 g/min), the maximum slurry flow 

rate that could be entrained in the mixing tube was reached. As will be shown in Section 4.3.3, the 

flooding resulted in a sharp drop in the erosion rate.    

Figure 4-3a shows the variation of the inlet slurry flow rate, ṁs, and output particle 

concentration, Wt,out, when the stem of the abrasive slurry valve was completely opened and 

partially opened (25%) at different water pump pressures, Pp (Figure 4-1), for inlet particle 

concentrations of Wt,in of 3 wt% and 6 wt%. It is seen that the inlet slurry flow rate, ṁs, increased 

(e.g. from 130 to 200 g/min at ASV=25%) as the pump pressure increased from 138 MPa to 235 

MPa, because a greater vacuum was formed in the mixing chamber as the water velocity increased 

[65]. Moreover, the sensitivity to the ASV position also increased with Pp. For example, at Pp=138 

MPa, the closing the ASV stem to 25% of fully open caused an 11% reduction in the inlet slurry 

flow rate (reduced from 146 to 130 g/min), but at Pp=235 MPa it reduced the inlet slurry flow rate 

by 37% (reduced from 310 to 200 g/min). Moreover, Figure 4-3a shows that the nozzle outlet 

particle concentration, Wt,out, also increased (e.g. from 2.4%wt to 2.8%wt at ASV=25%) with 

increasing water pump pressure, because the increase in inlet slurry flow rate, ṁs, (i.e. 54%) with 

pressure was greater than that of the water flow rate, ṁw (i.e. 28% increase, Figure 4-3a).  

As expected, Figure 4-3b shows that the nozzle high-pressure water flow rate, ṁw, (199 g/min 

at Pp=138 MPa) and the water pressure just upstream of the orifice, Pw, (43 MPa at Pp=138 MPa) 

also increased as the water pump pressure, Pp, increased to 235 MPa. Moreover, further 

investigation showed that neither the inlet particle concentration, Wt,in, nor the inlet slurry flow 

rate, ṁs, had any significant effect on the high-pressure water flow rate, ṁw, passing through the 

orifice into the mixing chamber.  
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(a) 

 

(b) 

Figure 4-3 Effect of water pump pressure, Pp, on (a) inlet slurry flow rate, ṁs and output particle 

concentration, Wt,out and (b) high-pressure water flow rate passing through nozzle orifice, ṁw  and 

pressure just upstream of the orifice, Pw. Scatter bars representing ±1 standard deviation of 3 

separate experiments were small enough to fit within the symbols.   
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4.3.2. Slurry jet size 

Figure 4-4a shows a high-pressure slurry jet in air at a water pump pressure of Pp=235 MPa. 

The effective diameter of the slurry jet, dj, was determined (Figure 4-4b) by measuring the  

 

 

(a) 

 

(b) 

Figure 4-4 (a) High-pressure abrasive slurry jet emerging from the micro-nozzle in air. (b) 

Effective slurry jet diameter, dj, from Renshape cutting tests at Pp=235 MPa, Vt=4572 mm/min 

with 25 µm Al3O2 at Wt,in=3 wt% and ṁs=317 g/min. Scatter bars indicate ±1 standard deviation 

of a total of 18 measurements on 3 separate slots.    
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width of slots cut through a high-density 3 mm thick foam board (Renshape, Huntsman Advanced 

Materials) with a traverse velocity of Vt=1000 mm/min as explained in detail in Haghbin et al. 

[123]. As Figure 4-4b shows, the jet diameter, dj, tended towards the mixing tube diameter at low 

standoff distances (dj=273 µm at h=1 mm), and increased linearly with increasing standoff (dj=330 

µm at h=6.5 mm). The jet divergence angle in the HASJM was 1.5°.  In comparison, the divergence 

angle in low pressure ASJM was 0.03° using a 254 μm orifice [122], while in conventional AWJM 

using the present water jet machine and micro-nozzle it was 6.9° [123].  

In AWJM, the abrasive-air mixture occupies more than 90 percent of the jet volume [35,36], 

which leads to greater divergence of the jet [39]. Moreover, the elimination of air entrainment in 

the mixing chamber of the HASJM greatly decreased the thickness of the water droplet zone 

typically found at the periphery of AWJM jets, thereby creating a jet with a sharper edge definition. 

4.3.3. Optimum slurry flow rate 

Figure 4-5 shows that both the specific erosion rate, E, and the centerline depth, d, of channels 

made in Al6061-T6 displayed a maximum (E=2.7 mg/g and d=159 µm) at ṁs=200 g/min (i.e. 

ASV=25%). These maxima are roughly consistent with Eq. (4.6) which predicted, under ideal 

conditions, that the power of the slurry is maximum when �̇�𝑠 = �̇�𝑤. The measured water flow 

rate of �̇�𝑤=261.5 g/min was approximately 23% higher than predicted because of losses 

associated with friction and slip in the water, slurry, and mixing tube as discussed by Momber and 

Kovacevic [29]. There was also a sharp decrease in erosive power at 300 g/min (~ 50% ASV) 

corresponding to the flooding condition discussed in Section 4.3.1.   

Since ASV=25% represented the maximum jet erosive power, it was used for most of the 

machining experiments on Al6061-T6. However, this ideal condition was found to be too 

aggressive for the brittle glass, which shattered upon exposure to the jet, even at a relatively low 

pressure of Pp=138 MPa. Therefore, the much less powerful condition ASV=100% was used for 

most of the machining experiments on glass.    
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Figure 4-5 Effect of entrained slurry flow rate, ṁs, on specific erosion rate, E, and centerline depth, 

d, of channels made in Al6061-T6, at Pp=235 MPa, Vt=1000 mm/min, n=4 passes, Wt=6 wt%. 

Scatter bars representing ±1 standard deviation of a total of 18 measurements on 3 separate 

channels were small enough to fit within the symbols. 

 

4.3.4. Effect of standoff distance  

 Figure 4-6 presents the normalized erosion rates (i.e. erosion rate at standoff distance h, Eh, 

divided by erosion rate at h=1 mm, E1) of relatively shallow (d~28.7 µm in Al6061-T6 and d~50.5 

µm in glass at h=1 mm) and deeper (d~174 µm in Al6061-T6 and d~221 µm in glass at h=1 mm) 

channels made in glass and Al6061-T6 at standoff distances between 1 and 10 mm under identical 

slurry jet conditions; i.e. multi-pass channels were machined on glass and Al6061-T6 samples 

placed side by side, and without turning off the jet. Figure 4-6 shows that as the standoff distance 

increased, the erosion rate increased in glass, but decreased in Al6061-T6.  
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Figure 4-6 Normalized erosion rate (
𝐸ℎ

𝐸1
) of relatively shallow (d~28.7 µm in Al6061-T6 and d~50.5 

µm in glass at h=1 mm) and deeper (d~174 µm in Al6061-T6 and d~221 µm in glass at h=1 mm) 

channels as a function of standoff distance, h, made in (a) glass (E1=0.10 mm3/g) and (b) Al6061-

T6 (E1=0.06 mm3/g) at identical non-stop HASJM conditions of Pp=134 MPa, Vt=1000 mm/min, 

Wt,in=3 wt%, ASV=100%, and nozzle angle of θ=90°. Scatter bars representing ±1 standard 

deviation of a total of 18 measurements on 3 separate channels were small enough to fit within the 

symbols.    

 

The peculiar erosion rate behavior in Figure 4-6 can be better understood by comparing the 

measured channel depths and widths in glass and Al6061-T6 as shown in Figure 4-7. It is seen 

that, for both the shallow and deep channels, the centerline depths in glass increased slightly with 

standoff distance (Figure 4-7a), but they decreased sharply in Al6061-T6 (Figure 4-7b). The 

channel widths, however, drastically increased with increasing standoff distance in glass (Figure 

4-7a), but to a much lesser extent in Al6061-T6 (Figure 4-7b). Channel-to-channel scatter in both 

depth and width were similar to scatter within a channel. The overall standard deviation among 

the centerline depths and widths were 1.6 µm and 13.1 µm, respectively, for glass, and 1.7 µm and 

27.1 µm, respectively, for Al6061-T6. These general trends were found to be independent of slurry 

valve opening percentage (i.e. slurry flow rate) and jet inclination angle for both target materials. 
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(a) 

 

(b) 

Figure 4-7 Centerline depth, d, and width, W, of relatively shallow (d~28.7 µm in Al6061-T6 

and d~50.5 µm in glass at h=1 mm) and deeper (d~174 µm in Al6061-T6 and d~221 µm in glass 

at h=1 mm) channels as a function of standoff distance, h, made in (a) glass and (b) Al6061-T6 at 

identical non-stop HASJM conditions of Pp=134 MPa, Vt=1000 mm/min, Wt,in=3 wt%, 

ASV=100%, and nozzle angle of θ=90°. Scatter bars representing ±1 standard deviation of a total 

of 18 measurements on 3 separate channels were small enough to fit within the symbols.    
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The dependence of channel width and depth on standoff in this study did not agree with the 

results of Nouraei et al. [128], who found negligible changes in channel width or depth with 

standoff for a low-pressure abrasive slurry jet which had negligible divergence. The present results 

are more consistent with those obtained with abrasive water jet machining (AWJM) and abrasive 

air jet machining (AJM), where the erosive jets have greater divergence. For example, Hashish [5] 

and Haghbin et al. [123] showed that the channel width in metals increased with standoff distance, 

and Momber and Kovacevic [29] reported such increases for both ductile and brittle materials. 

Such trends are associated with jet spreading as standoff increases, since the target is exposed to 

an increasingly large jet footprint and a greater area for secondary milling due to the flow along 

the surface immediately after jet impact [135]. Although the increase and decrease in channel depth 

and erosion rate with standoff for brittle and ductile materials, respectively, appears never to have 

been reported under identical conditions, evidence for such behaviour exists in separate studies 

from the literature for AWJM and AJM. For example, Aich et al. [136] and Dadkhahipour et al. 

[135] found that the AWJM erosion and depth in glass increased with increasing standoff distance, 

and Fan et al. [137] showed a similar trend for the AJM erosion rate of glass. Dadkhahipour et al. 

[135] attributed this trend in AWJM to a decrease in particle interference at the lower particle 

fluxes associated with larger standoffs, as has also been shown for AJM by a number of studies; 

e.g. Ciampini et al. [138]. For more ductile materials such as metals, Kovacevic [94], Hashish [5], 

and Haghbin et al. [123] all found that AWJM depth of cut and erosion rate decreased with 

standoff. Such trends are usually associated with reduced jet energy at larger standoffs due to jet 

spreading.   

