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Abstract

In the abrasive jet micro-machining (AJM) process, a jet of high-speed particles is directed
through a micro-nozzle which is used to erode a wide variety of materials. The micro-machining
of small curved devices made of brittle and ductile materials is required in optical and biomedical
equipment. This dissertation aims at fabricating axial grooves and helical micro-channels in
stationary and rotating curved targets, respectively, using AJM. In addition, a model is proposed
to predict the shape of machined channel profiles in glass and PMMA rods.

Since the air driven jet is divergent, the edges of the desired features are usually defined
using a mask which is attached to the surface ofthe target material. This thesis presents an alternate
technique using shadow masks that can be moved over the surface. It is demonstrated that this
apparatus can be used to direct write features on the surface.

This dissertation proposes a modification to the existing surface evolution models for
predicting the channel profiles machined on highly curved and tilted surfaces. It is shown that
considering the change in local nozzle standoff and the divergence angle of each particle trajectory
in the jet plume results in more accurate predictions.

Computational fluid dynamics (CFD) modeling showed that the jet footprint difference on
the flat and curved surfaces was not due solely to the expected conical divergence in the jet, but
also due to differences in the erosion caused by secondary impacts of rebounding particles. This
observation has important implications for the surface profile modeling of curved surfaces.

Finally, a model for the prediction of the volumetric removal of material during the
machining of rotating and translating PMMA and glass rods is presented. In addition, a new
experimental procedure is proposed for machining helical micro-channels in glass and PMMA
rods using a cylindrical steel spring as a mask. This method of machining provides a convenient

means of fabricating helical micro-channels with different aspect ratios and radii of curvature.
v



means of fabricating helical micro-channels witffedent aspect ratios and radii of curvature.
Such helical micro-channels may have applicatiansertial microfluidic devices where they can

be used to aid liquid mixing and the separatiopanticles from a flow.
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Chapter 1 Introduction

1.1Background and motivation

Abrasive jet micro-machining (AJM) uses a jet ofaive particles to etch micro-features
and has the ability to cut and mill many materialthout excessive forces or thermal damage,
which is a significant advantage over many otherchmang technologies [1]. The micro-
machining of small curved devices made of brittlatenials, such as glass and ceramics, and
ductile materials like polymers and metals has waghplications in optical, biomedical and
microfluidic devices [1]. A typical AJM setup cosss of following: a Micro-Abrasive Blaster,
operating at 200-500 kPa air pressure that passeagh a 0.46-1.5 mm diameter nozzle; a
dehumidifier, a refrigeration air dryer, and a deant filter on the inlet air that minimizes the
moisture in the powder reservoir; a variable-spesdry electric mixer to avoid powder bed
compaction and particle agglomeration inside tisemeir (Fig. 1.1). 10-50 pum granular particles
(usually AbOs) are used as the abrasive for machining. The tefeeprocess parameters that
define the etch rate are air pressure, nozzle skgme standoff distance and inclination.

AJM has a largely unexplored potential for machgritted flat and stationary and rotating
curved surfaces, such as found in the turning @lisaylindrical parts, the machining of micro-
features on rods, and making threads on glass araimics which are otherwise difficult to
machine [1]. Consequently, the AJM of highly-cungnifaces has not received notable attention.
A functional theoretical model that could be impénted to predict the shape of channel profiles
machined on curved targets has not been develgibdugh mathematical models have been
provided for modelling grooves and holes profilescinned in flat substrates at normal incidence.
The lack of such modelling and the challengesithaty have are the prime motivations for this
work. Moreover, an inexpensive and convenient meduriabricating helical micro-channels on
small sized highly curved glass and PMMA rods hatemqtial application in microfluidic devices,

e.g. flow mixing and particle separation from flow.
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Fig. 1.1 Schematic of a typical of AJM apparatus.

1.2 Literature review

In this section, a brief literature review is pmesel to facilitate a concise overview of the
previous investigations about solid particle ernsizechanisms and landmark work on AJM and
its modelling. It is intended to illustrate the asewhere further research is required. More

extensive literature reviews on specific topics@@vided at the beginning of Chapters 2-5.

1.2.1 Solid particle erosion mechanisms

Various opinions exist on the mechanisms of mdteemoval when small high-speed
particles strike a target, i.e., in the solid paetierosion process. The mechanism depends on
several factors such as impact angle, particleeshap the type of material being impacted. The
dependence of material removal mechanism on thie afigmpact was known as early as 1946
[2]. Several mechanisms have been proposed andm@@els for the purpose of estimating the
amount of damage have been presented. Finnie [Bidered that a tip of a rigid abrasive cuts
and removes material in ideal manner from a duatiétal. Sheldon and Finnie [3] proposed that

for ideal brittle materials, material removal oy propagation and intersection of cracks. The

2



above mentioned works clearly show that the mdtesraoval mechanism depends on the type of
the material eroded. Nevertheless, some researtlaees attempted to cover both brittle and
ductile materials with the same wear model. Fong)a, Bitter [4] and [5] proposed that erosion
consists of two simultaneous processes, cutting \aad deformation wear, a theory viewed
skeptically by Finnie [2]. According to Bitter, dtigh angles the dominant mechanism is
deformation wear while at low angles cutting weamehates.

The erosion rate and material removal rate varyitberent impact angles, which fall in
the practical range of 10-90Erosion mechanisms in AJM can be classified deeebrittle or
ductile. Brittle erosion exhibits deformation weamd fracture while ductile erosion exhibits
cutting wear [5]. At oblique impact angles, duciesion is promoted, while at impact angles
approaching normal incidence, brittle erosion igofad [5]. Brittle erosion occurs in hard
substrates such as glass [6]. For example, forasked glass, the erosion rate is maximum at
normal incidencedo = 9C°), when the nozzle is perpendicular to the surface, decreases for
decreasing impact angles [7]. Ductile erosion cedar soft substrates, such as poly methyl
methacrylate, PMMA, (a polymer) [6], where the éposrate increases with the impact angle up
until a maximum value of about 15-<4@fter which it begins to exponentially drop oéf,[7].
However, some polymers can exhibit intermediateid®itile behavior [8]. For example, the
maximum erosion rate in an E-glass/epoxy compasiters at 45—-60[8]. Other polymers such
as quartz-polyimide, glass-epoxy and quartz-polythiene composites exhibit brittle erosion [8].

The erosion rate for brittle materials can be esged in terms of the incident particle
velocity raised to the expondgtwhich is a function of the hardness and toughoétse particles
and target, as well as the particle size, typevahaity [9]. It is assumed that kinetic energydos
due to particle breakage and deformation resuks ) [10]. For glass substrates with aluminum
oxide particlesk s in the range of 2—4 [9]. Hence, the erosida far a brittle erosive system can
be defined as [9],

E, =C(Vsina)* (1.1)

where E; is the volume or mass of target material remowdmass of erodent particles impacting,
V is the particle velocityg is the angle the jet makes with the surf&ds,a velocity exponent and

C is an empirical constant which generally dependpanticle and target hardness, as well as
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particle size, type. For the same substrate, éhecity exponent usually increases with larger
particle size, lower toughness and hardness oicfest and with higher particle velocity, [9].

A standard method of obtainirgfor brittle materials requires performing erosiate
measurements at varying velocities, which haveeaarteasured a priori for different process
conditions [9]. A more reliable method of obtamik is by performing shallow erosion rate
measurements for different impact angles and clittugy a normalized erosion rate relationship
(Eq. 1.1) (normalized with respect to erosion r@tenormal impact), when plotted against the
impact angle [9]. This eliminates the need for sugimg the velocity. The normalized erosion rate

E"can be expressed as [11]:
E’ =(sina)" (1.2)
As it can be seen, the velocity vanishes frornibrenalized relationship.

The erosion rate for ductile materials is a mavenglex function of the impact angle

obtained experimentally, and can be expressed as:

E(a) = 9(a)Er,9 (1.3)

whereE:(a) andE; g are the erosion rate at an arbitrary impact angland at normal incidence
(« = 90r), respectively, and)(a) is a function expressing the impact angle depecygl®f the
erosion rate [12].g(a) is a semi—empirical quantity and is a productvwd parameters, one

characterizing the cyclic plastic deformation, &mel other the cutting action [12],

g(a) = (sina )™ (1+ Hy (- sira))"2 (1.4)

Equation (1.4) describes the dependence of theoercse on the impact angle,defined between

the incident velocity vector and the local tangerthe surface as:



a :E—arcco _ (1.5)
2 \/1+z,x2

Hyv (GPa) is the initial target hardness and the @mtsh; andn; are determined experimentally
and depend on the particle hardness and other trapaditions andy is the partial derivative of
the profile deptlz as a function of the coordinatg12].

Erosion as it applies to abrasive jet machinipgrations can be performed at either
normal ¢ = 90°) or oblique & < 90°) incidence of the jet, and either with or with@umask to
define the eroded feature dimensions. For erodio@mal incidence, the mechanism is similar
in masked and unmasked features except that in edafgatures, mask wear contributes to
variations in erosion, in addition to erosion bynary particles and particles rebounding from the
feature side walls as it becomes deeper (whichsgivehe parabolic shape) [7]. This side wall
inclination can be reduced if smaller particlesased which can also lead to flatter bottoms [13].
For oblique erosion, similar conclusions are dravith the exception that additional undercutting
near one of the sides/mask edges is observedpdwet-etching caused by rebounding particles,
in addition to over-etching caused by mask wear Thk total over-etching eventually subsides
with increasing impact angle but increases witmsogg times and feature width [7]. Moreover,
in the case of tilted blasting, particle hinderowgurs, i.e. one of the masks shadows a portion of
the jet plume and thus decreases the particle dilsesred to a region of the target in its shadow.

Resulting shapes of masked and unmasked featurelsimad in AJM are different for
brittle and ductile erosive systems. For brittleséon such as that which normally occurs in glass,
unmasked channel profiles resemble a paraboliceshaiph shallow sidewalls) and for masked
channels and profiles the resulting features hagtee aspect ratio (AR, i.e. ,depth to width ratio)
with steeper sidewalls [9]. For ductile erosiomcls as in PMMA, the resulting channel profiles
have much steeper sidewalls and flatter centrabnsgvhen a mask is used, when compared to
AJM features machined in glass [6].

Most AJM applications are realized via the useetdtrvely thin, polymeric contact masks
in the thickness range of 50-1fM. One example is the combination of two polymarbrittle
epoxy resin SU8, known for its photosensitivity, danhe elastic and thermocurable
polydimethylsiloxane (PDMS), known for its high sion resistance [14]. Polymeric masks are

usually spin-coated and post-baked at around@Q€0]. Polymeric masks are more wear resistant
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than metallic masks and can achieve smaller featizes (as small as 36n) [15] but attain
smaller aspect ratio features (up to about 1) amadanore difficult to apply and remove. However,
the use of a golshanoparticle dispersed polyurethane (AuPU4) polymesk can increase
achievable ARs to about 2.1 [16]. Other maskingemals include photosensitive elastomer foils
such as Rayzist in the thickness range of 5@fi0However, these masks exhibit poor adhesion
to the substrate above particle velocities of 2@ [fi7]. The other method is usiaglf-adhesive
ultraviolet (UV) light curing masks (e.g., RapidMa@RM), IKONICS Corp)which is utilized for
machining channels and making patterns. Ahmadzateh [18], investigated RM for making
microfluidic channels on flat targets. Ghobeityaht[19] fabricated low-aspect-ratio microfluidic
chips using these RMs. Thick steel masks are aed as an alternative masking technique since
they can be easily patterned via laser cutting,capger and zinc masks because of their wide use
in electroplating and forming operations [9],[1Vetal masks can be implemented to achieve high
aspect ratios (up to about 3) [9]. Their use alswnmizes mask undercutting that can result from
curvature caused by the plastic deformation ofhtlask by the particle jet [9]. Copper masks have
a higher erosion resistance than steel masks andateeve feature sizes as small agus0[20].

These masks have a thickness range of 0.5-3mm.