The observations from the above studies can be used to explain the puzzling difference in the 

trend of centerline erosion rate (i.e. depth) with standoff that occurs for glass and Al6061-T6, as 

well as the trends of increasing channel width in Figure 4-7. As the jet spread with increasing 

standoff distance, particles at the periphery of the jet slowed down due to the drag of the 

surrounding air. However, these peripheral particles still had sufficient kinetic energy to erode the 

target surface, consistent with the increases in channel width for both materials. For example, the 

width of shallow and deep channels in glass increased from 496 µm to 976 µm and from 599 µm 

to 2351 µm in glass (Figure 4-7a) and from 491 µm to 529 µm and from 718 µm to 1026 µm in 

Al6061-T6, respectively (Figure 4-7b). The lower rate at which the width of channels in ductile 

materials increased with standoff distance (Figure 4-7b) compared to brittle materials (Figure 
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4-7a), was also observed by Momber and Kovacevic [29] for AWJM, and was simply due to the 

lower erosion rate of ductile materials (e.g. it was E1=0.06 mm3/g in Al6061-T6 and E1=0.1 mm3/g 

in glass under identical jet conditions as shown Figure 4-6). It is noted that peripheral particles at 

the leading and trailing edges of the moving footprint also contributed to channel centerline 

erosion. So this lower peripheral erosion in the ductile Al6061-T6 also explains the decrease in 

channel depth with standoff (d decreased from 29 µm to 15 µm for shallow channels and from 174 

µm to 82 µm for deep channels, as seen in Figure 4-7b). However, in glass, even at the highest 

standoff, the peripheral particles still had enough energy to erode, resulting in relatively little 

change in depth. As mentioned previously, the slight increase in depth with standoff in glass (d 

increased from 50 µm to 60 µm for shallow channels and from 221 µm to 242 µm for deep 

channels, as seen in Figure 4-7a) was due to a decreased particle interference in glass that, as stated 

by Dadkhahipour et al. [135] for AWJM, tended to overcompensate for the loss in peripheral 

particle energy at higher standoffs. 

4.3.5. Effect of pressure 

Figure 4-8a, b shows that the specific erosion rate, depth and width of glass micro-channels 

(E=0.2 mg/g, d=8.8 µm, and W=312 µm at Pp=138 MPa) increased markedly with increasing water 

pump pressure, Pp (E=1.2 mg/g, d=118 µm, and W=573 µm at Pp=263 MPa). Similar trends were 

seen with Al6061-T6, i.e. increases in the range of E=0.7-2 mg/g, d=3-38 µm, and W=351-592 µm 

are seen in Figure 4-8a, c. 

The increase in specific erosion rate and depth at higher pump pressure was attributed partly 

to the increase in particle concentration (i.e. Wt,out increased by 27% over this range of Pp, Figure 

4-3a), but mostly to the increased particle velocity. The width of the channels also increased at 

higher pressures due to greater secondary milling of the channel sidewalls by the higher kinetic 

energy of the slurry flow, and due to the small expansion of the slurry jet diameter with increasing 

pump pressure (i.e. dj=279-309 μm at Pp=134-264 MPa, h=2 mm) caused by the corresponding 

increases in the water and slurry flow rates (Figure 4-3). 
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(a)                                                                    

       

(b)                                                                             (c) 

Figure 4-8 Effect of water pump pressure Pp on (a) specific erosion rate E in glass and Al6061-T6, 

and centerline depth, d, and width, W, of channels made in (b) glass at Vt=1000 mm/min, n=4 

passes, ASV=100%, Wt,in=6 wt%, h=2 mm, and (c) Al6061-T6 at Vt=1000 mm/min, n=2 passes, 

ASV=40%, Wt,in=6 wt%, h=2 mm. Scatter bars represent ±1 standard deviation of a total of 18 

measurements on 3 separate channels. 

 

4.3.6. Effect of traverse velocity 

4.3.6.1. Micro-machining of multi-pass channels 

In controlled depth micro-milling, the aspect ratio (i.e. depth/width) and quality (i.e. 

waviness and roughness) of a micro-channel can be controlled using multiple passes at a relatively 
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high traverse velocity and/or a single pass at a low traverse velocity. It was therefore of interest to 

investigate the effects of traverse velocity and number of passes on the aspect ratio and quality of 

micro-channels produced using the present HASJM apparatus. Figure 4-9 shows the cross-

sectional shapes of stepped multi-pass channels made in Al6061-T6  and glass using a high traverse 

velocity of Vt=1000 mm/min. Figure 4-9c and d show scanning electron micrographs of symmetric 

micro-channels made at Vt=1000 mm/min in Al6061-T6 and glass. 

It is seen that the channel shape became asymmetric for aspect ratios greater than about 0.9 

(i.e. depth/width). However, when a much lower traverse velocity (e.g. Vt=40 mm/min and less) 

was used to machine a channel with a single pass, no asymmetry resulted and channel quality was 

much better. For example, Figure 4-10 shows two typical micro-channels in aluminum (Figure 

4-10a) at Pp=235 MPa and Vt=40 mm/min and glass (Figure 4-10b) at Pp=134 MPa and Vt=10 

mm/min with aspect ratios (depth/width) greater than 1 using n=1 pass, h=2 mm. Figure 10c shows 

the average profiles of these two channels, illustrating that the eccentricity problem was solved 

when a low traverse velocity was used.  

Moreover, it was observed that the centerline waviness, Wa, and roughness, Ra, of the channels 

made at a low traverse velocity (Figure 4-10) were much lower than those in the asymmetric 

channels made at a high traverse velocity (Figure 4-9). For example, the Wa and Ra (Wa=41 µm 

and Ra=4.2 µm at Vt=1000 mm/min) in Al6061-T6 (Figure 4-11a) decreased by about 95% and 

71%, respectively, when the traverse velocity decreased from Vt=1000 mm/min to Vt=40 mm/min 

(Wa=2.6 µm and Ra=1.2 µm at Vt=40 mm/min). Thus, in order to both avoid asymmetry and low 

channel quality in the machining of high aspect-ratio channels, a relatively low traverse velocity 

using a single pass should be used rather than many passes at a high traverse velocity. Possible 

mechanisms for the asymmetry at high traverse velocities will be presented in the next section.  

Finally, it was noted that the micro-channels made using HASJM were much less wavy and 

rough than those made using AWJM. For example, in multi-pass channels in Al60761-T6 with a 

depth of d= 250 µm made by both machining methods at  Vt=1000 mm/min, the Wa and Ra in 

HASJM (Wa=6.9 µm and Ra=1.1 µm) were, respectively, 51% and 15% less than in AWJM 

(Wa=14.1 µm and Ra=1.3 µm). This is consistent with the previous study by Haghbin et al. [132].  
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(a)                                                                               (b) 

                                                     

 (c)                                                                               (d) 

Figure 4-9 Cross-sectional profiles of multi-pass stepped channels made in (a) Al6061-T6 (n=4, 

10, 20, 30, 40, 50 passes, Pp=235 MPa), (b) glass (n=4, 10, 20, 30, 40, 50, 60, 70, 80 passes, 

Pp=134 MPa) at high traverse velocity (Vt=1000 mm/min), h=2 mm, AVP=40 %, Wt,in=6 wt%, 

θ=90°, and scanning electron micrographs of (c) a 350 µm deep channel in Al6061-T6 using n=25 

passes at Pp=235 MPa, Vt=1000 mm/min, (d) a 420 µm deep channel in glass using n=40 passes 

at Pp=134 MPa, Vt=1000 mm/min. 
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.          

(a)                                                                       (b) 

 

(c) 

Figure 4-10 Scanning electron micrographs of micro-channels made at low traverse velocities in 

(a) Al6061-T6 at Pp=235 MPa, Vt=40 mm/min and (b) Glass at Pp=134 MPa, Vt=10 mm/min, n=1 

pass, machined in air (unsubmerged) and h=2 mm, (c) average channel profiles of Al6061-T6 (a) 

and glass (b). 
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(a) 

 

(b) 

Figure 4-11 Centerline waviness, Wa, and roughness, Ra, of micro-channels in Al6061-T6 made 

by (a) using HASJM at high (Vt=1000 mm/min) and low (Vt=40 mm/min) traverse velocities, 

d=1.2 mm, (b) using both AWJM and HASJM at Vt=1000 mm/min, d=250 μm. 
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4.3.6.2. Mechanism of asymmetric channel formation 

The mechanism responsible for the onset of channel asymmetry at high traverse velocities in 

relatively deep channels (beyond an aspect ratio of about 0.9) was unclear, and a number of 

possible explanations were examined experimentally as illustrated in Figure 4-12.  

 

 

Figure 4-12 List of possible causes of asymmetry observed in deeper channels at high traverse 

velocities. Outcomes determined from experiments. 

 

Vibration 

Pang et al. [91] reported asymmetric channel waviness due to vibration of a slurry-jet nozzle. 

In the present experiments, workpiece vibration was minimized by clamping the target material as 

suggested by Monno and Ravasio [46]. The roughness and waviness of the left and right sidewalls 

was measured on channels that were milled using a range of traverse velocities, Vt, with different 

numbers of passes, n, such that the 1 mm thick Al6061-T6 sheets were completely cut through. 

Figure 4-13 shows that Ra and Wa, measured on the sidewalls half way through the sheet thickness 

0 
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were the same on both sides of the channel at slow speed but became increasingly different as the 

speed increased.  

 

(a) 

 

(b) 

Figure 4-13 (a) Roughness and (b) waviness of left and right sidewalls of cut surfaces made with 

different combinations of traverse velocity (Vt) and number of passes (n), in 1 mm thick Al6061-

T6 at Pp=235 MPa, h=2 mm. Scatter bars representing ±1 standard deviation were small enough 

to fit within the symbols.  
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 A fast Fourier transform (FFT) analysis showed that there was no specific dominant 

frequency in the roughness and waviness data (Figure 4-13) on either sidewall, effectively ruling 

out workpiece vibration as a possible cause of the asymmetry. 

 

Wear and misalignment of the nozzle 

Two sets of channels were machined by scanning the nozzle at various inclinations in two 

perpendicular directions. It was found that the direction of asymmetry was random; i.e. separate 

channels made in a given direction were equally likely to tilt left or right. It was thus concluded 

that the asymmetry was not due to nozzle misalignment with the target. Moreover, channel 

asymmetry continued to be observed under the same conditions when a new nozzle was used. 

 

Cutting front  

A number of investigators have noted that the creation of a step in the cutting front (Figure 

4-14) during machining using abrasive water jets at a high traverse velocity can deflect the jet 

laterally. For example, Hashish [140] used a high-speed camera to record steps in the cutting front 

of the cutting front formed by an AWJ. He explained that steps formed on the cutting front due to 

the existence of two different mechanisms of erosion, cutting and deformation wear, which led to 

the formation of two different front curvatures. Wang [139] and Pang et al. [91] described how the 

dissipation of slurry jet energy during the machining process caused the slurry flow to deflect from 

these steps to the channel sidewalls causing a jet instability. For abrasive waterjets, Guo et al. [142] 

also observed an unsteady oscillation of the jet to either one sidewall or both sidewalls due to such 

steps in the machining front. They found that this phenomenon led to grooves forming on the 

channel sidewalls made in different materials such as aluminum alloy, titanium alloy, steel, and 

ceramics. Orbanic and Junkar [141] explained the lateral waterjet deflection from these machining 

steps by using a “meandering river” analogy. As explained below, these four papers together 

provide the keys elements for the most likely explanation for the asymmetric channels observed 

in the present work at high traverse velocities.  

At the high traverse velocity, a step formed on the cutting front as shown in Figure 4-14a, 
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because there were two erosion mechanisms; i.e. deformation erosion created the upper part of the 

front and cutting erosion created the lower part of the cutting front . If the jet deflecting from this 

step shifted laterally, it had the potential to widen the channel. For relatively shallow channels (i.e. 

aspect ratio ≤0.9), the deflected jet did not erode the sidewalls, but tended to escape from the 

channel and move along the unmachined flat surface. But for deeper channels at high traverse 

velocity, the deflected jet did erode the side walls because the flow was confined by the channel.  

In contrast to the previous AWJM cutting studies described above that noted jet deflection 

oscillating from side to side, the present milling process involved a secondary flow that could not 

escape at the bottom, but was instead trapped within the channel.  

 

 

 

                          (a)                                                                 (b) 

Figure 4-14 Process of formation of (a) asymmetric channels at relatively high traverse velocity of 

Vt=1000 mm/min with step on cutting front of channel (b) symmetric channel at a low traverse 

velocity of Vt=40 mm/min without step formation on the cutting front. Nozzle motion is in the 

direction of X-axis. 

 

It is hypothesized that this accentuated the erosion produced by the jet once it was deflected 

to one of the sidewalls, thereby causing the eccentricity to grow quickly in that direction. At a low 
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traverse velocity there was no asymmetry simply because there was only one material removal 

mechanism, cutting erosion at glancing local particle impact angles, so that no steps were formed 

on the cutting front (Figure 4-14b).  

The role of step formation in the creation of asymmetric channels was confirmed by machining 

a multi-pass (i.e. n=10 passes) channel at a high traverse velocity of Vt=1000 mm/min on a 

previously machined single-pass deep channel made at a low traverse velocity of Vt=40 mm/min. 

Although the pre-made symmetric channel had no steps as explained in Figure 4-14b, it quickly 

formed steps when the channel was deepened by the machining at the higher traverse velocity, and 

the jet was immediately deflected to the sidewall, rapidly forming an asymmetry as shown in 

Figure 4-15. 

 

 

Figure 4-15 Cross-sectional profiles of (a) a single-pass deep channel made in Al6061-T6 at a low 

traverse velocity of Vt=40 mm/min, Pp=235 MPa, h=2 mm, AVP=25%, Wt,in=3wt%, θ=90°, and 

(b) a 10-pass channel made at a high traverse velocity of Vt=1000 mm/min on the previously 

machined channel of (a). 
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4.4. Summary 

An innovative high-pressure abrasive slurry-jet micro-machining (HASJM) apparatus was 

developed from a relatively simple modification to a commercial high-pressure water jet. In 

contrast to previous setups, high-pressure slurry is not forced through an orifice, and therefore the 

new device can be used to micro-machine both ductile and brittle materials with minimal damage 

to the components of the nozzle. It was found that the kinetic energy of the particles, and thus the 

target erosion rate, was maximized at an entrained slurry flow rate of 77% of the water flow rate, 

roughly consistent with an optimum momentum transfer from the high-pressure water entering the 

mixing chamber through the orifice to the essentially stationary slurry entering the chamber.  Some 

evidence of nozzle flooding was apparent at sufficiently high slurry flow rates.  It was also found 

that HASJM provided smoother channels with less roughness and waviness when compared to 

those machined with AWJM. The choice of a suitable operating pressure, slurry flowrate, and 

concentration of particles depended on the properties of the target material. For example, the best 

conditions for glass were a lower water pump pressure and a slurry flow rate sufficiently high to 

flood the nozzle, whereas a higher pressure and the optimized slurry flow rate were best for 

machining aluminum.    

Under identical jet conditions, as the standoff distance increased, the erosion rate of channels 

increased slightly in glass, but decreased in Al6061-T6. For both materials, the channel width 

increased with standoff, although the rate of increase was much higher for glass.  These effects 

were attributed to differences in the local erosion rate at the periphery of the jet for the two 

materials.   

 Finally, it was found that the channels became highly asymmetric when multiple passes at 

relatively high traverse velocities (Vt ~ 1000 mm/min) were used to machine relatively deep 

(aspect ratio of 0.9 and larger) micro-channels in aluminum.  The asymmetry did not occur when 

much lower traverse velocities (Vt≤40 mm/min) were used. These phenomena were explained in 

terms of jet deflection from steps on the cutting front that formed at higher traverse velocities.  

Overall, the study demonstrated that high-quality micro-channels can be machined in both ductile 

and brittle materials using the new HASJM apparatus with the appropriate operating conditions. 
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However, it was difficult to conclude whether the improvements in roughness and waviness 

using HASJM were simply due to using different particle type, size, and velocity or were caused 

by more fundamental reasons such as the effect of air in AWJM. Moreover, the effects of 

machining parameters (e.g. pressure, traverse velocity, dose of particles, and nozzle angle) on 

waviness, roughness, erosion rate, and the width of channels were not investigated. In next chapter, 

The effect of the entrained air in abrasive water jet micro-machining (AWJM) was isolated by 

comparing AWJM milled surfaces with those produced by high-pressure slurry jet micro-

machining (HASJM) while maintaining a constant particle velocity and dose.   
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Chapter 5 Effect of Entrained Air in Abrasive Water Jet Micro-Machining: 

Reduction of Channel Width and Waviness using Slurry Entrainment  

This chapter is based on the following published paper:   

N. Haghbin, F. Ahmadzadeh, J. K. Spelt, and M. Papini, “Effect of entrained air in abrasive water 

jet micro-machining: Reduction of channels width and waviness using slurry entrainment,” Wear, 

vol. 344-345, pp. 99-109, 2015. 

 

 

5.1. Introduction 

Abrasive water jet micro-machining (AWJM) and abrasive slurry jet micro-machining 

(ASJM) are water-jet based technologies for micro-machining a variety of materials such as 

metals, glass, ceramics, polymers, and composite materials. It is often important to minimize 

surface roughness and waviness in controlled-depth milling using these processes in order to 

prevent the need for further finishing operations [28].  

The air that is entrained by an abrasive water jet can have three effects: a) it creates a 

nonhomogeneous three-phase jet in which the abrasive particles are carried and strike the target in 

a bubbly flow, b) it can lead to variations in the abrasive flow rate, and  c) it causes an increase in 

the jet diameter [123,143].  

The first effect causes a nonhomogeneous three-phase flow due to existence of air bubbles in 

the jet. For example, Chahine et al. [144] found that in a multi-phase flow, air bubbles can apply 

repulsive forces to small particles so that particles concentrate in the liquid phase. Firouzi et al. 

[145] demonstrated that, in a mixture of particles, air bubbles, and water, there is a high probability 

of particle-bubble collisions that affect particle motion. It is therefore expected that a non-uniform 

distribution of particles will occur in the abrasive water jets used for AWJM, which could lead to 

an increase in the surface waviness and roughness. The bubbly flow at the target could also lead 

to water drop erosion. For example, water droplets striking a solid surface can also generate a high 

‘water hammer’ pressure, leading to plastic deformation as explained by Huang et al. [32]. Oka et 

al. [40] found erosion damage on an aluminum alloy by water droplet impingement depends on 
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water pressure and the nozzle standoff distance. Chillman et al. [39] observed that the injection of 

air into a plain water jet accelerates drop impingement erosion on an aluminum alloy surface due 

to the creation of water droplets at relatively lower standoff distances. However, Haghbin et al. 

[123] reported that the core region of submerged and unsubmerged water air jets did not break up 

into water droplets for standoff distances between 2 and 5 mm. The effect of the bubbly flow was 

found to be negligible in the present work, as discussed in Section 5.3.3. 

The second effect of entrained air in AWJM can contribute to an increase in surface waviness 

due to the limitations of the particle/air feed systems used in AWJM. For example, abrasive flow 

can be affected by particle agglomeration resulting from high humidity or the generation of 

electrostatic forces, and by particle segregation as reported by Tang and Puri [146], and its effect 

on flowability [147]. Pak and Bechringer [148] reported that providing a uniform air flow rate in 

the particle/air feeder was key to having a consistent particle flow rate in nozzles used in AWJM. 

Bertho et al. [144] found that the instantaneous abrasive flow rate in a two-phase mixture of air 

and particles fluctuated at the output of the abrasive tube (Figure 5-1) due to the compressibility 

of the entrained air. Some solutions have been proposed for delivering a uniform particle flow in 

a particle/air system. For instance, Tardos and Lu [149] suggested using vibratory feeders, but 

these systems could not provide a constant flow rate for relatively small particles (e.g. cement with 

a diameter of 143 µm) due to powder bridging, compaction, and agglomeration. Some air abrasive 

blasting systems utilize a particle feeding system that creates an upward air flow, which is passed 

through the powder bed, generating a cloud of suspended particles (e.g. aluminum oxide of 25 

µm), which then settles into a collection funnel connected to the nozzle, as described by Ghobeity 

et al. [150]. Such systems provide a more uniform air flow through the particles resulting in a more 

consistent particle flow than traditional vibrating hoppers. Yang et al. [150] suggested that Van 

der Waals attractive forces between micro-particles that lead to poor flowability can be reduced 

by applying a hydrophobic coating. Nevertheless, Haghbin et al. [123] found that significant mass 

flow rate fluctuations persisted with coated abrasive particles in AWJM using small (254 µm 

mixing tube diameter) nozzles due to inconsistent particle flow though the abrasive tube leading 

to the nozzle mixing tube.  In the present work, such fluctuations were found to significantly affect 

the waviness of the channels made using AWJM (Section 5.3). 
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The third effect of entrained air, the increase in the jet diameter, is due to the formation of a 

diffuse, unsteady transition zone between the jet core and the surrounding air as described by 

Momber and Kovacevic [29]. Yanaida and Ohashi [43] and Huang et al. [32] found that a plain 

water jet breaks up after a certain standoff distance due to entrainment of surrounding air. Chillman 

et al. [39] concluded that the presence of entrained air in a water jet accelerates the break up into 

a droplet flow, compared to a plain water jet. Osman et al. [65] found that the water and air flows 

in the nozzle separate as a core jet of water surrounded by an annular air flow. Haghbin et al., [123] 

found that the AWJ emerging from a micro-nozzle had a core zone surrounded by a droplet zone. 