1.2.2 Modeling of feature shapes resulting from AJM

Models for profile evolution in masked glass sudtets were developed by ten Thije
Boonkkamp-Jansen [21] and Slikkerveer et al. [22]e models (described in more detail in
Section 3.2.3) assumed that the resulting profilgps originated from the dependence of erosion
rate on the impact angle and the velocity exporfeigt, 1.2. In Ref. [22], the erosion rate was
modeled in the form of erosion efficiency (simitarEq. (1.1)), which is based on the stiffness,
hardness and fracture toughness of the substrate [P3], where the influence of impacting
particles was described by their kinetic energgeadito the power of the velocity exponent. The
local erosion velocity of the surface was obtaibgdmultiplying the erosion efficiency by the
energy flux of the particle kinetic energy and diwng it by the substrate density. The authors of
Ref. [21] related the developing surface slopetal erosion via the normal component of velocity
that approximately (i.e., linearly) accounted fmteswall inclination caused by patrticle collisions

with the mask edge. For both models [21] and [@8]y the nhormal component of velocity to the
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surface was assumed to contribute to the erosioceps. The models resulted in profiles with
sharp cusps at the center that over-predicted tbilepdepth (in comparison to experimental
profiles) due to their simplicity and because th&ynot consider the decrease in erosion rate with

time and hence the effect of surface curvature.

(0,0)

Mask Mask
g

Fig. 1.2 Schematic of a channel cross sectiondil@rdemonstrating unit normal to the surface,

n, impact angleg, particle velocityV and coordinate system.

The model of Ref. [22] was extended to include‘teeond strike’ effect where particles
that originally impacted the surface would reboumduch a way so as to strike the surface a
second time, by considering the loss of energy thrdrebounding angle of initially striking
particles. These effects were included in the rmbgleadding additional terms for the reduced
rebound velocity and rebound angle in the equatfomotion, which was solved numerically to
obtain the resulting profiles. In addition, a stieg angle of the rebounding jet was incorporated
into the model to smooth out the numerical efféthe second strike. The modified model showed
an improvement over the initial one [22].

Both models (i.e., [21] and [22]) were developedrfasked features only, using constant
particle velocity and patrticle flux distributionsor unmasked features, the particle flux and apati
distributions play a fundamental role in featurediction. Also, the models did not account for
particles rebounding from the feature side walld anbsequently colliding with other particles,

and interference effects between incident and nedbog particles. Moreover, the effects of
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particle size which affect the surface slope nearrhask edge since not all particle sizes can
locally contribute to the erosion process (Fig),.m&re ignored by the model of Ref. [22], whereas
the model of Ref. [21] ignored the “second strik&ect. The above mentioned factors resulted in
a disagreement between model and experiment. Botel ignored mask wear, which also
affects the way the profiles evolve. Slikkervetrk [11] derived a simplistic semi-empirical
model that explained elastomeric mask wear, bueffexts of mask wear were not included in
the surface evolution model and only qualitativenaosions were drawn (i.e., that erosion

resistant masks should be used).

Large particl
Small particle

Mask A T \ Mask

Substrat

Fig. 1.3 A schematic demonstrating the effect afigi@ size on erosion of masked targets; large

particle (relative to the mask opening) do nottlné target.

Moktadir et al. [24] extended the work of Slikkeeveet al. [22] by deriving a continuum
equation based on the change of surface free errgyto particle impact that automatically
included surface relaxation mechanisms (i.e., ausalfor surface curvature effects) in glass
targets. This work, along with Wensink et al. [2Bjd Wensink and Elwenspoek [13], showed
that in the case of channel profiles machined isked glass channels with aspect ratios up to 2.5,
different shapes evolved. Firstly, a parabolic ghdpvelops into a 'V’ shape. Then, due to
necking, a wider pocket near the bottom of theifgdd developed for aspect ratios greater than
1. They stipulated that these shapes originatea fd‘'blast lag” effect caused by interference
between arriving particles and those reboundingnfiwe mask edge, which resulted in side walls
that are sloped as opposed to vertical. This calsld be the result of the change of the shape of
the channel itself. As the profile deepens, thecki prevents larger particles from reaching the
bottom of the profile and collide with the side igainstead, [13], [22], [26]. The model was

noteworthy, since the resulting profile shape madcaxperiments well due to the incorporated
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relaxation mechanism. Although their experimend&xed the blast lag effect, their model could
not account for particles rebounding from the featide walls and particles colliding with other
particles (i.e., interference effects between iastdand rebounding particles)), effects of particle
size, mask interference and mask wear, all of wbarhhave a major influence on the way profiles
develop.

In addition to the above work, other models fafate evolution in brittle substrates, such
as glass, have been developed. Balasubramangn[27] derived a simplistic analytical model
for erosion rate as a function of profile radiusiebhincorporated an exponential particle spatial
distribution and a linear particle velocity distition. Achtsnick et al. [28] and Karpuschewski et
al. [17] developed a 1D isentropic flow model toamgre the outlet velocity of single particles in
the airflow for circular and square nozzles. P&tgizes and positions in the jet were based on
normal probability distribution functions. Clasdicadentation fracture mechanics were used to
model the erosion mechanism between the partictes the surface. These aspects were
incorporated to obtain a particle jet charactaristiergy intensity distribution. The above models
are notable, but they did not consider the changhe normal component of the erosive energy
as the slope of the surface develops, and carptiegsct only low aspect ratio features (less than
0.5). In addition, these models have not beemsittely verified against experimentally obtained
masked profiles (which have high aspect ratios), tans are questionable. Also, the models did
not account for particles rebounding from the feagide walls and particles colliding with other
particles, effects of particle size, mask intenfieeeand mask wear, all of which can have a major
influence on the way profiles develop.

Ghobeity et al. [9]. adopted the semi-empiricalfate evolution model of Boonkkamp-
Jansen [21] which was proposed for brittle matsridany of the limitations were addressed by
introducing considerable modifications. The govegneéquation describing the surface evolution

for a feature-cross section of [21] was:
C ;
z, _;V( NP+ 27)?=0 (1.6)

wherez: andzy are the partial derivatives of the profile depts a function of exposure time and
the coordinate, defining the width dimensiorggx) andV(x) are the particle mass flux and velocity
9



distributions, respectively; is an erosion constarktjs the velocity exponent ang is the density

of the substrate. Furthermore, for a scanning lepzhe particle mass flux and velocity
distributions would also be a function of scanniinge and scanning velocity. It was shown that
the eroded profile generated across the diametarstdtionary nozzle was equivalent to the one
which was generated by a scanning nozzle, providatithe erosion rate was not significantly
high and the scanning speed was not significatbiy.sUnlike [20] and [21] which determined
the dependence of erosion rate on particle velptiy model of [9] proposed considering the
dependence of erosion rate on only the normal coentoof the velocity and thus the erosion rate-
velocity dependence was determined by varying tiggeeof attack. This eliminated the necessity
of measuring the erosion rate on particle veloekperimentally which was a complicated and
time consuming procedure.

However, Ref. [20] still over-predicted the centexl depths of the channels for both
masked and unmasked machining. This failure vkab/ddue to a number of reasons: 1) the model
assumed that the scanning nozzle was equivalemtstationary nozzle; 2) it neglected particle
interference effects; 3) it neglected the “secdnlles’ effect. To improve upon this, the mask edge
effect was modeled by fitting an exponential fuotifor the net erosive power or ‘erosive
efficacy’ (product of velocity raised to the poweand the particle mass flux) in Eq. (1.6) from
the experimentally obtained first pass profile bmth masked and unmasked channels. These
results were confirmed using a particle trajectynputer model that takes into account particle
“second strike effect” due to the edge of mask,knhikkness and particle size [26]. The results
showed significant improvements for aspect ratipgai0.5 over previous models of Refs. [21]
and [22]. This approach made the analysis less koatgd. However, a true physical model would
have to be a function of the particle size and shaglocity as a function of time, mask height, as
well as particle rebound and interference charettes. In addition, the model could not be
extended to work for oblique incidence, where #gsulting profiles are asymmetrical, and hence
3D cases, and could not account for mask wear.

The model of Ref. [9] was extended to work fortdaanaterials such as PMMA [6]. the

resulting surface evolution model for ductile malgiwas given as:

2, ~ V(9 PR+ 2,7 da) = 0
Ps (1.7)
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where g§) is the semi-empirical function given in Eq. (1.#he model was now a more complex
function of the impact angle and substrate hardndstermined experimentally, which could
model the ductile erosion process. The model ptedithe centerline depth up to an aspect ratio
0.25 for unmasked channels and aspect ratio db@asked channels, but it successively over-
predicted the channel width with each pass [6]u@etl. [6] used a thermocouple to measure the
temperature change as AJM was performed on a PMaviget under typical conditions. It was
observed that the temperature increase was las8 @ which therefore did not affect the erosion
behavior of the PMMA.

Ghobeity et al. [29] developed a relatively simpiedel to estimate the erosive efficacy
across the mask opening in the machining of miaiesand micro-channels in glass and PMMA.
An analytical model was derived for machining atmal incidence that could be implemented to
evaluate the erosive efficacy close to the masle @dga function of the size of the mask opening
and the measured normal and log-normal particle gigtribution. The model was based on an
expression of the proportion of the total particlass as a function of the particle radii, which
accurately described the effect of mask edge opdhtecle mass flux distribution of the particles
passing through the mask opening.

The predictions matched the experimental chanrezlgwell the aspect ratios up to 2 in glass and
up to 0.2 in PMMA. For higher aspect ratio chasmahchined in glass the fits were poor due to
the inability of the model to take into account $eeond strike effect; and for the case of machinin
PMMA channels, neglect of particle embedding inti@del resulted in poor results. The most
practical aspect of the model was prediction ofi@wan of micro features profiles without using
semi-empirical or computer particle tracking teciugis. However, it was only derived for normal
incidence cases and thus could not be used to sehliyue incidence and hence three-dimensional
erosion in AJM. In addition, the model did not@auet for the second strike effect and mask wear,
which can further affect the resulting profile shapear the mask edges.

Ally et al. [30] subsequently implemented the scefavolution equation of [6] to predict
the shapes of low aspect ratio unmasked channflgsranachined in flat metal targets at oblique
incidence. First the erosive efficacy (the veloatd mass flux distributions) was obtained across
the jet by curve fitting to a shallow channel maed at normal incidence; subsequently, a
coordinate transformation was adopted that mappeeérosive efficacy at a coordinate normal to
the jet axis to the tilted surface coordinate. Bswobserved that the model resulted in an

11



overestimation of the channel width, which, as Wwélshown in Chapter 3, could be attributed to

the neglect of the greater effect of jet divergemaehe local impact angles and standoff.

Burzynski and Papini [31] developed a level-set elddSM) to predict the surface
evolution of high aspect-ratio masked and unmaskasnels and holes machined into glass and
PMMA flat targets at normal and oblique incidenaed considering particle second strikes. This
model accounted for the change in the standoféidcs and spread in particle trajectories which
made it capable for predicting very deep channdilps. In the case of tilted channels, the origin
of the coordinate system was moved from the tageace to the nozzle exit. This simplified the
formulation since the complex transformations atipke trajectories was made unnecessary. The
predictions of the model were generally in gooceagrent with experiments, and the model was
able to shed light on the role of second strike atér complex phenomena when eroding high
aspect ratio features onto flat surfaces. Howestggh LSM formulations are quite complex, and

difficult to routinely implement.

1.2.3 Micro-machining of highly curved targets

To the knowledge of the author, the AJM of statignand rotating highly curved glass
(brittle) and PMMA (ductile) materials has not reeel attention, neither in fabrication nor in
modelling. However, other machining methods havenbatilized for machining features on
curved targets, i.e. rods. For instance, MatsuranchUeki [32] used a ball-end mill to make 20
pm deep grooves on 6 mm diameter cylindrical glads. Furutani et al. [1] used electro-chemical
discharge machining as a lathe for machining omrbgiass rods. Abrasive water jets (AWJ) have
been also studied widely as lathes. For examplet &l. [33] studied the AWJ turning process on
59 mm diameter steel rods, and investigated thecsffof different process parameters on the
depth of cut. Similarly, Zhong and Han [34] invgstied the effect of AWJ process parameters in
the turning of glass but on the surface finish. Mand Babu [35] implemented Finnie’s theory of
erosion to model the material removal from a 25m, motating 6063-T6 aluminum alloy rod
using abrasive waterjet turning with the nozzlepldised radially from the rod axis so that the
erosion was tangential, focusing at the edge ofddeThe presented model neglected the patrticle
spread in the jet, resulting in an error of abdftel Carach et al. [36] used a tangential abrasive
waterjet (AWJ) as a lathe to machine Incoloy al8b, an alloy that is difficult to machine
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conventionally because of rapid tool wear. Thesestigated the effect of traverse speeds on the

surface roughness and realized that higher speetted in higher roughness. In summary, AJM

is an effective technique for machining micro-featuin both brittle and ductile materials. AJM

models and machining procedures presented intdratiire are limited to flat targets and mostly

at normal incidence. However, there is a demandrficro features to be machined on curved

surfaces, especially for biomedical and microflaidpplications. This shortcoming forms the

primary motivation for this dissertation.