Later, Haghbin et al. [143] showed that the jet divergence angle in HASJM (1.5°) was smaller than 

that in AWJM (6.9°). In the present work, the effect of this difference in divergence on the channel 

width was quantified for the same channel depth and abrasive particle velocity (Section 5.3.3.1). 

Particle kinetic energy has a large effect on the depth, waviness and roughness of micro-

channels milled using abrasive jet processes [7]. Predicting or even measuring the particle velocity 

in such multi-phase flows can, however, be challenging. Narayanan et al. [81] developed an 

analytical model for abrasive particle velocities in AWJM systems considering the entrained air as 

a compressible fluid. Li et al. [80] used the momentum and continuity principles to predict particle 

velocity in a two-phase (i.e. air and abrasive) jet. Nouraei et al. [128] adapted this model to predict 

the particle velocity in a low-pressure abrasive slurry-jet micro-machining system that used a two-

phase flow consisting of water and particles. The present HASJM system differs from that of 

Nouraei et al. [128] in that the abrasive slurry is injected into the high-pressure mixing tube of a 

water-jet machine, resulting in much greater particle velocities. 

Measuring particle velocities in abrasive water jets using laser Doppler velocimetry [63] or 

particle image velocimetry [71] has proven to be unreliable due to difficulties in distinguishing 

abrasive particles in a mixture of abrasive, water and air. Later, Balz and Heiniger [152] found that 

particle velocity and size distributions could be measured within an abrasive water jet using PIV 

and the laser induced fluorescence of dyed abrasive particles. Balz et al. [153] also showed that 

ultra-fast X-ray particle velocimetry is a feasible method to measure particle velocities and spatial 

positions of individual abrasive particles in a three-phase jet consisting of abrasive, water, and air. 

Using magnetic particles in inductive methods [64] raises questions about whether the results are 

applicable to other abrasive particles. The impact force method [66] can only provide the net 
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impact velocity of the three-phase mixture. Ruff and Ives [153] introduced a double-disc apparatus 

(DDA) for measuring the average particle velocity in the free jet in abrasive air-jet micro-

machining (AJM). This technique was applied to an abrasive water jet system by Liu et al. [72]; 

however, the measurements were not independently verified and were made using much larger 

nozzles than used in a micro-machining process.  

In contrast to AWJM, no air enters HASJM systems, because the abrasive and water are first 

premixed in a separate container before being accelerated. The premixed slurry is then either 

pumped through the orifice [4], or entrained into the mixing tube of an AWJ nozzle and mixed 

with the high-speed water jet passing through the orifice [132]. The advantage of entraining the 

slurry is that less orifice damage occurs, since only water, rather than the slurry, passes through 

the orifice. Haghbin et al. [132] found that the abrasive flow rate stayed approximately constant 

during machining using an HASJM system. Preliminary observations under typical operating 

conditions indicated that the centerline waviness and roughness of micro-channels in such an 

HASJM system were less than in AWJM [143]. However, the particle type and size used in those 

two micro-machining methods were not identical, and the particle velocities were not measured. 

Hence, it was difficult to conclude whether the improvements in roughness and waviness using 

HASJM were simply due to these differences, or were caused by more fundamental reasons such 

as the effect of air in AWJM. Moreover, the effects of machining parameters (e.g. pressure, 

traverse velocity, dose of particles, and nozzle angle) on waviness, roughness, erosion rate, and 

the width of channels were not investigated. 

In this chapter, the centerline waviness and roughness of micro-channels made in Al6061-T6 

and SS316L using AWJM and HASJM were compared using the same 38 µm garnet abrasive 

particles at various water pump pressures, traverse velocities, and nozzle angles. The average 

particle velocities in the free jets of HASJM and AWJM were predicted and were verified using a 

double disc apparatus (DDA). This permitted the identification of the pressure and abrasive flow 

rate that generated the same particle velocity in both HASJM and AWJM, thereby yielding a direct 

comparison of surface quality, channel dimensions, and erosion rate in the two systems, one having 

entrained air and one that did not. 
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5.2. Experiments 

5.2.1. Experimental setup and machining parameters 

The AWJM and HASJM apparatuses were described in detail in Haghbin et al. [123] and Haghbin 

et al. [143], respectively. Briefly, Figure 5-1 shows a schematic of a prototype micro nozzle having 

an orifice diameter, dO, of 127 µm and a mixing tube diameter of 254 µm installed on an OMAX 

2626 Jet Machining Centre (OMAX Corp., Kent, Washington, USA), capable of water pump 

pressures, Pp, of up to 345 MPa. The OMAX machine could be easily switched between the AWJM 

and HASJM setups using a 3.2 mm inner diameter tube that connected the nozzle mixing tube to 

either the dry abrasive hopper or the abrasive slurry tank. The slurry flow rate was adjusted using 

a 3 mm abrasive slurry valve. The abrasive flow rate in AWJM was controlled by a 1.5 mm orifice 

at the bottom of the abrasive hopper. 

Figure 5-2 shows the measured size distribution (38 µm average equivalent spherical diameter) 

of the treated 320-mesh garnet (Barton International, Glens Falls, NY, USA) that was used in all 

AWJM experiments [132]. A proprietary process was used to reduce particle agglomeration and 

improve the flowability of the micro-particles feeding from the hopper and in the abrasive feed 

tube [150]. The treated garnet, however, could not be used for HASJM because it repelled water 

and could not be mixed uniformly in the slurry tank. Therefore, an untreated version of the same 

320-mesh garnet was used for all the HASJM experiments. The density and hardness of both 

treated and untreated garnet particles were virtually identical based on information provided by 

the supplier.  

Table 5.1 shows the machining parameters used to mill straight, multi-pass micro-channels 

into 3×5×0.3 cm thick SS316L and Al6061-T6 samples using AWJM and HASJM. Up to n=8 

multiple nozzle passes were used at different traverse velocities, Vt, and under different water 

pump pressures, Pp, with nozzle inclinations of θ= 90° and 45°. The effect of each experimental 

parameter was isolated by varying it individually while holding all other parameters constant at 

typical AWJM values. As explained below, experiments were also performed at a crossover 

condition, in which the average particle velocity, particle dose, and particle size and type were 

identical for both AWJM and HASJM.  



93 

 

 

(a) 

 

(b) 

Figure 5-1 a) Schematic of the nozzle in the AWJM and HASJM systems. X-axis is along the 

channel length. b) Schematic of high-pressure water jet from the orifice entering the mixing tube 

and entraining abrasive in either air (AWJM) or water (HASJM).  Not to scale.  
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Figure 5-2 The size distribution and shapes of the surface-treated and untreated 320-mesh garnet. 

Curve gives cumulative percent [132]. 

 

Table 5.1. Process parameters used for HASJM, AWJM, and a crossover condition where the same 

abrasive dose and average particle velocity were achieved in both micro-machining processes. 

 AWJM HASJM Crossover 

conditions  

Standoff distance (mm), h 2 2, 5, 10 2 

Abrasive type treated garnet untreated garnet  

Average abrasive diameter, dp (µm) 38 38  

Inlet abrasive flow rate (g/min), ṁa 20-60 6, 6.94, 7.48  

Inlet slurry flow rate (g/min), ṁs --- 200, 231.3, 249.3  

Particle concentration of input slurry (%), 

Wt, in 

--- 3 3 

Water pump pressure (MPa), Pp 137 194, 221, 277 137, 221 

High-pressure water flow rate, �̇�𝑤 (g/min) 199 231.3, 255.5, 280.3  

Traverse speed (mm/min), Vt 1000, 2500, 

4572 

1000, 2500, 4572 4572 

Nozzle angle (deg.), Ɵ 90°, 45° 90°, 45° 90° 

Number of passes, n 2 4, 8 2, 8 

Mixing tube length, mm 33 33 33 

Workpiece material Al6061-T6, 

SS316L 

Al6061-T6, 

SS316L 

Al6061-T6, 

SS316L 

Average free-jet particle velocity, Vp (m/s) 255 226, 255, 275 255 

Abrasive particle dose, Ma (g) for a 2-cm 

channel length 

  0.24 

Effective jet diameter, dj (µm) 455  285 455, 285 

100 µm 
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The effective jet diameter, dj, in AWJM and HASJM was found by cutting through a foamed 

plastic (Renshape® material) as explained by Haghbin et al. [123,143]. The micro-channels were 

machined into the two target materials under identical conditions; i.e. multi-pass channels were 

machined on SS316L and Al6061-T6 samples placed side-by-side, and without turning off the jet. 

The samples were clamped to a stationary base that was placed at different standoff distances, h, 

below the nozzle (Figure 5-1) which moved at different traverse velocities, with a positioning 

accuracy of ±76 µm over 30 cm.  

The resulting micro-channel profile shapes and centerline waviness and roughness were 

measured using a non-contact optical profilometer (model ST 400, Nanovea, Irvine, CA, USA) 

having lateral and vertical resolutions of 0.1 µm. Centerline waviness and centerline roughness 

were recorded as the average and standard deviation of three 2 cm long channels, measured using 

a Gaussian filter with a cut-off length of 0.8 mm (suggested by [154,155]) for roughness and 

waviness.  

The erosion rate for both processes was expected to depend strongly on the abrasive particle 

velocity. It was therefore also of interest to machine channels using both AWJM and HASJM with 

the same free-jet particle velocity in order to isolate the effects of air in AWJM. The model of 

Narayanan et al. [81] was used to predict the particle velocity in AWJM. The model was adapted 

in Section 2.3.2 to allow prediction of particle velocity for the HASJM setup. All predicted results 

were verified experimentally using a double-disc apparatus. Table 5.1 shows the crossover 

machining conditions (i.e. Pp=134 MPa, n=2 in AWJM and Pp=279, n=8 in HASJM), for which 

the average free-jet particle velocity, Vp, and the abrasive particle dose, Ma, in AWJM and HASJM 

were the same. 