1.30bjectives

The main objective of this dissertation is to irtigegte the abrasive air jet micro-machining

of stationary and rotating highly curved targetise Tollowing secondary objectives will serve as

milestones to achieve this main objective:

>

Design, development and testing of a new AJM divatle masking technique
(Chapter 2).

Development of an analytical model to predict theape of micro-channels
machined on highly curved (i.e., a surface in whtcé difference between the
local standoff at the edge of the jet footprint atdhe centerline is at least 5% of
the standoff at the jet axis) glass and PMMA sw@$acods), (Chapter 3).
Prediction of erosive footprint in AJM of flat ardrved glass targets by studying
the effects of initial impacts and second strikesebounding particles on the size
of footprint (Chapter 4).

Development of a model for the prediction of matenemoval during the
machining of rotating and translating PMMA and glasds (Chapter 5).
Development of a novel experimental procedure facroamachining helical

channels in glass and PMMA rods.
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Chapter 2 Implementation of a shadow mask for diretwriting in abrasive
jet micro-machining

This chapter is based on the following publishegepa

A. Nouhi, M.R. Sookhak Lari, J.K. Spelt, M. Papifimplementation of a shadow mask for direct
writing in abrasive jet micro-machiningJournal of materials processing technologyl. 223,
pp. 232-239, 2015.

* The first two authors contributed equally to thappr.
2.1 Introduction

Abrasive jet micro-machining (AJM) uses compresziedo create a jet of small particles
to machine small-scale features in, for exampleroniluidic, micro-electromechanical systems
(MEMS) and opto-electronic components. AJM is atik@ because of its low capital and
operating cost, its very high etch rate on brittlaterials such as glass, its ability to machine a
wide range of materials, and its directional etapability. Because the size of the jet footprint is
typically on the order of several millimeters, agial drawback of AJM is the need to apply
erosion resistant masks in order to etch microesfeatures. Conventionally, the jet of particles is
directed through an erosion resistant mask opehatgs patterned to define the required features.

A number of devices have been recently fabricatethg AJM in conjunction with
patterned masks attached to the surface. For egafplloy et al. [37] fabricated glass inertial
sensors, Schlautmann et al. [38] electrophoregislages, Park et al. [39] micro-molds in steel,
and Yamahata et al. [40] ball valve micro pumpglass. Masaki et al. [41] added a circular vane
to slot nozzles in order to achieve a more unifparticle velocity distribution in order to machine
large areas.

A number of different materials have been usddhacate patterned masks. For example,
Lomas et al. [42] developed a precision hot emingssietal mold in stainless steel by high-
resolution powder blasting in which PDMS and SU@&evused as masks. Pawlowski et al. [14]
used photolithographic methods to apply either gpaxpolydimethylsiloxane masks to glass
substrates. This allowed feature sizes of 2Q:80to be achieved when blasting with 10 pm
diameter aluminum oxide particles. They also obs@vreduction in the etching rate as the mask

opening become smaller than ten times the parsidde. Wensink et al. [20] also tested two
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polymers which could be lithographically structured glass, and investigated the use of
electroplated copper applied to glass over a titarbinding film. The resulting copper mask was
highly erosion resistant, and channels of less 8Gyim width were achievable. Liao and Chen
[43] used various lithographic approaches to mastufa erosion resistant masks on glass and
Ghobeity et al. [44] achieved feature sizes as IsasaR0-50um, and channel aspect ratios of
approximately 1 by using this method. Ghobeitylef9 also utilized a clamped mask consisting
of two parallel 3 mm thick tempered steel stripsiider to make straight channels in glass plates.
The steel strips were milled to give sharp 90° esrand smooth edges bounding the masked
region. The use of these relatively thick steelpstimproved channel edge definition by
minimizing mask undercutting, providing greaterisece to lifting by the air stream and
decreasing the number of particles striking thgegbsurface at oblique angles after scattering from
the corner edges of the mask.

As described above, conventional masks are eltbeded or clamped to the target
substrate. This limits flexibility and increasesstsy since each device design requires a unique
mask. This paper introduces a new adjustable shadesk system which is attached to a
stationary nozzle, producing a narrow stream o&sibe particles to machine a target which is
scanned in front of it, in order to produce the ek pattern. This avoids the cost and
inconvenience of manufacturing, applying and remgvixed masks, as is the need for chemical
solvents. The present work investigated the effetshadow mask and nozzle stand-off, particle

mass flux, and particle size on the resolutiorhefresulting features.

2.2Experiments

2.2.1 Shadow mask apparatus

All experiments were conducted using an AccuFlo @Nicro-Abrasive Blaster, (Comco,
Inc. Burbank, CA, USA) operating at 200 kPa airsgtge. A dehumidifier, a refrigeration air
dryer, and a desiccant filter on the inlet air wased to minimize the moisture in the powder
reservoir. A variable speed rotary electric mix@réw Model 850, Arrow Engineering Co., Inc.,
Hillside, NJ, USA) was used in the reservoir toidymwder clogging and particle agglomeration,
and the powder level inside the reservoir was kepistant in order to reduce fluctuations in

particle mass flux based on Ghobeity et al. [45].
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Aluminum oxide (AbOs) powders with nominal diameters of 10 pum (mean6 jim,
standard deviation: 3.31 um) and 25 pum (mean: @mlstandard deviation: 16.2 um; Comco,
Inc. Burbank, CA, USA) were blasted on 3.3 mm thickosilicate glass targets (Borofloat, Swift
Glass Co. Inc., Elmira, NY, USA). The glass samplese clamped to a programmable computer-
controlled linear stage (Aerotech Inc., Pittsbui@h, USA) with a positioning resolution of 0.5
um. The stage permitted independent motion in twections and could be used to provide
curvilinear motion of the target under the fixed je

For the machining of straight channels, the clahgws in Fig. 2.1 was designed to hold
the shadow mask and nozzle as the target was npagtdhem. A set of 3 equally-spaced springs
between the nozzle and mask holder maintainedfarancontact pressure between the mask and
the target surface. The nozzle was attached tapparatus using a set screw, and the mask was
clamped to the apparatus, in order to keep theejgerline normal to the shadow mask and target.
The nozzle-to-surface standoff was maintained ang®unless otherwise mentioned (Fig. 2.1).
A relatively large 0.3x3.8 mm rectangular nozzleif€€o, Inc. Burbank, CA, USA) was used with
its long axis perpendicular to the slot of the mag&ning (Fig. 2.2) in order to minimize the effect

of small misalignments of the jet center.
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Fig. 2.1 Shadow mask apparatus. Nozzle stan®8f énd mask standofMS) were defined
relative to the top of the mask. Only two of thepeings shown.

Direction of movement of target

Fig. 2.2 Relative orientation of nozzle and shadoask.

Direction of movement of target

Fig. 2.3 Jet aperture for direct writing of curyagaths made using two sets of crossed shadow
masks.
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The desired mask opening was obtained by placisteal sheet of known thickness
between the movable masks, and the clamping theplaice. The mask opening was then
photographed to determine its width with an accpadcet6 pm using digital image analysis. The
mask openings for all experiments were in the rafd@50 to 300 um. Linear channels of 30 mm
length were machined by moving the glass targeeutite mask at various mask standfy
and nozzle standoffNg distances (Fig. 2.1) in a straight line at a¢rae velocity of 1 mm/s. All
experiments under a given set of conditions wepeated on three specimens.

The mass flow rate before and after each experimasimeasured by weighing the abrasive
collected after 2 min of blasting into a cylindewered with an air filter. The change in the mass
flow rate during the course of a 2.5 min experimeas less than 10%.

A final set of experiments was conducted using s8ets of crossed masks to provide a
square-shaped mask opening (Fig. 2.3). This waktosmachine linear and curvilinear channels.

Table 1 summarizes the conditions used in the vargxperiments.

2.2.2 Measurement of channel cross-section and frostedgmn

The channels were scanned using an optical pnoéter (NANOVEA ST400 Micro
Photonics Inc., Irvine, CA, USA) having a depthalesion of 25 nm and a lateral resolution of
0.1 um, in order to determine the effect of various psscparameters on the resulting channel
dimensions and shape. It was found that the glfjasent to the edges of the channels was slightly
eroded (“frosted”) as illustrated in Fig. 2.4, Iikelue to particles penetrating under the masks.
The width of this frosted region was measured usmgge analysis of photomicrographs as
explained below. The erosion in the frosted regiwas too small to produce a significant change
in the average elevation of the glass target.

The frosted region complicated the definition baenel width. In the present work, the
channel edge was defined as the point at whichattezage eroded depth of 10 consecutive
profilometer measurement points, each 0.5 um apad,equal to the depth of a crater created by
a single patrticle of average size. According t&li&rveer et al. [46] and by referring to Marshall
et al. [47], the depth of a hemispherical crater is given by:

_ 3U 1
a= (27TH)3 (21)
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whereH is the Vickers hardness of the target, andhe kinetic energy, is
1
U=—p<—nR3>v2 (2.2)

and o, R andv are the density, radius and velocity of an aveexgeent particle, respectively.
Substituting Eq. (2.2) into Eq. (2.1), the depthha indented zone becomes

a= R(%)% (2.3)

For borosilicate glass, the Vickers hardnessg8 &Pa and the density of aluminum oxide
is 3,950 kg/m. Assuming a particle diametd+25 um, the particle velocity model of Li et al8[4
was used to estimate an average particle velotitp@m/s at a nozzle to surface standoff distance
of 20 mm. These values result in predicted cragptith=3.15 um, which is approximately equal
to 1/8" of the particle diameter. Thus, the edge of thenalel was considered as the point where
the eroded depth was equali8, and the channel width was the average of ttness-sectional
profiles, each on three separate specimens (9 mezasats).

As shown in Fig. 2.4, this definition of channeldii typically agreed to within 10% with
that obtained using a second method (slope methbdjeby the edge of a channel was defined
as the point, beginning from the sidewall of a e¢tedrand moving outward toward the periphery,
where the absolute slope of a straight line fitte8 consecutive points spacedrf apart along a
given channel cross-section was less than 10%.eSine crater size method was easier to
implement and was less sensitive to the resolufdhe scanned profiles, it was used throughout

the paper.
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Fig. 2.4 Location of edge of frosted area (dasirex) knd a comparison of channel width based
on (i) the slope method (dashed dotted line) apdh@ channel crater size method (dotted line).

In order to obtain a measure of the width of tlested region, three distinct subregions in
a complete image of a channel (Fig. 2.5) coulddoginly recognized by differences in their color;
i.e. an uneroded region relatively far from therotel (lightest), a frosted zone (grey), and finally
the channel itself (dark grey). Once the channelthwior a given channel was determined as
described above, it was centered within the daek,as shown in Fig. 2.5 (the innermost two lines
representing the channel width), and all pixel$imithe channel width were assigned totally black
greyscale values. The outer edges of the frostgidrenvere determined by performing image
segmentation using Matlab (The Mathworks, Inc.justihg the threshold greyscale value until
the greyscale of all pixels in the uneroded regi@ne visually judged to be included. The pixels
in this segmented area, which represented the deédrarea, were then also set to black. This
resulted in the frosted regions being white, wttikechannel and surrounding uneroded glass were
black, as shown in Fig. 2.6. The average widthhaf white areas was then determined by
multiplying the image width (vertical dimension Big. 2.6) by the ratio of the white to black
areas. Finally, the width of the frosted zone ocheside of a channel was considered as half of
the measured total width. The reported frostedhgidtere the average of the values on 3 separate
specimens. Fig. 2.4 shows the typical locationhef frosted edge on a cross-sectional profile.
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While these definitions were somewhat subjectireytprovided a consistent means to assess the
dependence of the channel and frosted area widtliseoprocess parameters.

TR T S T L T T VIR W TR TN T T T TR R TR
% )

(] -

100 pm

Fig. 2.5 Top view of glass channel blasted at 208,R0 mm nozzle standoff, with a contacting
crossed shadow mask having a square opening 26ihpenside. The 30 um wide frosted
regions are indicated.
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Fig. 2.6 Segmented image of Fig. 2.5 showing tbstéd regions in white.

22



Table 2. 1 Summary of conditions used in each exast.

_ _ ~ Powder Mask Mask
) Particle sizePressuriMask opening Nozzle _
Experiment mass flow thicknessstandof
(um) (kPa) (um) ~ standoff (cm)
rate (g/min) (mm) (mm)

Clamped vs. shadow mask 25 200 293 6.1 2 1.6 0
Effect of nozzle stand-off distance 9 25 200 270 5.9 1-2-3 1.6 0
Effect of mask thickness 25 200 270 6.2 2 0.8-1.@
Effect of mask standofiMS) 25 200 270 4.6 2 1.6 0-2
Effect of particle size 10- 25 200 290 4.7 2 1.6 0
Crossed-mask linear channels 25 200 290 x 290 5.6 2 16 0
Crossed-mask curvilinear channels 25 200 575x 575 5.4 2 1.6 0
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2.3 Results and discussion

2.3.1 Clamped vs. shadow mask

Fig. 2.7 compares the measured cross-sectiongmiatychannels made using either the
shadow mask of Fig. 2.2 sliding on the glass serfae. mask standoff=0 in Fig. 2.1) or a
traditional steel mask that was clamped to thesglisboth cases the mask opening was 293 um,
the mask thickness was 800 um, and the nozzle dffamds NS=20 mm. It is evident that the
shadow mask produced slightly wider and shallowsanoels than did the clamped mask.
Depending on the number of passes, the channelfimeac using the shadow mask were
approximately 3-15% wider and 2-24% shallower ttienrse using made with the clamped masks.
This widening occurred because particles could pateeunder the shadow mask and strike the
surface between the mask and the target, somethatgs less likely to happen with clamped
masks. Even though the shadow mask was pressetstfae target, it had a standoff equal to
approximately the diameter of the largest partiatethe abrasive mixture, since these particles
became trapped under the contacting shadow mashkeatarget surface moves. The smaller
particles in the powder were then able to strilke gbirface under the shadow mask creating the
frosted zone.

It is hypothesized that the channels were shallevien using the shadow mask for similar
reasons; i.e. the leakage of particles and airmih@emasks resulted in fewer particles striking th
surface within the mask opening. While there wasnnticeable frosting of the glass at the
periphery of the channels when the mask was claptpedhadow mask produced frosted bands
on either side of the channel that were approximad@ um wide, because particles could

penetrate under the mask.
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Fig. 2.7 Cross-sectional profiles of channels maethiusing various number of passes and the
shadow mask of Fig. 2.2 in contact with the surf@odid and dashed lines) or a clamped mask
(symbols). Dimensions normalized using the maskimggW=293 pm. Only half of each
symmetric profile is shown. Mask thickness of 800, NS=20 mm.

2.3.2 Effect of nozzle standoff distance

The effect of the nozzle standoff distance wasstigated for the shadow mask of Fig. 2.2
having an opening of 270 um with the mask and sariia contact (i.eMS=0), andNS=10, 20 and
30 mm (Fig. 2.1; conditions of Table 1). Fig. 2r®ldig. 2.9 show that increasihgfrom 10 mm
to 30 mm resulted in approximately 8% shallower @#dnarrower channels, and a 20% decrease
in the width of the frosted region, Fig. 2.10. Tmanges in channel depth, width and frosting were
relatively small, but statistically significanttst, p < 0.05). These effects were attributabtbeo
reduction in the particle flux through the mask mipg that occurred with increasing nozzle
standoff distance due to the divergence of thplighe which can be found in work presented by
Papini et al. [49]. This resulted in less matemgghoval, both in the center and at the periphery of

the channel, and produced fewer particles undémnguthte mask edge to form the frosted regions.
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Fig. 2.8 Comparison of typical channel profilesabéd after 4 passes of the shadow mask of
Fig. 2.2 at three nozzle standoff distances (Eit). Depth and width normalized by mask
openingW=270 pm.
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Fig. 2.9 Average channel depth (squares) and waittles) at three nozzle standoffs. Scatter
bars representingl standard deviation for 9 measurements (3 measmismon each of 3
specimens) were small enough to fit within the sglab
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Fig. 2.10 Average frosted width at three nozzledtdfs (Fig. 2.1). The scatter bars represdnt
standard deviation for 9 measurements (3 measutsrorreach of 3 specimens).

2.3.3 Effect of shadow mask thickness

The effect of shadow mask thickness on the chapmodiles was investigated using 0.8
and 1.6 mm thick contacting shadow masks of the sjppwn in Fig. 2.2, with an opening of 270
pm. Fig. 2.11 and Fig. 2.12 show that the thickaskmproduced statistically significant decreases
(t-test, p < 0.05) in both the channel depth (1 #¢érelase) and width (4% decrease). Figure 2. 12
shows that the frosting width also decreased, byentioan two fold when the mask thickness
increased. These trends can be attributed to a&tiedun the particle flux capable of erosion due
to differences in particle ricochet from the masliges, as shown in Fig. 2.13. In the case of the
thicker mask, it is more likely that particles whistrike the edge of the mask will ricochet onto
the opposite mask and lose most of their kinetezg@yn Thinner masks permit more of the incident
particles to reach the target surface with suffitié@netic energy to produce erosion. Therefore,
thicker shadow masks have the advantage of progudimannels with much smaller frosted
regions, albeit at the expense of a slightly redueteh rate.
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Fig. 2.13 A particle striking the edge of a thingkda) is more likely to strike the surface, while
that striking a thick mask (b) collides with thepmsing mask.

2.3.4 Mask standoff

The effect of a 2 mm shadow mask standoff was tiyated using the shadow mask of
Fig. 2.2 with a mask opening of 270 um. Fig. 2.hd &ig. 2.15 show that introducing a 2 mm
gap between the mask and the glass resulted iststaty significant changes (t-test, p < 0.001)
in the depth (20% decrease), width (7% increase),feosted zone width (70% increase) of the
channels. The decrease in depth was mainly duegdugtion in the surface flux due to increased
jet spreading and a decrease in the particle wgldoe to drag. When the mask was not in contact
with the surface, particles were decelerated quitkl the drag of the relatively quiescent air
encountered after passing through the shadow naeskireg. Using a modification of Li's model
[48], it was found that this additional drag deseshthe particle velocity from approximately 159
m/s to 143 m/s. Assuming that the erosi&n,depends on the normal component of particle
velocity, Vi, raised to an exponent KE1.43 for glass with AlDs particles, where Ghobeity et al.
[9] presented its equation Bs= CV,***, whereC is a constant, and letting all other experimental
conditions such as mass flux and particle sizehbesame, the predicted decrease in depth due to
this velocity decrease was 14%. This is in faireagnent with the actual decrease of 19%,
particularly since this estimate does not consiteradditional effect of the decrease in surface

flux over the 2 mm standoff.
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The increase to a 2 mm mask standoff also allopaticles ricocheting from the mask
edge to strike the target surface beneath the nlasieby explaining the observed widening of
the channel and the larger frosted zones.
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Fig. 2.14 Typical channel profiles obtained aftgraéses of the shadow mask of Rig using
mask-to-surface standoff distances of 0 and 2 mm @&1). Channel depth and width
normalized by mask opening=270 pum.
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Fig. 2.15 Average depth, width and frosted widthrfask standoffs of 0 and 2 mm. The scatter
bars representl standard deviation for 9 measurements (3 measumisnon each of 3
specimens).

2.3.5 Effect of particle size

The effect of particle size was studied using A0 25 pm alumina powder blasted at 200
kPa through a contacting shadow mask of the type/shn Fig. 2.2 with an opening of 290 um.
This produced very similar mass flow rates of 4a#@ 4.7 g/min for the 10 and 25 um powder,
respectively, and therefore the erodent doseseatelivto the surface were nearly the same for both
particle sizes. Increasing the particle size resguih deeper and narrower channels, as shown in
Fig. 2.16 and Fig. 2.17. Increasing the particte $tom 10 to 2um increased the depth by 25%
and decreased the width by 8%, both of which waagssically significant changes (t-test, p <
0.005). Recalling that the mass flow rates werelp&dentical for both particle sizes, the increase
in depth was mostly due to the greater velocityhef25um particles (159 m/s, using the model
presented by Li et al. [48]) compared to theu®particles (141 m/s). Using the same analysis as
in Section 3.4 (i.e, assuming that the erosEngdepends on the normal component of particle

velocity, Vi, raised to an exponentl§E1.43 for glass) with both sizes of particles, aodsidering
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the slight difference in mass flow rates noted &polve predicted increase in depth due mainly to
this velocity increase was 24%, which agrees wih the measured value of 25%.

The increase in channel width with decreasingi@arsize is a well-known phenomenon
and was presented by Ghobeity et al. [29], whidluis to the fact that smaller particles can pass
closer to the mask edge without striking the mésktcan larger particles.

There was a near doubling of the frosted width wihenparticle size was increased from
10 to 25 um (Fig. 2.17). As explained previousiycs the shadow mask was sliding on the target,
erodent particles became trapped under the maskaggad! it slightly. This elevation was greater
for 25 um particles than for 10 um particles, andsequently more of the smaller particles in the

distribution were able to reach beneath the madkpanduce frosting.
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Fig. 2.16 Channel profiles obtained after 4 pas$é¢ise shadow mask of Fig. 2.2 using 10 and
25 um particles. Channel depth and width normalizednlagk openingV=290 um
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2.3.6 Crossed shadow masks

The shadow mask of Fig. 2.2 produced a narrow atipg erodent jet, but with a fan-
shaped spread in its scanning direction due tplimae divergence in the narrow direction of the
0.3x3.8 mm rectangular nozzle. This restrictedalrangement of Fig. 2.2 to the machining of
straight channels as shown. In order to achiever@ mompact abrasive jet that was narrower in
all directions - one with greater potential to Isedias a direct write abrasive jet micro-machining
technology - a crossed arrangement of two mutyagigpendicular sets of shadow masks was
utilized (Fig. 2.3).

Typical channel profiles made under identical ctods using crossed and uncrossed
contacting shadow masks are shown in Fig. 2.18.alleeage depth using the crossed mask was
found to be 9% smaller than for the uncrossed ngag&rage of 3 measurements on each of 3

channels). This difference was found to be staa#ifi significant (t-test, p< 0.005). The channel
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widths for the two arrangements were, however,reégsly the same; i.e. a 4% difference which
was statistically insignificant (t-test, p > 0.25).

The decrease in the channel depth was likely dtieetoeduction in particle velocity with
the crossed mask because of the increased effectisk standoff from the top set of masks to the
surface. In addition, the crossed mask reducetbthéparticle dose delivered to the surface from
the much smaller opening.

As shown in Fig. 2.19, utilizing the crossed mdskreased the length of the jet footprint,
thereby reducing the particle dose in the directibacanning. This led to a reduced frosted zone
size compared to the regular shadow mask since feavéicles were available to leak between the
lower set of masks and the surface. The average widhe frosted zone using the crossed mask
was the lowest of all experiments, approximatelyu89 which 50% less than the frosted width
for a regular shadow mask (@in). The asymmetry in the crossed-mask footprinfig 2.19
occurred because of the air gap, equal to therkbgk of the bottom masks, that was introduced
between the top set of masks and the surface, valictved some spreading of particles in the

direction of the bottom slot (Fig. 2.3).
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Fig. 2.18 Profiles of channels made after 4 pagbds crossed shadow mask (Fig. 2.3) and the
regular shadow mask (Fig. 2.2). Channel depth adthwormalized by mask openivg=290
pm.
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Fig. 2.19 Footprints of the erodent jets producgidgithe crossed shadow mask (left) and the
regular mask (right). For the crossed mask, thiealthe top set of masks was in the vertical
direction.

Fig. 2.20 shows an example of the direct writibdity of this technique for the machining
of complex curved patterns. The width and depththef lines in the machined logo are

approximately, 700 pum and 90 pum respectively.

Fig. 2.20 Ryerson University logo machined in glassg direct writing technique with crossed
shadow masks.