5.2.2. Volumetric erosion rate 

The volumetric erosion rates for AWJM and HASJM were calculated as  

𝐸 =
𝑉𝑚

𝑀𝑎
                                                                 (5.1) 

where Ma was the total abrasive mass consumed (i.e. abrasive particle dose) to remove a total 

volume of Vm from the target surface. The removed target volume was determined by calculating 

the average area of nine cross-sectional channel profiles (3 profiles for each of 3 separate 
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channels), and multiplying by the channel length. The mass of abrasive incident to the channel was 

an average of two measurements, one before and one after machining, in which the abrasive exiting 

the hopper or the slurry tank was collected and weighed. Significant variations in the abrasive mass 

flow rate are typical in abrasive water jet operations [75,76,77]. For example, in previous work, it 

was found that the abrasive mass flow rate reduced by 70% over a 20 min period [123]. Therefore, 

for AWJM, the machining time was kept as short as possible to minimize the variation in the 

abrasive flow rate for AWJM (i.e. 0.7 g for a machining time of 6 s at a traverse velocity of Vt=4572 

mm/min). 

 

5.2.3. Abrasive particle velocity 

5.2.3.1. Double disc apparatus (DDA) 

The average particle velocity in AWJM and HASJM was directly measured using a double 

disc apparatus (DDA). The principle of the DDA was explained in detail by Liu et al. [72]. Briefly, 

the present design consisted of two discs, fixed to a central shaft at a specified separation, and 

made to rotate rapidly using a 2 HP electric router (DeWalt, Model 621, Baltimore, MD) with a 

maximum angular velocity of 23,400 rpm (Figure 5-3). The particles in the jet passed through the 

four 1.5 mm wide slots on the upper rotating disc and generated four erosion scars on the recording 

disc placed on the lower rotating disc. The recording (lower) disc was made of Al6061-T6, because 

it remained undamaged by water droplets, and the resulting scars could thus be attributed to the 

particles alone [72].  

The average velocity of the abrasive particles (Vp) was calculated from the angle, φ, (Figure 

5-3) measured on the recording disc between a reference line directly below the centerline of the 

upper slot and a line through the center of the corresponding erosion scar, as described by Liu et 

al. [72]. Then the average particle velocity in the jet was given by 

𝑉𝑝 =
6𝜔𝑆

𝜑
                                                                 (5.2) 

where Vp is in m/s, S (m) is the distance between the upper disc and the recording disc as shown 

in Figure 5-3, ω (rpm) is the disc angular velocity and the scar angle φ is in degrees. The traverse 

velocity of nozzle was Vt=1000 mm/min in the radial direction of the rotary discs (Figure 5-3), 
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thereby creating a straight radial scar on the recording disc, reflecting the effect of the increasing 

tangential disk velocity as the jet moved radially outward. The total average free-jet particle 

velocity and its standard deviation were found by averaging φ for the four scars in three repeats 

separately measured in each of micro-machining processes.  

 

 

 

Figure 5-3 Experimental setup for double disc apparatus (DDA) used for measuring particle 

velocity in the HASJM and AWJM. Nozzle moved along the radial direction of the discs. Not to 

scale. 

 

The high centrifugal forces prevented the formation of a water film of the recording disc so 

that the jet impacted an essentially dry recording disc each time. It is important to note that the 

DDA measured the average speed of particles in the free jet, and not the actual impact velocity of 

the particles. The latter will be less than the free-jet velocity because of particle deceleration caused 

by the displacement of the “squeeze film” of water between the particle and target at very small 

separations [96]. This deceleration occurs so quickly that it does not introduce a significant error 

in the measured free-jet particle velocity. The particle free-jet velocity was measured at different 
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standoff distances, h (mm), as shown in Figure 5-3c and Table 5.1. The DDA yielded an average 

particle velocity and could not measure the distribution of velocities within the jets. 

5.2.3.2. Particle velocity prediction in AWJM and HASJM 

As mentioned previously, the free-jet particle velocity in AWJM was determined using the 

approach of Narayanan et al. [81], which applied Bernoulli’s equation and momentum and 

continuity principles in a three-phase flow consisting of water (i.e. a non-compressible fluid), air 

(i.e. a compressible fluid), and abrasive. This approach was modified in the present work to also 

predict the particle velocities of HASJM by assuming momentum exchanges between three 

nominal “phases” (high pressure water exiting the orifice, low pressure water in the slurry, abrasive 

in the slurry) in the mixing tube (Figure 5-1b). It was assumed that interactions in the mixing 

chamber were negligible since the high-pressure jet from the orifice entered the mixing tube 

directly, causing the abrasive to be entrained into the mixing tube along with either air (AWJM) 

or water (HASJM) (Figure 5-1b) [29]. The 28 mm long mixing tube (Figure 5-1) was divided into 

1000 segments, based on a balance of computational time and accuracy. For example, trials with 

10000 segments resulted in a 0.02 % difference in predicted velocity when compared with 1000 

segments. Then the continuity equation was separately written for each phase within each segment 

as 

𝜌𝑤
𝑑𝛼𝑤𝑢𝑤

𝑑𝑧
= 0                                                                 (5.3) 

 𝜌𝑤′
𝑑𝛼

𝑤′𝑢
𝑤′

𝑑𝑧
= 0                                                                (5.4) 

 𝜌𝑝
𝑑𝛼𝑝𝑢𝑝

𝑑𝑧
= 0                                                                 (5.5) 

where indices w, w’, and p stand for the high-pressure water from the orifice, the low-pressure 

water in the slurry, and the abrasive particles, respectively, and the z-axis is along the centerline 

of the mixing tube as shown in Figure 5-1 The terms ρw, ρw’, ρp and αw, αw’, αp and uw, uw’, up are 

the densities, volume fractions and velocities of the high-pressure water, low-pressure water, and 

particles, respectively. Equation (5.4) differs from that in the Narayanan AWJM model, where the 

volume fractions of water, air, and particles changed while the jet moved through the mixing tube 

due to the compressibility of air. In the case of HASJM, which involves incompressible flows, 
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there was no need to update the density of any of the phases. The volume fraction, 𝛼 of the 

incompressible flows of water and particles in the HASJM setup are: 

𝛼𝑤 =
(�̇�𝑤 𝜌𝑤⁄ )

(�̇�𝑤 𝜌𝑤⁄ )+(�̇�𝑤′ 𝜌𝑤′⁄ )+(�̇�𝑝 𝜌𝑝⁄ )
                                                      (5.6) 

𝛼𝑝 =
(�̇�𝑝 𝜌𝑝⁄ )

(�̇�𝑤 𝜌𝑤⁄ )+(�̇�𝑤′ 𝜌𝑤′⁄ )+(�̇�𝑝 𝜌𝑝⁄ )
                                                      (5.7) 

𝛼𝑤′ =
(�̇�𝑤′ 𝜌𝑤′⁄ )

(�̇�𝑤 𝜌𝑤⁄ )+(�̇�𝑤′ 𝜌𝑤′⁄ )+(�̇�𝑝 𝜌𝑝⁄ )
                                                      (5.8) 

where ṁw, ṁw’, and ṁp are the flow rates of the high-pressure water, low-pressure water, and 

particles, respectively, and  𝛼𝑤′ + 𝛼𝑤 + 𝛼𝑝 = 1. 

Following Narayanan et al. [81], the approach of Burns et al. [157] was used to model the drag 

interactions between the phases assuming that liquid phases could be modelled as a uniform 

dispersion of spherical elements. Therefore, the momentum equations for each of the two-phase 

pairs (i.e. high-pressure and low-pressure water phases, high-pressure water and particle phases, 

low-pressure water and particle phases) were  

𝜌𝑤
𝑑

𝑑𝑧
(𝛼𝑤𝑢𝑤

2 ) = 𝐹𝐷
𝑤𝑝 + 𝐹𝐷

𝑤𝑤′
                                                        (5.9) 

 𝜌𝑤′
𝑑

𝑑𝑧
(𝛼𝑤′𝑢𝑤′

2 ) = −𝐹𝐷
𝑝𝑤′

− 𝐹𝐷
𝑤𝑤′

                                                    (5.10) 

 𝜌𝑝
𝑑

𝑑𝑧
(𝛼𝑝𝑢𝑝

2) = −𝐹𝐷
𝑤𝑝 + 𝐹𝐷

𝑝𝑤′

                                                        (5.11) 

where 𝐹𝐷
𝑤𝑝

, 𝐹𝐷
𝑤𝑤′

, and 𝐹𝐷
𝑝𝑤′

are the drag forces between each pair of phases, found as  

𝐹𝐷
𝑤𝑝 =

1

8
𝐶𝐷𝐴𝑝𝑤𝜌𝑤|𝑢𝑝 − 𝑢𝑤|(𝑢𝑝 − 𝑢𝑤)                                               (5.12) 

 𝐹𝐷
𝑤𝑤′

=
1

8
𝐶𝐷𝐴𝑤𝑤′𝜌𝑤′|𝑢𝑤′ − 𝑢𝑤|(𝑢𝑤′ − 𝑢𝑤)                                           (5.13) 

 𝐹𝐷
𝑝𝑤′

=
1

8
𝐶𝐷𝐴𝑝𝑤′𝜌𝑤′|𝑢𝑤′ − 𝑢𝑝|(𝑢𝑤′ − 𝑢𝑝)                                            (5.14) 
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where 𝐴𝑝𝑤, 𝐴𝑤𝑤′, and 𝐴𝑝𝑤′  are the effective interaction areas between the particles and high 

pressure water, high and low pressure water, and particles and low pressure water, respectively, as 

defined below. Particle collisions were ignored by assuming that the phases were uniformly 

distributed. The drag coefficients, CD, suggested by Crowe et al. [158] and applied to dispersed 

phases by Narayanan et al. [81], are also valid for the present HASJM case, as  

𝐶𝐷 =
24

𝑅𝑒𝑑
𝑓                                                                      (5.15) 

 𝑓 = 1 + 0.15𝑅𝑒𝑑
2 3⁄

+
0.0175𝑅𝑒𝑑

1+42500 𝑅𝑒𝑑
1.16⁄

                                             (5.16) 

 𝑅𝑒𝑑 =
𝜌𝑐(∆𝑢)𝑑𝑑

𝜇𝑐
                                                                  (5.17) 

where subscripts c and d refer to continuous phase (i.e. a fluid phase within which abrasive 

particles or another fluid phase are distributed) and dispersed phase (i.e. abrasive particles or a 

fluid phase spread in a fluid phase), respectively. The terms 𝑓, 𝑅𝑒𝑑, ∆𝑢, 𝜇𝑐, 𝜌𝑐, and 𝑑𝑑 are friction 

factor (i.e. a dimensionless factor related to shear stress between two phases), Reynolds number 

of the dispersed phase, the relative velocity of the two phases, the viscosity of the continuous 

phase, the density of the continuous phase, and the diameter of dispersed phase, respectively. In 

Eqs. (5.9) to (5.17), the continuous and dispersed phases in each pair of phases (i.e. w, w’, and p) 

were assumed as w (i.e. continuous phase)- p (i.e. dispersed phase) and w’ (i.e. continuous phase)- 

p (i.e. dispersed phase) and w (i.e. continuous phase)- w’ (i.e. dispersed phase). Equations (5.15) 

and (5.16) are applicable for flows with Reynolds number up to 30,000, and therefore valid for 

both AWJM and HASJM.  