2.4 Summary

A novel adjustable shadow mask has been develapesisting of two parallel metal strips
attached to a nozzle for the abrasive jet microinmaeg of straight channels. The shadow mask

eliminates the need for costly and time consumiragknfabrication and attachment to the
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substrate, and allows for the straightforward adpesnt of the mask opening. Compared to a
traditional mask attached to the surface, the mitr@nnels machined using the shadow mask were
found to be wider, and were bounded by a frostgibns adjacent to the channel edges. The
effects of nozzle standoff, mask standoff, partgilee and mask thickness on the channel width,
depth and size of the frosted region were invetjand could be explained in terms of changes
in the particle velocity and impact location. Ineseng nozzle standoff and mask thickness, and
decreasing mask standoff and particle size letiéantarrowest features with the least amount of
frosting. Taking this into account, it was possibbemachine micro-channels that were only
approximately 10% wider than those machined usiaditional masks up to an aspect ratio of
approximately 0.5. Under these conditions, thetémsegions appeared in bands approximately
60 um wide. By using two sets of crossed masks, tharalavidth remained unchanged, but it
was found that the frosted zone size decrease®¥y(30um wide bands). It was demonstrated
that this crossed-mask configuration had the aulthli advantage that it could also be used to
direct write curved features.

Because the masks are attached to the nozzle,sitteaught that the shadow mask
methodology would be appropriate for machining dalmicro-channels using AJM on a lathe
that rotates a glass or PMMA rod. However, becaafsthe intricacy of synchronizing the
rotational and axial feed speed of the lathe, Bklextension springs were preferred to this
apparatus (Chapter 5). However, if a synchronipatechnique can be employed, the shadow

mask can be exploited in future work.
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Chapter 3 Abrasive jet machining of channels on higly-curved glass and
PMMA surfaces

This chapter is based on the following publishegepa

A. Nouhi, K. Kowsari, J.K. Spelt, M. Papini, “Abriae jet machining of channels on highly-
curved glass and PMMA surface$Vear, vol. 356-357, pp. 30-39, 2016.

3.1 Introduction

The micro-machining of small curved specimens maiderittle materials such as glass
and ceramics and ductile materials like polymesmetals is required in optical and biomedical
equipment [1]. Martinez and Chalkof [50] revieweiffedent strategies of fabricating metal or
polymer stents, tubular supports placed temporardigle a blood vessel, canal, or duct by micro-
patterning their surfaces in order to aid healingetieve an obstruction.

Li et al. [33] studied the radial-mode abrasiveem&t turning process on 59 mm diameter
steel rods. They concluded that the machined daptkased as the jet incidence approached the
surface normal, and when a higher water pressimighar surface speed, or a lower feed rate were
used. Manu and Babu [35] implemented Finnie’s theb erosion to model the material removal
from a 25.4 mm rotating cylinder using abrasiveesjat turning, considering the continuous
change in the local impact angle caused by thecteduin workpiece diameter. The nozzle had
an initial radial offset relative to the rod sottliae erosion took place at the periphery of work
piece.

Abrasive jet micro-machining (AJM) has the abilisycut and mill many materials without
excessive forces or thermal damage, which is afgignt advantage over many other machining
technologies [1]. In addition, AJM does not involvazardous materials or equipment, does not
require a clean room, and has a low capital andatipg cost [51]. Target material is removed by
the impact of a jet of small high-speed particlesdpcing either brittle or ductile erosion [4]. The
erosion rate in brittle materials is characteribgch peak at normal incidence, while the erosion
rate of ductile materials has a peak at an obligumact angle. As a result, the shape of relatively
deep features micro-machined in brittle and ducatiaterials under identical conditions is

different. For example, the dependency of theienosite on the local sidewall slope causes AJM
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channels machined in ductile materials to have nstedper sidewalls and flatter bottom sections
than those in glass channels [6].

AJM has found use primarily in the machining oftiadly flat surfaces at perpendicular
incidence. Slikkerveer and in’t Veld [22] and fEmje Boonkamp and Jansen [21] introduced the
first analytical AJM models for predicting the cimah shapes machined on brittle flat surfaces.
Ghobeity et al. [9] modified the model of [21] txclude the erosive characteristics of the abrasive
jet as determined by the cross-sectional profileaothallow calibration channel or by a
fundamental equation giving the variation of thetipke flux and speed across the jet (Rdla).
Kong et al. [52] also used measured shallow cdlimaprofiles to characterize the erosive
‘footprint’ for abrasive water jet machining (AWJMOnce characterized in this manner, they
presented an analysis that allowed for the AWJNbjetprint to be predicted for any jet feed speed
and jet path. The model of[9] was used to predict masked and unmasked chamoéles
machined in brittle materials. Since the model deseloped for brittle materials, only the normal
component of particle velocity to the target suefa@s considered. The plume of an abrasive jet
is approximately conical, introducing a spread artigle trajectories and a patrticle flux that
decreases with increasing nozzle to surface (strdistance. In these studies, the effects ef th
spread in particle trajectories on the local phatimpact angles and standoff distances were
neglected, i.e. the trajectories were all assunaedllel to the jet axis at a single standoff, beeau
the divergence angle was only on the order of 108ss. Although this introduced errors in the
prediction of the surface evolution when the chéshecame deeper and developed steep side
walls, the errors are much smaller than they wdaddon a curved surface, where even when
uneroded, the surface curvature can introduce @amiaer range of impact angles and standoff

distances.
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Fig. 3.1Schematic of channel machining processes. (a) Ghamade at normal impact angle on
flat target, (b) Channel made at oblique impacieng flat target, (c) Channel made axially on
rod. Conical divergence of particle jet causesllatandoff and impact angle to vary across

footprint in parts (b) and (c).

Getu et al. [6] extended the method of [9] by cdesng the impact angle dependency of
erosion rate to predict the cross-sectional prefitunmasked and masked channels made in flat
ductile materials such as polymethylmethacrylateyhich both the normal and tangential velocity
components affect erosion. These models also rteglebe effect of jet divergence and local
standoff, and the greater sensitivity of ductiletenials to impact angle likely resulted in the
observed under-prediction in width and over-predicbf channel depth.

Ally et al. [30] subsequently implemented the scefavolution equation of [6] to predict
the shapes of unmasked channel profiles machin#dtimetal targets at oblique incidence as in
Fig. 3.1b. The velocity and mass flux distributi@tsoss the jet were inferred by curve fitting to
a shallow channel machined at normal incidence. Eita) and then transformed to obtain the
erosive efficacy on a tilted target. It was obsdrtreat the model resulted in an overestimation of
the channel width, which, as will be shown in Satt8.4.3, could be attributed to the neglect of

the greater effect of jet divergence on the loggdact angles and standoff
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Burzynski and Papini [31] developed a level-set elddSM) to predict the surface
evolution of high aspect-ratio masked and unmaskedinels machined into flat brittle targets at
normal (Fig. 3.1a) and oblique (Fig. 3.1b) inciderand considering particle second strikes. This
model accounted for the change in the standofédcs and spread in particle trajectories which
affected the local flux for very deep channels.the case of tilted channels, it was found that it
was convenient to move the origin of the coordirsgttem from the target surface to the nozzle
exit. This simplified the formulation since thewplex transformations of particle trajectories was
made unnecessary. The predictions of the modeé wenerally in good agreement with
experiments, and the model was able to shed lighhe role of second strike and other complex
phenomena when eroding high aspect ratio featunés ftat surfaces. However, as will be
discussed below, such LSM formulations are too der routinely implement.

AJM has a largely unexplored potential for machgnifted and curved surfaces, such as
found in the turning of small cylindrical partsetimicro-patterning of rods, and the production of
threads on materials such as glass and ceramiachvainé otherwise difficult to machine [1].
Consequently, the AJM of highly-curved surfaces tex®ived very little attention. A notable
exception is the work of Kim et al. [53] who desegihand fabricated masks suitable for machining
arbitrarily curved surfaces.

As will become apparent, the application of erigtnalytical AJM surface profile models
to the machining of highly-curved target surfaceseatuates the errors due to the neglect of jet
divergence and local variations in the standoffasise. As mentioned above, the LSM models of
Burzynski and Papini [31] consider both of thedeas, but these were implemented in an LSM
formulation for channels machined in flat targg@ampared to traditional surface evolution
models, the LSM formulations are much more compdex, the numerical grid must be modified
and hard-coded for each new target geometry. Tégept work aims to establish a new surface
evolution model in the form of a single partialfdiential equation that can be solved using
standard methods to allow the prediction of thessrgectional shapes of channels made at
arbitrary incidence on virtually any target geomdty considering the local variations of incident
particle trajectory and standoff distance acrosgehfootprint. The performance of the model was
evaluated by comparison with experiments for treeaaf channels machined on highly curved
brittle (glass) and ductile (PMMA) targets.
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3.2 Surface profile modelling

3.2.1 Background

The surface evolution model to predict the crosdiseal profiles of channels machined
in initially flat brittle materials using AJM, wheronly normal component of particle velocity is

relevant, was presented in [9] as

Z—E@)(1+ Z,,CZ)_k/2 =0 5.1

whereZ; andZx are the partial derivatives of the profile depgthvith respect to time and the
coordinatex, defining the width dimension (Fig. 3.2&)(x) is the erosive efficacy distribution
applied to the exposed target surface by the pasdsabe nozzle (i.e. the lateral spatial distridwt
of the potential of the jet to erode), dnid a velocity exponent related to the erosive atiaristics
of the surface material. TherefoE£x) accounts for the erosion generated by the getifeotprint
as it passes a given point.

For ductile materials, which have a more complegetielence of erosion on the local
impact angle, the surface evolution model of [Gjiigen by

Zo—EMX) [1+Z,2g9(@)=0 (3.2)
where
(3.3)

g(a) = (sine)™ (1 + H,(1 — sina))™

which describes the dependence of the erosiororatee impact angle;, defined between the

incident velocity vector and the local tangenthe surface as
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2 /1+Z 2 / (34)
X

Hv (GPa) is the initial target hardness and the emtsh; andn, are determined experimentally
and depend on the particle hardness and other tngmaclitions [12]. As discussed in the
Introduction, these surface evolution models foittler and ductile materials provide good
predictions of channel cross-sectional shape gigmeticular and oblique incidence for unmasked
channels machined in flat surfaces at relatively &spect ratios up to 0.3 [6], [9], [30]. Under
these conditions, the neglect of jet divergence\ardtions in the local standoff distance were

insignificant.

3.2.2 Generalized surface evolution model — varyingtandoff distance and jet divergence

angle

The effect of neglecting the variation in localrgtaff distance and jet divergence, which,
in turn, affect the local particle flux and impagtgle, can be best demonstrated by considering the
AJM of a tilted surface. As discussed in the Idtrction, the model of Ally et al. [30] used Egs.
(1) and (2), together with a transformation of ¢nesive efficacy to a tilted coordinate system, in
order to predict the surface evolution due to AJMilbed brittle and ductile targets as in Fig.[8.1
Fig. 3.2a illustrates the assumptions of this mddeh nozzle anglé=60°; i.e. all particles are
assumed to have an impact angle of 8230°) and a uniform standoff distancelef= 10 mm.
However, as shown in Fig. 3.2b, the local impagfi@s actually vary from 64° to 53° for the 460
um nozzle used in the present experiments. Moretiveiactual standoff distance varied from 8.5
to 12 mm for the nominal nozzle standoff distant&@®mm. Similarly, for the AJM of a 5 mm
rod at nominally perpendicular incidence using shene nozzle at a 10 mm standoff, the local
impact angles vary from 90° at the centerline (pioim Fig. 3.3) tax=54° where the conical plume
of the abrasive jet intersects the rod (pa@nih Fig. 3.3). Ignoring the spread of the jet and
considering all the particles to travel parallefite nozzle axis would give an apparent local ihpac

angle ofa=60° at poing in Fig. 3.3. The local standoff distance at pagns$ actually 10.5 mm.
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As will be seen below, these errors in the locglact angle and standoff distance can make the
predictions of Egs. (1) and (2) increasingly inaate for highly-curved targets.

In deriving a surface evolution model that takee account variations in standoff distance
and local impact angle for curved targets, two apphes were used, each giving identical results.
In the first approach, the coordinate system wihéd to the surface as in Fig. 3.2, the erosive
efficacy was mapped to the curved or tilted surizgsiag a methodology similar to that by Ally et
al. [30], and then the spread in local incidentlas@not considered by Ally et al.) and change in
local standoff distance were calculated using geno@nsiderations While this method provided
a direct understanding of how the erosive efficapyead on a curved surface, it was relatively
complex and not generally applicable since it negldifferent geometric relations for each target
geometry. Instead, a second, more simple geneaalblicable approach with the coordinate
system fixed to the nozzle (Fig. 3.3) will be pratsel in detail in the following sections. As will
be seen, using this method, the target surface gepm@mppears only in the initial condition of the

surface evolution equation.
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Nozzle

Fig. 3.2centerline (e.gv1andV>) and coordinate system is located on the target,
(b) new model where incident angle varies acrasard coordinate system is
located at nozzle tipgn; andn, are unit vectors normal to channel profile at poin
of impact, 1 and ¢ define local angle between impact velocity veetod

outward normal to surfachg is the nominal standoff distance.
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Fig. 3.3 Particle impact on rod at jet centerlifjeafd at edge of nozzle footprirgf) (
illustrating variation in local impact angle, and standoff due to target curvature and jet
divergence.

3.2.3 Development of generalized model- brittle matials

Following the original formulation of ten Thije Bokamp and Jansen [21], the surface
evolution model at any location on an arbitraryface, Fig. 3.2a, is given by:

Z,—cC /1 +27Z,%=0 (3.5)

where the velocity of the eroding surface in a laltgection normal to the surface is given by,

c==Gdn (3.6)
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wherepsis the density of the targeg the specific erosion rate, defined as the ratithefmass
loss of the substrate to the mass of erodent aseldp is the particle mass flux in the direction of
the particle velocity vectoty, (Fig. 3.2a and Fig. 3.2b). The specific erosiore,r&, can be
modeled as [9],

G = C(|V|cosy)F (3.7)

in which C is an erosion constantis the angle betweévi and the outward normal to the surface
at the point of impact (Fig. 3.2a and Fig. 3.2Ind kis the velocity exponent.

Equations (3.5)-(3.7) have usually been implengentieh the coordinate system attached
to the target surface (Fig. 3.2a), but are validaioy coordinate system in the plane of Fig. 3.2
providedn, V and @ are all expressed with respect to that systentceSihe variation oY and
@ are most easily obtained along and across theigtia the present case where the nozzle may
be tilted or the surface has significant curvatitrés more convenient to attach the coordinate
system to the nozzle as shown in Fig. 3.2b. Witk in mind, the outward unit vector normal to

the channel profiley, is given by,

1 —Z,,
n=————————--
\/TZ,XZ( 1 ) (3.8)

and the particle velocity unit vector (Figs. 2b @)dis

V. rsiny
& =W (cosy) (3.9)

and

cosy — Z,, siny

3.10
/1 + 7,2 (3.10)
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wherey is the patrticle trajectory angle which varies asrbge channel width as

Z
Vx2+ 72

X

Vx% + 72

cosy =
(3.11)

siny =

Combining Egs. (3.10) and (3.11) gives

Z —xZ,,

3.12
VxZ + 72 /1+Z,x2 (3.12)

cosy =

Combining Egs. (3.5)-(3.8) with (3.12), leads te following new, generalized surface
evolution equation for oblique or normal incidemoachining of a jet on an arbitrarily-shaped
brittle material, which takes into account the aesnin local impact angles due to jet divergence,
and changes in local standoff distance:

i dadsd (3.13)
Ny

z, — E2)(1+2,° )_k/2 (

where the x coordinate is attached to the nozzie Bgy. 3.2b. Z(x,t) is thez-location (origin at
nozzle as in Fig. 3.2b) of the eroded profile at ame t andE(x, Z) will be defined in Section
3.2.3. This equation describes the cross-sectjmmdile of a symmetric or asymmetric channel

machined in an arbitrarily-shaped brittle targétafhe passage of the jet.
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3.2.4 Ductile materials

To determine the surface evolution model for dectiaterials at oblique or normal
incidence taking into account jet divergence anahges in the local standoff distance, the local

impact angleg in Eqg. (3.4) needs to be modified using Eqg. (3.12)s Téads to

[ s\

a— _—COS

\ \ﬁJ_ )

which can be substituted into Eq. (3.2) to yield

T
—Ex,2) |1+Z,%g E—cos‘1 (3.15)

Z —xZ,, \\ _
VxZ + 272 /1 + 7, / /
wherex is again in terms of the coordinate system atihbthéhe nozzle and(x,t) is thez-location
(origin at nozzle as in Fig. 3.2b) of the erodedfitg at any timet and. Equations (3.13) and

(3.15) require the erosive efficacy incident to theface,E(x, Z) referred to this coordinate

system. The determination of the erosive effidaaiscussed in the following section.

3.2.5 Determination of erosive efficacy

The erosive efficacy of AJM nozzles eroding effesly flat targets was previously
determined either by fitting a functidf(x) to the measured cross-sectional profile of a shall
(i.e. with negligible slope) channel machined a&irgle standoff distance or by multiplying the
measured velocity and mass flux distributioBx) =4(x) [V(x)[¥, in which a Weibull function
represented the particle mass flux distributiord #re particle velocity was linearly distributed
across the abrasive jet [9]. An approach similahtolatter was adopted in the present work, and
in order to facilitate the inclusion of standofttdince as a variable in the present formulatian, th

functionE(x, Z)was based on the measurement of the cross-sdqtiafite of shallow channels
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at perpendicular incidence at three different stéindistances. This gave the erosive efficacy
throughout the conical erosive jet plume as a fonabf the radial and axial coordinates.

For the nozzle used in the present experimentspé#ngcle velocity distribution was
unknown, and therefore assumed constant acrogstiné jet. This assumption, which will be
validated by the good fits of erosive efficacy #fedent standoffs obtained in Section 3.4.1,
implies that the variation in mass flux across jitehad a much greater effect on the erosive
efficacy than the variation in velocity. Indeedpsoevidence for this is shown by the much lower
variation of velocity than flux variation for othabrasive jet nozzles in Ref. [54]. The mass flux
was assumed to follow a Weibull distribution of bbthe radial coordinate and the local standoff,
Z, E(x, Z)

2 N
E(x,7) = 5@) o7 (3.16)
where
6= <£%(IVI")) (3.17)
ps T
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whereC andk are constants related to the erosive charactarigtithe surface material of density
ps, M is the mass flow rates,is the nozzle “focus coefficient”, with higher veliindicating a
more focused stream, afgh/Z)? is determined by the channel depth. Equation j3:G@Gesponds

to an erosive efficacy function for a conical jetwhich the particles travel in straight lines from
the nozzle, Fig. 3.4, i.e. they should be indepahdestandoff distance. The values were obtained

by averaging thé andg obtained from curve fits to the shallow channelssrsections at three

standoffs.
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Fig. 3.4Schematic kepresentation of intersection of abea@t/plume with successive planes at
standoffs of 10 mm, 20 mm and 30 mm, where shatlo&nnels were machined to determine the

erosive efficacy function
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It is noted that, as discussed in [10] for AJM|amy as the scan speed is sufficiently high
to result in a relatively small slope at the legdetge of the machining front, the dimensionless
shape of the cross-sectional channel profile predury a scanning AJM nozzle is equivalent to
that created across the diameter of a stationargl@oln [9] the calculations were performed for
the machining of channels on a flat surface. Thaesaalculations for the case of channels
machined on rods yielded a maximum error of 7% betwthe normalized erosive efficacy of the
scanned and stationary nozzle. Therefore, therBrorless erosive efficacy function obtained

from channel profiles is approximately equivalemthat produced using stationary hole profiles.

3.2.6 Initial conditions

Once the erosive efficacy was determined, the memtlurface evolution equation could
be solved with the appropriate initial conditionsfided by the target surface geometry as a

function ofx andz, referred to the origin at the nozzle tip.

Nozzle

_tilted target

Fig. 3.5 Flat target surface tilted anglew.
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The initial condition{=0) for a flat target tiltect an arbitrary angle (Fig. 3.5) is

Z(x,0) = —tan(w) x + hy, (3.18)

and for a rod of diamet& (Fig. 3.3)

Z(x,0) = zy —/R? — x2 (3.19)

The following sections describe the machining ef ¢thannel profiles used to evaluate the

accuracy of this new surface evolution model fibediand highly-curved surfaces.

3.3 Experiments

3.3.1 Apparatus

All experiments were conducted using an AccuFlo @Nicro-Abrasive Blaster, (Comco,
Inc. Burbank, CA, USA) operating at 200 kPa airsgtee. Moisture in the powder reservoir was
minimized using a dehumidifier, a refrigerationdriyer, and a desiccant filter on the inlet aireTh
repeatability of the experiments was enhanced lbgwiong the operating procedures described in
[45], including the use of a variable-speed ro&gctric mixer to avoid powder bed compaction
and particle agglomeration inside the reservoiumihum oxide (AdOz) powder (Comco, Inc.
Burbank, CA, USA) with a mean diameter of 1lu® (log-normal distribution with standard

deviation of 3.33Jum) was used in all experiments.

3.3.2 Channels on flat surfaces

While the main focus was the machining of highlyvad surfaces, channels were also
made on flat surfaces at both normal and obliqaielénce to evaluate the accuracy of approaches
to account for the variation of the standoff dis@mand the particle trajectory across the plume.
The erosive efficacy function was obtained, as @xrpeld in Section 3.2.3 from shallow channels
machined in 100x50x3 mm thick glass (Borofloat, f6@iass Co. Inc., Elmira, NY, USA) and
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PMMA (type ACRYLITE® FF, CYRO Industries, Rockaway,], USA) samples using a single
pass of a 46Qdm inner-diameter nozzle at standoff distances ofliand 20 mm measured along
the nozzle centerline (Fig. 3.1a). The nozzle wasonary at¥=90° while the target was moved
at 0.5 mm/s when machining on glass and 0.25 mnhisnwnachining on PMMA using a
programmable computer-controlled linear stage witpositioning resolution of 0.am. The
powder mass flow rate was 1.6 g/min and 2.4 g/mirgfass and PMMA, repectively .

A range of deeper channels were machined with drzla tilted at¢=30° in a plane
perpendicular to the direction of machining (FidLl§ using a standoff distance of 10 mm on both
glass and PMMA samples. The channel cross-sectioeiee measured using an optical
profilometer (NANOVEA ST400 Micro Photonics Inc.tvine, CA, USA) having a depth
resolution of 25 nm and a lateral resolution of il All experiments were conducted twice; i.e.
at each standoff distance, two separate channeits machined without turning of the micro-
blaster to ensure that the mass flow rate remaimegame, and three cross-sections were measured
on each channel. Channels of different depth vmaehined using a stepped arrangement,

whereby the channel was divided into 5 parts cpoeding to 1, 3, 5, 7, and 9 nozzle passes.

3.3.3 Channels in rods

Channels were machined axially in two sizes of glasl (borosilicate, Swift Glass Co.
Inc., Elmira, NY, USA) and one size of PMMA rod f§y CLR, EXTRUDED ACRYLIC ROD,
Piedmont Plastics, Scarborough, ON, Canada) at mrhOnominal nozzle standoff (Fig. 3.1c).
The powder mass flow rate was kept at 1.8 g/mihofker process conditions were as given in
Section 3.3.2. The average diameter (+ standardchiil@v of 8 measurements) over an 11 cm
length was 4.99 £ 0.04 mm and 2.98 +0.03 for glasd,4.72 + 0.01 mm, for PMMA. To ensure
that the rod was aligned with the center of theagibe jet and was parallel to the stage traverse
during machining, the rod was taped into a grotwa had been previously machined on a flat
glass plate clamped to the stage (Fig. 3.1c). Roiscanning the cross-sections of the machined
channels with the optical profilometer, the surfatéhe rod was coated with a thin layer of soot
using a candle to reduce the lateral reflectiolgbit at the periphery of the rods and increase the
accuracy of the measurements. To ensure that theae also aligned with the profilometer scan

direction, cross-sectional scans were made acrdgfedent un-eroded sections, and the rod was
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re-aligned manually until 4 such profiles were cailent to within 0.01%. A bracket was then

attached to the profilometer stage to preservaligament for subsequent measurements.

3.4 Results and discussion

3.4.1 Erosive efficacy function

The average value ¢fin Eq. (3.16) was 28, which was obtained from tbstlits (based
on the least-squares method) to the dimensionlesslépth per unit maximum depth) profiles of
the shallow channels shown in Fig. 3.6, that weeehimed on a flat surface at perpendicular
incidence with nozzle standoffs= 10 mm, 15 mm and 20 mm. The fits at each stdndefe
good, with regression coefficientB?j greater than 0.99. In order to account for méss fate
fluctuations, the value @fwas scaled to match the first pass profile dapthé surface evolution
equation (Egs. (3.13) and (3.15)). The valug characterized the erosive efficacy function that
was used to model the channels machined on cunugaces and at oblique incidence on flat
targets. As mentioned in Section 3.3.2, the expamis1were repeated twice at each standoff
distance and the overall standard deviation o6 aleasurements gfwas 1.5 (5.4%). This small
deviation verified that particles traveled in appnoately straight lines from the nozzle to a flat
surface, confirming the assumption of the conitap®e of the abrasive air-jet plume (Fig. 3.4),
and lent confidence to the assumption that thecetieparticle velocity variations across the jet
on the erosive efficacy was negligible. In the alsseof unexpected aerodynamic or particle
rebound effects, the erosive efficacy on arbityasiiaped and oriented targets could be determined
as the intersection of the target surface andlhinge-dimensional function.
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Fig. 3.6 Measured profiles (symbols) and curve(fimsshed lines) of three shallow channels
machined at 10 mm, 15 mm and 20 mm nozzle standaoftsflat glass surface.