Narayanan et al. [81] defined the interaction areas  𝐴𝑝𝑤, 𝐴𝑤𝑤′, and 𝐴𝑝𝑤′, in terms of the 

volume fractions of the fluid phases as  

𝐴𝑝𝑤 = 𝐴𝑝 (
𝛼𝑤

𝛼𝑤′+𝛼𝑤
)                                                           (5.18) 

𝐴𝑤𝑤′ = 𝐴𝑤(1 − 𝛼𝑝)                                                          (5.19) 

𝐴𝑝𝑤′ = 𝐴𝑝 − 𝐴𝑝𝑤                                                             (5.20) 
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 where  𝐴𝑝, and 𝐴𝑤, were defined as [157] 

𝐴𝑝 =
6𝛼𝑝

𝑑𝑝
                                                                        (5.21) 

𝐴𝑤 =
6𝛼𝑤

𝑑𝑤
                                                                        (5.22) 

where 𝑑𝑝 is the average abrasive particle diameter. As mentioned above, the high-pressure water 

was modelled as a uniform dispersion of spherical elements of diameter of 𝑑𝑤, given by Narayanan 

et al. [81] as  

𝑑𝑤 ≈ 𝑑𝑗 (
�̇�𝑤

�̇�𝑠+�̇�𝑤
)                                                              (5.23)   

The jet diameter, 𝑑𝑗, was measured for both AWJM and HASJM by cutting through a polymeric 

foam board as explained by Haghbin et al. [123].  

The continuity and momentum equations (Eqs. (5.3) - (5.14)) were solved for each small 

segment of the mixing tube using a MATLAB (R2014a) code, so that the output results for each 

segment were taken as the initial conditions for the next segment. The initial velocity of the 

particles, high-pressure water, and low-pressure water at the entrance of mixing tube (Figure 5-1) 

were assumed 𝑢𝑜𝑝=0, 𝑢𝑜𝑤 = �̇�𝑤/𝜌𝑤, and  𝑢𝑜𝑤′=0, respectively. It was assumed that the particle 

velocity in the radial direction of each cross section of the mixing tube was constant.   

 

5.3. Results and discussion 

5.3.1. Particle velocity in the AWJM and HASJM 

The particle velocity model of Section 5.2.3 was verified by comparison with the DDA 

experiments performed at three water pump pressures of Pp=194, 235 and 279 MPa using both 

AWJM and HASJM (Figure 5-4). 
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(a) 

 

(b) 

Figure 5-4 Average predicted free-jet particle velocity, Vp, compared with the DDA measurements 

for (a) HASJM at different water pump pressures, (b) particle velocity for HASJM and AWJM at 

the crossover condition: HASJM Pp=221 MPa and AWJM at Pp=137 MPa at a standoff distance 

of h=2 mm. Scatter bars represent ±1 standard deviation for three separate measurements with 4 

scars each.  

0

40

80

120

160

200

240

280

320

360

400

440

480

194 221 277

P
a

rt
ic

le
 v

e
lo

c
it
y,

 V
p

(m
/s

)

Water pump pressure, Pp (MPa) 

Exp.
Predicted

h= 2 mm

0
40
80

120

160
200
240

280
320
360
400

440
480

HASJM
(Pp=221 MPa)

AWJM
(Pp=137 MPa)

P
a

rt
ic

le
 v

e
lo

c
it
y
, 

V
p

(m
/s

)

Machining method 

HASJM, Exp.
AWJM, Exp.
HASJM, Predicted
AWJM, Predicted

h=2 mm



103 

 

Table 5.1 gives the corresponding measured high-pressure water mass flow rates through the 

orifice and the flow rates of the water and abrasive particles entrained from the slurry tube [143]. 

The densities of the garnet particles and water were taken as 4,000 kg/m3 and 1,000 kg/m3, 

respectively. The average free-jet particle velocity at the HASJM nozzle exit predicted by the 

model was Vp=226 m/s at Pp=194 MPa, and rose with increasing pressure (Figure 5-4a) to Vp=273 

m/s at Pp=277 MPa. The DDA measurements had an average standard deviation of 8.6 m/s.  It was 

found that the model over-predicted the DDA measured values by an average of 9%. Figure 4b 

shows that the particle velocity at the lower water-pump pressure of Pp=137 MPa in the AWJM 

was approximately equal to that at the high water-pump pressure of Pp=221 MPa in HASJM (i.e. 

Vp≈255 m/s). This crossover condition in particle velocity while using the same abrasive dose by 

varying the number of passes, as shown in Table 5.1, allowed the roughness and waviness of 

channels micro-machined using both systems to be compared directly (Section 5.3.3).    

5.3.2. Wa and Ra for AWJM and HASJM-Trends with pressure and dose 

5.3.2.1. Effect of pressure  

Che et al. [159] showed theoretically that surface roughness in ductile materials depends on 

particle velocity, which increases with pressure for AWJM. This has been confirmed by the 

observations of a number of authors. For example, Cenac et al. [160] observed that the surface 

roughness of composite materials increased slightly with increasing a pressure during AWJ 

milling. The same trends in roughness and waviness with pressure were reported by Shipway et 

al. [28] for the AWJ milling of a titanium alloy. Ojmertz [161] found that in the AWJ milling of 

steel and aluminum alloys, waviness increased sharply with rising pressure. 

Figure 5-5 confirmed that the centerline waviness, Wa, and roughness, Ra, of micro-channels 

machined in Al6061-T6 and SS316L in both AWJM and HASJM increased with increasing water 

pump pressure, Pp. As particle velocity increased with a pressure (Figure 5-4a), the indentations 

became deeper and thus the centerline waviness and roughness became larger. The average 

centerline waviness and roughness of channels made in Al6061-T6 (Figure 5-5a) in both 

machining processes were overall 2.6 and 1.5 times higher than in SS316L, respectively (Figure 

5-5b). This was due to the relatively lower erosion rate of SS316L than Al6061-T6 (i.e. 2.1 times  
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(a) 

 

 

(b) 

Figure 5-5 Variation of centerline waviness, Wa, and centerline roughness, Ra, versus pressure for 

micro-channels made in (a) Al6061-T6 and (b) SS316L using AWJM (n=2 passes) and HASJM 

(n=8 passes) at Vt=4572 mm/min, h=2 mm. Scatter bars represent ±1 standard deviation for three 

separate measurements. 
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smaller). The much higher variation in waviness for AWJM seen in Figure 5-5 is better discussed 

under conditions of identical particle dose and velocity, in Section 5.3.3.1. 

5.3.2.2. Effect of particle dose at the same particle velocity 

Figure 5-6 shows the centerline waviness, Wa, and centerline roughness, Ra, of micro-channels 

machined using either AWJM or HASJM as a function of abrasive particle dose, Ma, controlled 

by varying the traverse velocity, Vt. As the traverse velocity increased from 1000 to 4572 mm/min, 

Wa decreased by 76% and Ra decreased by 45%, while for HASJM, Wa decreased by 81% and Ra 

decreased by 10%. It was hypothesized that Wa decreased with the increasing traverse velocity 

because of a decrease in particle dose. Because the number of passes in the two processes was 

different, the effect of the leading edge angle on erosion rate and surface morphology in AWJM 

and HASJM was different. For example, over this range of traverse speeds, the centerline depth in 

AWJM ranged from 19 to 161 µm, and from 18 to 121 µm in HASJM. The leading edge angle of 

micro-channels made in Al661-T6 and SS316L (Figure 5-6a,b) increased with a decrease of 

traverse velocity from 3° to 18° and 2° to 8° in AWJM and from 1° to 4° and 0.5° to 1.5° in 

HASJM, respectively. The Wa increased with dose (lower scan speed) for both machining 

processes due to the tendency to form more irregularities (that was enhanced by further passes) at 

a lower traverse velocity [6]. The waviness was much worse in AWJM due to the greater variation 

in the abrasive mass flow rate associated with the presence of air [149]. 

The Ra at a relatively low traverse velocity in AWJM was 1.5 times higher than that in 

HASJM. Furthermore, it is seen that the difference in Ra between the two processes for SS316L 

(Figure 5-6b) was smaller than in Al6061-T6 (Figure 5-6a). The Ra was different at a low traverse 

velocity because the leading edge of the kerf formed in the traverse direction is sloped differently 

for AWJM (2 passes, high slope of 18°) and HASJM (8 passes, low slope of 4°). At a high traverse 

velocity, the slope of the leading edge was about the same for both processes. In order to minimize 

the effect of leading edge slope on roughness so that the effect of air could most accurately be 

assessed, the channels resulting from the highest traverse velocity of Vt=4572 mm/min and the 

same particle velocity of 255 m/s (Table 5.1) will be discussed in more detail in Section 5.3.3.  
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  (a) 

 

(b) 

Figure 5-6 Variation of centerline waviness, Wa, and centerline roughness, Ra, as a function of 

abrasive particle dose, Ma, for micro-channels made in (a) Al6061-T6 and (b) SS316L, using 

AWJM (Pp=137 MPa, n=2 passes) and HASJM (Pp=221 MPa, n=8 passes) at h=2 mm. Scatter 

bars represent ±1 standard deviation for three separate measurements. 
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5.3.3. Comparison of AWJM and HASJM at the same particle velocity and dose-effect of air 

In Section 5.1, three possible effects that the air that is entrained by an abrasive water jet can 

have on the resulting erosion at the surface were identified.  Since the crossover condition in Table 

5.1 allowed AWJM (air entrained) and HASJM (no air entrained) to be conducted at the same 

particle velocity and dose, it allowed for a direct assessment of the effect of air. 