3.4.2 Prediction of channel profiles using new model

3.4.2.1 Channels in tilted flat glass target

The new model of Eq. (3.13) for surface evolutinrbrittle materials was used with the
three-dimensional erosive efficacy function, Eq163 with d obtained by matching Eq. (3.13) to
measured profile for the first pass afd28 determined from the perpendicular incidence fla
surface profiles (Section 3.4.1), to predict thefipgs of channels machined on tilted flat glass
surfaces. Equation (13) was solved numericallygigie method of lines in Mathcad 15 (PTC Inc.
Needham, MA, USA), using the erosive efficacy atedi from Eq. (3.16) with Eq. (3.18) as the
initial condition. The number of spatigirq) and time (s) discretization points used was &

300 respectively, which ensured the accuracy angargence of the numerical solution.
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Fig. 3.7 Measured (symbols) and predicted (dashed)l profiles of channels machined on glass at a
nozzle angle of 30°. Predictions used the new maael(3.13), with the three-dimensional erosive
efficacy, Eg. (3.16) (Section 3.2.3he maximum standard deviation of 6 measuremesntsXplainet
in Section 3.3.2) at the bottom of the channels ¥S:m, for the §' pass.Arrows show direction ¢

nozzle inclination. Note difference in depth anditiscales.

The predicted channel profiles were translatedratated to align the uneroded surfaces.
Fig. 3.7 shows there was good agreement betweemm#asured and predicted profiles of
asymmetric channels machined in flat glass at aleangle of 30°. For example, the predicted
centerline depth after 5 passes was 3% less tieaméfasured result, increasing to 7.5% for the 9
pass. As will be discussed in Section 3.4.2.2 slight under-prediction of erosion on the left
sidewall was most probably due to fluctuationstireaive mass flow rate for the relatively rapidly

eroding glass.
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3.4.2.2Channels in tilted flat PMMA target

Fig. 3.8 shows that the measured profiles of chiarmachined on a flat surface of PMMA

at an angle of 30° were closely matched by thelpsopredicted by the new model of Eq. (3.15)
with the three-dimensional erosive efficacy, Eq163, witho andg obtained as described in the
previous section. For example, the predicted ckeméedepth after 5 passes was 0.08% lower than
the measured value, reaching 3% for the 9th palss. better fit between the predicted and
measured profiles for PMMA, than glass (Fig. 3could be attributed to the lower etch rate (i.e.
centerline depth increment per dose of particlggnged on the target) in PMMA (131 pm/g) in
comparison to glass (286 um/g), which made it seseptible to fluctuations in abrasive mass
flow rate.
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Fig. 3.8 Measured (symbols) and predicted (dasheg)l profiles of channels machined in

PMMA at a nozzle angle of 30°. Predictions usediing@ model, Eq. (3.15), with the three-
dimensional erosive efficacy, Eq. (3.16) (Sectid®).2ZThe maximum standard deviation of 6
measurements (as explained in Section 3.3.2) didtiem of the channels was A#, for the

9th pass.Arrows show direction of nozzle inclination. Nat#ference in width and depth

scales.
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3.4.2.3 Channels in glass rods

The model of Eq. (3.15) and the erosive efficacyction of Eq. (3.16) witld (obtained by
matching Eq. (13) to measured profile of the fpass) and3=28 (flat surface, perpendicular
incidence) were initially used to predict the crgsstional profiles of channels machined axially
in the 3 mm and 5 mm diameter glass rods. Asth#hilted flat surfaces, the inherent assumption
was that the footprint would simply be the intets®tof the three-dimensional erosive efficacy
function with the rod geometry. However, it wasrid that such an approach yielded significant
under-predictions of the channel width. In thiseahe value of the jet focus coefficiefitfor
the erosive efficacy was obtained by adjusting thie surface evolution model to fit the measured
first path profile. For the 5 mm and 3 mm rods, thkies off calculated in this manner were 22
and 20, respectively, instead of 28 as found ini&e@d.4.1 for flat surfaces; i.e. compared to the
flat target casgj decreased by 21% for the 5 mm rod and 28% foBtimen rod. These values of
S were used in the model for the prediction of clerprofile evolution in the corresponding
diameter rod.

The decrease ifi with decreasing rod diameter indicated that thevpes behaving as if it
diverged more when it interacted with smaller diteneods, such that the degree of additional
spreading of the particles compared with the 8eget increased as the rod became smaller. It was
hypothesized that this was due to rebounding pestithat struck the rod a second time beyond
the primary footprint of the jet. This hypothesiasrexamined by constructing a simplified model
of the flow field and particle trajectories usingngputational fluid dynamics (CFD) simulations
(ANSYS Fluent 14.0, ANSYS Inc., Cecil Township, R#SA). Three-dimensional, single-phase,
steady domains were meshed using quadrilatefath ®elements. The realizabkes turbulence
model was used, following the AJM modeling worklLofet al. [55], and the models converged
with residuals below 10-3. The particles were gigemshape factor of 0.76 as measured by
Dehnadfar et al. [56], and were released at vanpmiists across the nozzle exit plane from rest
and then tracked using the Lagrangian discretegpimaiel. The particle velocities and average
flux were adjusted to match those used in the exyaerts (Section 3.3). However the model did
not attempt to capture the variation in the loda fvelocity and divergence (particle trajectory)
across the jet that has been measured using pactapkure [54] and particle image velocimetry

[56]. These variations are caused by the interactionsdaet the particles and the walls of the
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nozzle as described by [57]. This simplificationtleé model was justified by our interest in the
fate of rebounding particles. The normal and tatigerestitution coefficients for particle to tatge
collisions were set to 0.2 in the CFD simulatioassaggested by Slikkerveer and in't Veld [22]
for similarly sized Al203 particles impacting glass

Figure 3.9 compares the particle trajectories ajét footprints on a flat glass target, and
the 5 mm and 3 mm glass rods. It is seen thateasutvature increased the footprint also increased
from approximately 2.05 mm wide for a flat surfaimeapproximately 2.35 mm wide for the 3 mm
rod, due to the rebounding particles that wereedrivack toward the surface to strike again. The
CFD modelling also established that these secailcegiarticles had sufficient kinetic energy to
erode the glass. For example, on the flat surflue,second strikes were at a velocity of
approximately 30 m/s as measured from CFD. Althabe kinetic energies of such impacts were
below the 39 nJ ductile-brittle threshold in glées10um alumina abrasives given by Slikkerveer
et al. [46], they were sufficient to cause plagigéormation and ductile erosive wear, as reported
by Nouraei et al. [58] using the same particlesimilar energies. Therefore, the second strike of
rebounding patrticles is a plausible explanationtierincrease in the measured focus coefficient
B.

As explained above, the CFD model launched pastigteformly across the exit plane of
the nozzle without regard to the effects of thenattions between the particles and the walls of
the nozzle that spread the patrticles in the jet@adte variations in the flux and velocity across
the jet. Therefore, the apparent footprint of thenpry jet in Fig. 3.9 is smaller than it actuaby
and in reality the zone of primary impacts overlapdeast a portion of the peripheral region
containing most of the second-strikes. Therefdre measured inferred from the eroded profiles
on a flat surface in Fig. 6 reflects both the fastl second strikes. As shown by the analysis of
Section 3.2.2 and Fig. 3.9b, the curvature of #ingdt intensified the variation in the local impact
angle of both first and second strikes. To accdanthis, the effectives used in the surface
evolution equations for curved surfaces had todirehsed (wider jet). According to the above
discussion and Section 3.2.3, Eq. (3.16) with tffecéve nozzle focus coefficientf, is
representative of the combined effects of the se®trikes from rebounding particles and the
actual mass flux, particle velocity distributiomdadivergence of particle trajectories across the

incident jet that give rise to the primary firstise footprint.
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In summary, the jet footprints became wider duesaidicle rebound and second-strike, and
this widening was captured in the model by the @aliithe jet focus coefficieng, in the erosive
efficacy (Eq. (3.16)).

Fig. 3.9CFD results illustrating the effect of particle sed strike on (a) flat target (b) 5 mm and (i
mm glass rods. The distance from inlet to target Wamm in all cases.
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Fig. 3.10 shows that there was quite good agreebeinteen the predicted and measured
profiles, with errors in the predicted center depith.4% for the '8 pass and 8.2% for th& pass
on the 3 mm diameter rod. For the 5 mm diamet&sgtod, the model over-predicted the center
depth by 3.5% for the"Opass, while it under-predicted the center depts.By for the 11 pass.
The origin of the depti in these graphs was chosen as the boundary betWeesroded and

uneroded portions of the cylinder.
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Fig. 3.10 Measured cross-sectional profiles (sys)oal channels machined axially along glass
rods of diameter: (a) 3 mm, and (b) 5 mm compargla predictions (solid lines) of Eq. (3.13)
using the three-dimensional erosive efficacy whier20 and 22 for 3 mm and 5 mm rod,
respectively, EqQ. (3.16). The maximum standardatem of 6 measurements (explained in

Section 3.3.2) at the channel center line depth2@asn for the 7" pass and 38m for the %' pas:

for 3 mm and 5 mm rod, respectively.
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3.4.2.4Channels in PMMA rod

Fig. 3.11 shows that the measured channel crossisgeanade in 4.72 mm diameter
PMMA rods agreed very well with those predictedngsine proposed surface evolution model,
Eq. (3.15), with a maximum error of 1.2% in thé"Hhass. As with the 5 mm diameter glass rods,
Eq. (3.16) was used as the erosive efficacy witB2. The small discrepancies between the
predicted and measured profiles at the peaks andrtiee could again be attributed to fluctuations
in the abrasive mass flow rate. As explained intiSec3.4.2.2, the slightly better agreement
between the predictions and the measured profilédMMA was due to its smaller erosion rate
compared to glass which made it less susceptilileese variations.

900 1 ——Uneroded surface
gN- 2D SNPOR < 1 pass
/{E(t;( ; : - : : ' f ;‘sng, o3 passes
,;%fé;-ova -~ Q; o LRl -;,:;535;\_« 5
A= “" : A=, Q f“\a'\;” : o passes
s, NETT-X & passes
= v ”i J x X . * 9 passes
g_ s 10, - - 11 passes
~ ®
N 400 + s
: 300 + \
g 200 +
g 100 T \
) T T T O T T T 1
-2000 -1500 -1000 -500 0 500 1000 1500 2000
X (um)

Fig. 3.11 Measured cross-sectional profiles (sysjol channels machined axially in 4.72 mm
diameter PMMA rod compared with predictions (sdies) of Eq. (3.15) using the three-
dimensional erosive efficacy whefe= 22, Eq. (3.16). The maximum standard deviatio® o
measurements (explained in Section 3.3.2) at thara center line depth was 6,28 for the 7"

pass.
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3.4.3 Predicted channel profiles using previous models

The measured cross-sectional profiles of asymmetrannels machined in a flat glass
plate at 30° (Fig. 3.1b) are shown in Fig. 3.1®nglwith the corresponding predictions of the
previous surface evolution model of ref. [30] whiwbglected jet divergence and local standoff
variations, and used the mapping approach to datertine erosive efficacy function; i.e. Eq. (3.2)
was the surface evolution equation. Also shown thee predictions of the present model as
implemented using the procedures described indl@afing section. It is seen that the present
model was more accurate than that of [30], pawitylin capturing the erosion occurring on the
near-side of the channel. The relative magnitudéseoeffects of jet divergence and the variation
of local standoff distance were assessed by rurthi@gresent model in two ways. The effect of
jet divergence was examined by replaamnvgth ho (nominal standoff distance) in Egs. (3.11) and
(3.16). The effect of standoff variation was meadury assumingto be 0° in Eq. (3.10). It was
observed that the neglect of each effect incretsmdkewness of the predicted channel profiles
(i.e., under-predicted near wall and over-predidadwall). Moreover, ignoring the change in
local standoff produced a 12% over-prediction @& thannel depth in glass and 8% in PMMA
after nine nozzle passes, with the error increafirther with depth. In comparison, the neglect
of the spreads in the jet resulted in a 2% ovedipti®n of channel depth in glass and 1.5% in
PMMA after nine nozzle passes. The greater infleeriche local standoff correction is consistent
with the observation in Section 3.2.2 that theeheas a 35% variation of nozzle standoff across
a channel machined witih =10 mm and = 60°, compared with an 18% variation of local aop
angle across the channel width.