The first effect, i.e., bubbly flow at the surface, causing drop impingement erosion, was 

investigated by milling Al6061-T6 and SS316L using a water/air jet (i.e, an AWJM setup without 

abrasive, but still entraining air) at Pp=137 and 221 MPa, Vt=4572 mm/min, n=2 passes, h= 2 mm.  

In all cases, there was negligible erosion of the two target metals, consistent with previous work 

by Haghbin et al. [123] who showed that a water/air jet could not erode a metal surface when the 

standoff distance, h≤5 mm because the jet core did not break up into water droplets. While it is 

possible that an impinging air/water/abrasive jet in AWJM could result in erosion due to a synergy 

between particles and liquid drops or bubbles, the fact that the air/water jet caused no damage 

indicates that the overall effect of the bubbly flow on erosion was very likely small. 

5.3.3.1. Erosion rate and channel dimension at the same particle velocity and dose 

Figure 5-7a compares the volumetric specific erosion rates (Eq. (5.1)) of micro-channels made 

using the same particle velocity and dose (i.e. 0.24 g for a channel length of 2 cm, Table 5.1 

crossover condition) in AWJM and HASJM. As discussed above, under these conditions the only 

difference between the processes was the presence of the entrained air in the AWJM. It is seen that 

the entrained air increased the erosion rate in AWJM so that it was approximately 26% greater 

than that for HASJM in Al6061-T6, and 29% greater in SS316L. 

The differences in erosion rate were caused by the entrained air in AWJM which produced a 

wider jet (i.e. de~455 µm in AWJM and de~285 µm in HASJM, Table 5.1), leading to a wider 

channel. For example, Figure 5-7b shows that the micro-channels made with HASJM were about 

26% narrower than those made with AWJM. As discussed in Section 5.1, while there was a core 

jet area in both machining processes, the entrained air in AWJM was distributed more in the 

peripheral jet area [43] where it produced a droplet zone around the core zone [123] and increased 

the jet diameter. Therefore, the wider jet in AWJM created wider channels than in HASJM. It was 

found that the  
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(a) 

 

(b) 

Figure 5-7 Micro-channels made at =90 in Al6061-T6 and SS316L using the same particle 

velocity and dose in AWJM (Pp=138 MPa, n=2 passes) and HASJM (Pp=221 MPa, n=8 passes) at 

Vt=4572 mm/min, h=2 mm: (a) Volumetric specific erosion rate, E, (b) Centerline depth, d, and 

width, W. Scatter bars represent ±1 standard deviation for three separate measurements. 
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normalized channel widths for Al6061-T6 and SS316L (i.e. width divided by effective jet 

diameter) were, respectively, 82% and 64% in AWJM, and 97% and 76% in HASJM. Since the 

channels machined with HASJM were narrower than those machined with AWJM, they were filled 

with water to a greater depth, thereby causing greater particle deceleration through the water-filled 

channel as described by Haghbin et al. [123]. This smaller particle impact velocity in HASJM 

compared with AWJM led to the slightly shallower (20% smaller) channel centerline depths in 

HASJM seen in Figure 5-7b for the crossover condition.  

Figure 5-8 shows that the cross-sectional profiles of micro-channels of about the same depth 

made by AWJM and HASJM at the same velocity and dose were very similar in shape, although 

they differed in width as discussed above.  

 

 

Figure 5-8 Typical cross-sectional shapes of micro-channels of approximately the same centerline 

depth made at the same particle velocity in Al6061-T6 using AWJM at Pp=138 MPa, n=2 passes, 

and HASJM at Pp=221 MPa, n=8 passes, Vt=1000 mm/min, θ=90°. Note difference in depth and 

width scales. 
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5.3.3.2. Effect of nozzle angle on Wa and Ra at the same particle velocity and dose 

Considering first the data for a nozzle angle of θ=90°, Figure 5-10 shows that the waviness of 

channels made with AWJM was significantly larger than with HASJM at the same particle velocity 

and dose made at Vt=4572 mm/min. However, the roughness was approximately the same for the 

two processes. It was hypothesized that the larger waviness of the micro-channels created by 

AWJM were due to greater fluctuations in the abrasive flow rate in the particle-air feed system, as 

discussed in Section 5.1. The nozzle inclination angle affects the flow field in the jet footprint, 

with smaller angles causing a greater fraction of the flow to be directed axially along the channel 

rather than toward the sidewalls adjacent to the footprint [161]. It was of interest to compare the 

magnitude of this effect in AWJM and HASJM at the same average particle velocity and dose. 

With a nozzle inclination of θ=45°, machining in the “backward” direction (Figure 5-9a) was 

indistinguishable from machining in the “forward” direction (Figure 5-9b), with no statistically 

significant differences (t-test, 95% confidence) in Wa and Ra of channels in Al6061-T6 and SS316L 

(Figure 5-10) for either process. 

 

    

(a)                                                               (b) 

Figure 5-9 Micro-milling in AWJM and HASJM with a nozzle at global angle of Ɵ=45° at standoff 

distance, h in form of (a) backward machining with the slurry flow along the length of the 

machined channel, (b) forward machining with the slurry deflecting from the leading edge. Not to 

scale. 
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(a) 

 

(b) 

Figure 5-10 Comparison of AWJM and HASJM using the same particle velocity and dose. 

Centerline waviness, Wa, and centerline roughness, Ra, of micro-channels made at θ=90° and 

θ=45° (Backward-BW, Forward-FW) in: (a) Al6061-T6, and (b) SS316L using AWJM (Pp=138 

MPa, n=2 passes, Vt=4572 mm/min) and HASJM (Pp=221 MPa, n=8 passes, Vt=4572 mm/min) at 

h= 2mm. Scatter bars represent ±1 standard deviation for three separate measurements.  
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The similarity of the forward and backward results is explained by the relatively small slope of the 

leading edge of the machining front as discussed in Nouraei et al. [128]. 

The width of channels at θ=45° in AWJM was W=440 µm in Al6061-T6 and W=371 µm in 

SS316L, while the comparable widths with HASJM were W=350 µm in Al6061-T6 and W=227 

µm in SS316L. The centerline depth of channels in backward and forward machining in both 

processes were almost the same (i.e. d=85 µm in Al6061-T6 and d=42 µm in SS316L).  These 

width and depth trends were similar to those seen at θ=90°, but the values a θ=45° were larger 

because the erosion rate in these metals increased with decreasing particle impact angle [132].  

In both forward and backward machining, inclining the nozzle at θ=45° increased both the 

waviness and roughness compared with machining at θ=90°. This was attributed to the smaller 

water stagnation zone leading to a higher impact velocity at a nozzle angle of 45° compared to 90° 

[98]. Regardless of the nozzle angle, however, Wa was always greater in AWJM, and Ra was 

always the same or slightly greater in HASJM. The increase in waviness and roughness with 

decreasing nozzle angle (Figure 5-10) is opposite to the trend reported for the slurry jet polishing 

of optical surfaces made of glass where small nozzle angles are recommended to minimize 

roughness [163]. For the polishing of glass, the decrease in nozzle angle resulted in lower impact 

energy transfers normal to the surface, leading to a smaller chip being removed, a lower erosion 

rate, and ultimately a lower roughness [164]. In contrast, the erosion rate in metals increases with 

decreasing impact angle [155]. Moreover, the much higher kinetic energy of particles in AWJM 

compared to slurry jet polishing produces a very high erosion rate at low impact angles, but in jet 

polishing the very low particle kinetic energy limits low-angle erosion to just the peaks of 

asperities, thereby smoothing the surface [165].    

The results of Sections 5.3.2 and 5.3.3 are summarized in Table 5.2, which gives the properties 

of the micro-channels made with AWJM relative to those made with HASJM at the crossover 

condition, and as pressure, dose and jet angle were changed. 
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Table 5.2. Summary of properties of micro-channels made with AWJM and HASJM. At the 

crossover condition, the differences were due solely to the effects of entrained air in the abrasive 

feed system of AWJM. 

 AWJM relative to HASJM 

Crossover condition: equal particle velocity in free jet and equal particle dose 

Channel width 26% wider  

Channel depth 20% deeper 

Wa 4.7x greater 

Ra Approx. the same 

Specific erosion rate  27% greater 

Effect of increasing pressure, dose, jet inclination on AWJM and HASJM 

Wa Increases 

Ra Increases 

 

5.4. Summary 

In this chapter, the particle velocities in the jets produced in abrasive water-jet micro-

machining (AWJM) and high-pressure slurry-jet micro-machining (HASJM) were predicted using 

a model and verified using a double disc apparatus (DDA). This facilitated the prediction of the 

pressures and abrasive flow rates required to generate equal free-jet particle velocities (Vp~255 

m/s) in both processes. These conditions permitted a direct assessment of the effects of the air in 

the jet in AWJM on the quality (i.e. centerline waviness and centerline roughness) and dimensions 

of micro-channels made in Al6061-T6 and SS316L using the same abrasive particle size (i.e. 

dp=38 µm) and type (i.e. garnet).  At this crossover condition (i.e. identical free jet particle velocity 

and equal abrasive dose at a high traverse velocity), the erosion rate in AWJM was about 27% 

higher in both metals than that in HASJM. This was due an increase in the channel width caused 

by the wider jet in AWJM resulting from the entrained air. The centerline waviness, Wa, of micro-

channels made in SS316L and Al60661-T6 using HASJM at this crossover condition were 

typically 4.7 times smaller than those made with AWJM due to the various possible effects of air 

in the AWJM (e.g. providing a nonhomogeneous jet and non-uniform abrasive flow rate). The 

centerline roughness, Ra, was approximately the same in both processes at a traverse velocity of 

Vt=4572 mm/min and a nozzle angle of 90°.  
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It was observed that the Wa and Ra were significantly reduced in both micro-machining 

techniques with a decrease in pressure, traverse velocity, and particle dose. The waviness and 

roughness in both processes at a nozzle angle of θ=90° were lower than at θ=45° due to the erosion 

characteristics of ductile metals at an inclined nozzle angle. The Wa of micro-channels with the 

same depth in HASJM were much smaller than those in AWJM, by factors of 6.6 (Al6061-T6) 

and 4.3 (SS316L), while the Ra in both processes were similar. In general, the higher erosion rate 

in Al6061-T6 compared with SS316L produced larger changes in Wa and Ra as the process 

parameters (e.g. pressure, traverse velocity, dose of particles, nozzle angle) were changed.   

 It was concluded that the entrained air in AWJM resulted in a relatively high waviness 

compared to HASJM due to variation in the abrasive flow rate in the air/particle feeding system, 

but the effect of the bubbly flow on erosion and waviness was most likely ignorable. The entrained 

air surrounded the peripheral area of the core jet, increased the AWJ size, and led to a growth of 

channel width in AWJM.  
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Chapter 6  Summary and Conclusions 

6.1 Summary    

Abrasive water jet technology can be used for micro-milling using recently developed 

miniaturized nozzles. Chapter 2 compared the performance of submerged and unsubmerged 

abrasive water jet micro-milling of channels in 316L stainless steel and 6061-T6 aluminum at 

various nozzle angles and standoff distances. The effect of submergence on the diameter and 

effective footprint of AWJ erosion footprints was measured and compared. Chapter 3 used the 

results of previous chapter to develop a new surface evolution model that predicted the size and 

shape of relatively deep micro-channels resulting from unsubmerged and submerged abrasive 

water jet micro-machining (AWJM). A novel high-pressure (water pump pressure up to 250 MPa) 

abrasive slurry micro-machining (HASJM) system was introduced in Chapter 4. By feeding a 

premixed slurry into the mixing chamber of a water jet machine with a micro-nozzle (mixing tube 

diameter of 254 µm), premature erosion of system components was avoided. Channels produced 

by micro-milling Al6061-T6 and glass using a 25 µm aluminum oxide had smaller waviness and 

roughness than those made with the conventional abrasive water jet using a 38 µm treated garnet 

in which air and abrasive entered the mixing chamber. In Chapter 5, the effect of the entrained air 

in abrasive water jet micro-machining (AWJM) was investigated by comparing AWJM milled 

surfaces with those produced by high-pressure slurry jet micro-machining (HASJM) while 

maintaining a constant particle velocity. The effects of air on the quality (i.e. centerline waviness 

and centerline roughness) and dimensions of micro-channels made in Al6061-T6 and SS316L by 

AWJM and HASJM using the same abrasive particle size (i.e. dp=38 µm) and type (i.e. garnet) 

with an identical free jet particle velocity (Vp~255 m/s) were determined.  

6.2 Conclusions 

The main conclusions of this dissertation are: 

i. Unsubmerged micro-milling created micro-channels that were significantly wider than 

those milled with the submerged jet because of increased drag on the jet periphery.  

ii. The instantaneous centerline erosion rate and volumetric erosion rates in AWJM 

decreased with channel depth due to jet spreading and stagnation zone. 
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iii. The decrease in erosion rate due to the stagnation zone is only a function of channel 

geometry, and was independent of the standoff distance, jet angle, jet direction (forward 

or backward machining) and whether the jet was submerged or in air.  

iv. A major advantage of submerged abrasive waterjet micro-machining compared to its use 

in air, is that it is possible to machine narrower channels, thereby increasing the resolution 

of the process without reducing the centerline etch rate. Moreover, it reduced noise and 

released less abrasive debris into the air. 

v. Surface evolution in AWJM was found to occur in a two-stage process. A surface 

evolution model was developed to predict the cross-sectional profiles of relatively deep 

channels, based on modifications of an existing air jet model to account for these two 

stages which brought about nonlinear changes in depth and other effects not previously 

considered.    

vi. The model was found to work equally well when the water jet was submerged and when 

it was used in air, and when machining was in the forward or backward directions. 

vii. Channel depths predicted to within approximately 4%, while the average error in the 

predicted channel width at half the depth was less than 16%, and the maximum error of 

the predicted sidewall slopes was less than 3%.  

viii. A HASJM apparatus was developed from a relatively simple modification to a 

commercial high-pressure water jet. It produced a much lower micro-channel waviness 

than AWJM, and was shown to be effective for micro-milling both ductile and brittle 

materials with minimal damage to the components of the nozzle. The choice of a suitable 

operating pressure, slurry flowrate, and concentration of particles depended on the 

properties of the target material. For example, the best conditions for glass were a lower 

water pump pressure and a slurry flow rate sufficiently high to flood the nozzle, whereas 

a higher pressure and the optimized slurry flow rate were best for machining aluminum.    

ix. The kinetic energy of the particles, and thus the target erosion rate, was maximized at an 

entrained slurry flow rate of 77% of the water flow rate, roughly consistent with an 

optimum momentum transfer from the high-pressure water entering the mixing chamber 

through the orifice to the essentially stationary slurry entering the chamber.   

x. The channels made using ASJM became highly asymmetric when multiple passes at 

relatively high traverse velocities (Vt ~ 1000 mm/min) were used to machine relatively 
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deep (aspect ratio of 0.9 and larger) micro-channels in aluminum. However, the 

asymmetry did not occur when much lower traverse velocities (Vt≤40 mm/min) were 

used. These phenomena were explained in terms of jet deflection from steps on the cutting 

front that formed at higher traverse velocities.   

xi. For both HASJM and AWJM, the Wa and Ra significantly decreased with a decrease in 

pressure, traverse velocity, and particle dose. The waviness and roughness in both 

processes at a nozzle angle of θ=90° were lower than that at θ=45°. 

xii. It was found that the Wa of micro-channels with the same depth using  HASJM were 6.6 

times in Al6061-T6 and 4.3 times in SS316L lower than that in AWJM, while the Ra in 

both processes were similar. 

xiii. Using a crossover condition (i.e. identical free jet particle velocity and equal abrasive 

dose at a high traverse velocity), the erosion rate in AWJM was also found to be higher 

by 26% in Al6061-T6 and 29% in SS316L than in HASJM due to the higher width and 

depth of micro-channels resulting from HASJM that in AWJM, because elimination of 

air bubbles resulted in a smaller jet size in HASJM. 

xiv. Entrained air in AWJM resulted in an increase of waviness due to variation in the abrasive 

flow rate in the air/particle feeding system and formation of a non-homogenous three-

phase jet. However, the roughness depended more on particle velocity and particle local 

impact angle. The entrained air surrounded the peripheral area of the core jet, increased 

the AWJ size, and led to a growth of channel width in AWJM.  

6.3 Contributions 

The novel contributions of this dissertation can be summarized as: 

i. For the first time, a novel prototype miniature nozzle with a 254 µm mixing tube was 

used in AWJM and HASJM systems for the milling of micro-channels.  

ii. A submerged AWJM was shown for the first time to produce narrower micro-channels 

than in-air machining, thereby increasing the resolution of the process without reducing 

the centerline etch rate, and the additional benefits of reducing noise and releasing less 

abrasive debris to the air. 

iii. A new surface evolution model was developed for prediction of shapes of micro-channels 

in unsubmerged and submerged AWJM. The novel approach considered the decrease in 
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erosion rate with increasing channel depth, two different erosive efficacy expressions, 

and the effect of particle local impact angle.  

iv. A novel high-pressure (water pump pressure up to 250 MPa) abrasive slurry micro-

machining (HASJM) system was introduced, which did not have problems (i.e. a quick 

wear of slurry valve and nozzle orifice) of conventional slurry micro-machining and 

provided much smoother channels than AWJM. 

v. A double-disc apparatus (DDA) was used for measuring the particle velocity in the free 

jet in AWJM and HASJM.  

vi. An existing model developed for AWJM abrasive particle velocities was modified and 

used to predict the particle velocity in HASJM, and then verified using a double disc 

apparatus (DDA). 

vii. The effect of the entrained air in abrasive water jet micro-machining (AWJM) was 

isolated by comparing AWJM milled surfaces with those produced by high-pressure 

slurry jet micro-machining (HASJM) while maintaining a constant particle velocity. 

viii. The effects of air on the quality (i.e. centerline waviness and centerline roughness) and 

dimensions of micro-channels were investigated using the same particle velocity, abrasive 

size and type. 

ix. The effects of process parameters (e.g. pressure, traverse velocity, dose of particles, 

nozzle angle) on the Wa and Ra of micro-channels in AWJM and HASJM were 

investigated. 

x. The quality (i.e. centerline waviness and centerline roughness) and dimensions of micro-

channels in AWJM and HASJM were compared using the same particle velocity, abrasive 

size and type. 

6.4 Recommendations for future work 

A number of interesting extensions to the present work could be made in the future. These are 

listed below: 

i. The surface evolution model in the presented work was tested in submerged and 

unsubmerged AWJM on metals. However, its reliability for HASJM needs to be 

investigated. 
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ii. Further refinements of the surface evolution model will likely require CFD modelling of 

the complex flows within deeper channels in order to account for the relatively small 

amount of secondary milling of the sidewalls tending to widen the channels.  This would 

improve the prediction of the channel width in AWJM.   

iii. In the present research, a water-based slurry was used in HASJM. Kowsari et al. [129] 

found that using a dilute polymer-based slurry in a low pressure ASJM system decreased 

roughness and width of micro-channels in glass. It would be of interest to explore the 

effect of other solutions (e.g. a dilute high-weight polymer solution) on shape, roughness, 

and waviness of channels made in ductile and brittle materials by the HASJM system. 

iv. The eccentric channel formation in HASJM at a high traverse velocity is an interesting 

phenomenon that requires further research to fully explain. A CFD model that considers 

the flow fields within the developing channel may shed light on the secondary milling 

effect due to slurry flow along the channel that may cause the asymmetry.   

v. The presented HASJM can fill the existing gap in utilizing waterjet technologies for 

milling of micro-channels in metals. The HASJM system provides interesting future 

opportunity for further downsizing the nozzle whilst avoiding problems with micro-

abrasive particle flowability in feeding system.  

vi. This thesis experimentally investigated the effect of process parameters in AWJM and 

HASJM on centerline roughness and centerline waviness of channels. Developing models 

that allow the prediction of Wa and Ra at the channel centerline as a function of particle 

velocity and entrained air flow rate would be extremely useful. These models do not 

currently exist for ductile materials. 

vii. In this research, average particle velocity in AWJM and HASJM were predicted using a 

prediction model and then the results were verified by a double disc apparatus (DDA). 

However, the DDA work could be expanded to try to determine more than just the average 

velocity by for example a microscopic investigation of particle impact angle and size on 

the recording disc. The model can be improved to predict the particle velocity distribution 

and particle velocity at higher standoff distances.  
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