Fig. 3.13 compares the predictions of ref. [9] dmel present model with the measured
cross-sections of channels machined in a 5 mm gbakat 90°. In this case, the erosive efficacy
function used in both models was determined usiegoest fit to the profile of a single shallow
channel machined at 90° in the rod [9]. In contridm model of [30] obtained the erosive efficacy
by applying a coordinate transformation which mappach point of a shallow channel profile
machined at 90° to a point on a tilted surface. Bifj3 shows that the model of [9] failed to prédic
the channel profiles machined in the glass rods Tdas due to two factors: First, the assumed
erosive efficacy determined from the first-passfifgoviolated the requirement of a zero slope

(Section 3.2.3) at the edges of the footprint, beeaof the rod curvature. Secondly, the
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model of [9] neglected changes in local standoff mmpact angle due to the spreading of the jet.
The assumption of constant standoff distance ob tinen glass rod after 5 nozzle passes led to an
8.5% error in the predicted channel depth, anchédgect of jet spread caused an error in the depth
of 2%.

0 - ' -
0 2000 “7 4000
—-50 + %
=
=2
5-100 T
Q
L150 +
© - ]
Q 200 + Model of [15]- 5 passes
% —— Present model- 5 passes
= O Data-7
G.oso ata - 7 passes
=== Model of [15]- 7 passes
300 Present model- 7 passes

Channel width (um)

Fig. 3.12 Comparison of measured asymmetric chammsbk-sections in a flat glass plate with
predictions of present model (Eq. (3.13)) and diaef. [30]. Arrows show direction of incident

particles at a jet angle of 30°.
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Fig. 3.13 Comparison of measured channel csessions in a 5 mm diameter glass
with predictions of present model (Eq. (3.13)) amoddel of ref. [9].

3.5 Summary

An existing surface evolution model was modifiedthiing into account the change in
local nozzle standoff distance and local impacti@n particles striking flat, tilted surfaces and
highly-curved rods. It was observed that model jotexhs and experimental data matched quite
well with a maximum error about 8%. An investigatiof the effect of each modification
independently revealed that neglect of local sté#ndistance contributed to greater error in
predicting the channel profiles than did ignorihg spread of particles across the channel width.

The measurement of erosive efficacy on a flat serfat perpendicular incidence using
three nozzle standoff distances confirmed thajahdivergence could be modeled approximately

as a cone. For tilted flat surfaces, the intersactif this cone with the surface was sufficient to
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accurately characterize the erosive efficacy. Haxethis was not the case for the highly-curved
surfaces, since the nozzle focus coefficient foved surfaces was smaller than for flat targets,
indicating that the nozzle was behaving as ifvedyed more on curved surfaces. Computational
fluid dynamics modeling showed that this was causgdifferences in the second strike of
rebounding particles that tended to widen thegetgdrint on a curved surface more than on a flat.
As a general rule, a surface should be considdaggdyhcurved if the difference between

the local standoff at the edge of the jet footpandl at the centerline is at least 5% of the stindo
at the jet axis (centerline). As an illustratioor the present jet and 5 mm glass rod, assuming a
constant standoff distance resulted in a 6% ovediption of erosion at the edge of the footprint.
The presented model in principal can be used toetnmwfile development on a wide variety of
surface geometries with a simple change in intigditions. However, caution must be exercised
since the apparent divergence of the jet may depenthe target geometry, due to possible

differences in particle second strike trajectories.

The findings of this chapter served as motivatmmvestigate the effect of particle second
strikes on the foot print size more closely in Ciea@. As will be shown, computational fluid
dynamics and further experimentation can be useah adternative technique to obtain the nozzle

focus coefficientf, in the erosive efficacy expression.
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Chapter 4 Prediction of the erosive footprint in tke abrasive jet micro-
machining of flat and curved glass

This chapter is based on the following publishegepa

K. Kowsari, *A. Nouhi, V. Hadavi, J.K. Spelt, M. Papini, “Pretian of the erosive footprint in
the abrasive jet micro-machining of flat and curggaks”, Tribology international vol. 106, pp.
101-108, 2017.

* Nouhi conducted the AJM and shadowgraphy experisnantl carried out the experimental
measurements and mathematical calculations. Kowleari the development of the CFD
simulations, and led the writing of the paper. &adelped analyze the shadowgraphy results.

4.1 Introduction

As demonstrated by, for example, Solignac ef58l] and Liu et al. [60], abrasive jet
micro-machining (AJM) can be used to machine mieatures in brittle and ductile materials. In
AJM, a small, high-speed air jet is used to aceddefine abrasive particles which are made to
impact and erode the target material. The topograplihe eroded surface depends strongly on
the distribution of the velocity and number densifythe impacting particles, termed the erosive
efficacy within the footprint of the jet on the age, as defined by Ghobeity et al. [9]. AJM eresiv
footprints have thus far been inferred from thefigaf shallow eroded scars on flat targets. For
example, Ghobeity et al. [9](2008) found that &fm@cal standoff distance of 20 mm between the
nozzle exit plane and target, the footprint diametas approximately 3 times wider than the jet
diameter, and resulted in a roughly V-shaped ertoj@olgraphy in glass, indicative of a maximum
erosive efficacy near the jet centerline. Using amralytical model, Ghobeity et al. [29]
demonstrated that the shape and depth of machined-ohannel profiles made through an
erosion-resistant mask were affected by the abegmvticle size distribution and the width of the
mask opening. Dehnadfar et al. [56] implementedisgul laser shadowgraphy method to measure
the abrasive particle size and velocity distribatio both a free jet and through a mask opening.
The shadowgraphy measurements were in good agréentkerthe analytical model of Ghobeity
et al. [29].

Shipway [61] measured the depth profiles of wearsto investigate the effect of particle
divergence in an abrasive jet plume for relativatge nozzles (4.93 mm diameter). He found that

the distribution of particle trajectories followadyamma distribution, and observed that the local
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impact angle due to the plume divergence needée taken into account to obtain an accurate
prediction of the erosion on a flat surface. Usingarticle capturing technique, Burzynski and
Papini [54] found that the spatial distribution alfrasive particles within a micro-abrasive jet
produced by nozzles having diameters between g®&0and 1.5um followed a Weibull
distribution. More recently, Mansouri et al. [62)@5) modeled abrasive jet flows using
computational fluid dynamics (CFD) and showed sdeoy impacts of the particles after
rebounding from a flat target, However, that sttmbused on sand blasting, which involved much
larger length scales (7 mm nozzle diameter andgadizes of 150-30Qm) than those used in
AJM (460-760 um nozzle diameters of particle siie$0-25 um). None of these earlier studies
guantified or discussed the effect of particle seicsirikes on the footprint size.

More recently, Qi et al. [63] used CFD to model llogv field and particle trajectories in
ultrasonic vibration-assisted abrasive slurry jetrorymachining of glass and found an increase in
the erosion rate due to target vibration. Moreo@ret al. [64] and Kowsatri et al. [65] obtained
the erosive footprints from CFD for use in surfacefile models. However, the trajectories and
erosive patterns caused by the second strikessettvater slurries were significantly different
from those in air-driven jets due to the largeatifince in the viscosities of water and air. The onl
AJM study involving CFD models of particle secondatrikes was by Nouhi et al. [66]. While
studying the effect of the variation in the locakzmle standoff distance and divergence angle of
particle trajectories in the jet plume on the evo%f cylinders, they found that the apparent emsi
footprint size changed depending on the surfaceature. The results of their preliminary CFD
study revealed that this change in footprint sizes due to differences in particle second strike
locations brought about by the target curvatureat servation provided the motivation for the
present work, which considers the effect of secginkle on footprint size in detail.

In summary, the effect of secondary particle impactAJM remains largely unexplored,
and the present work aims to characterize and ricatigrpredict the AJM footprint at various

standoffs using CFD models.

4.2 Experiments
An AccuFlo AF10 Micro-Abrasive Blaster (Comco InBurbank, CA, USA), described
in detail in Dehnadfar et al. [56](2012) was usedli the experiments. The air pressure upstream

of the 760um inner-diameter nozzle (length-to-diameter ratfo~06.6) was 200 kPa, and
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aluminum oxide (AIOz) powder (Comco Inc., Burbank, CA, USA) having anioal diameter of
10 pm (log-normal distribution with a standard deviatiof 3.31 um) was used in all the

experiments. The powder mass flow rate was 2.7rg/mi

4.2.1 Jet and footprint measurements

As will be shown in Section 4.3.2, the jet footprwould be viewed as the superposition of
a primary particle plume originating from the nazand a secondary plume consisting of particles
that rebounded from the surface and struck a setbaed The jet divergence was measured using
a digital camera attached to a microscope haviigjdaof view of 3x2 mm. The diameters of the
net footprints (including both primary and secondaarticle impacts) were inferred by using an
optical profilometer (NANOVEA ST400 Micro Photonitisc., Irvine, CA, USA, depth resolution
of 25 nm; lateral resolution of 04m), to measure the shallow eroded profile resultiog jet
impingement on flat 100x50x3 mm thick glass (Bavaf| Swift Glass Co. Inc., EImira, NY, USA)
targets. Experiments were performed at standoftéajoce between nozzle exit and target) of 5,
10, 20, and 30 mm at a perpendicular, stationarin@dence. A shallow eroded profile on a 5
mm diameter glass rod (Borofloat, Swift Glass Gum. | EImira, NY, USA) at a 10 mm standoff
distance under similar blasting conditions was messpreviously in Nouhi et al. [66].

To determine the footprint diameter resulting fronmy the primary plume originating at
the nozzle, the jet was made to impact 100x100rihi thick sheets of multi-purpose paper
(Canon Canada Inc., Mississauga, ON, Canada) katthe impacting particles pierced the paper,
but did not rebound. A small amount of tension a@glied to the paper to prevent it bending due
to the particle impacts. The size of the primanynpé was measured using a microscope with a
field of view of 6x4 mm.

The divergence of the abrasive particles in thgetiwvas studied further using double-
pulsed laser shadowgraphy as explained in det@einnadfar et al. [56] and Hadavi et al. [67].
Briefly, a double-pulsed frequency-double Nd: YA@¢dymium:yttrium aluminum garnet) laser,
capable of generating a maximum of 0.3 J/pulsegiarfrequency of 1000 Hz, was coupled with
a high efficiency diffuser (Item No.: 1108417, Lsiein, Gmbh, Goettingen, Germany). The laser
with diffuser was positioned directly opposite ghispeed CCD camera (Imager Pro PlusX,

Lavision GmbH, Goettingen, Germany) with a high mifigation zoom lens (Navitar zoom 12x,
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Navitar Inc., Rochester, New York, USA) so that thes of the diffuser and lens of the CCD
camera were aligned. The abrasive jet flowed iharter between the diffuser and the lens of

the CCD camera as shown in Fig. 4.1.

High efficiency Dust collector

diffuser P - :
2 12X magnification

/ e P W lens

Fig. 4.1 Double-pulsed shadowgraphy apparatus.

The particle velocity distribution was measuredrfrihe image pairs using Davis Software
(Lavision GmbH, Goettingen, Germany). It was fouhdt a pulse duration of 1 ns and time
intervals of 1-3 us between the two pulses wergalla to capture the particle spatial distribution
and measure the particle velocities for the givamd@ions. The radial and axial particle velocities
at the nozzle exit were measured and set as igpateters for CFD modeling (Section 4.3). The
coordinates of the particles at 0 mm (nozzle exit 20 mm away from the nozzle were recorded
and used to determine the radial distribution afipl@s within the jet.

4.2.2 CFD modeling

CFD models in ANSYS Fluent 15.0 (ANSYS Inc., Cdmlwnship, PA, USA) were used
to predict the abrasive particle trajectories farar-particle jet surrounded by stationary air
impinging a non-deforming target at perpendicutaidence. Fig. 4.2 shows the two-dimensional
axisymmetric and three-dimensional domains usedddel the impingement of the air jet on flat

targets and curved rods having diameters betweead 5 mm (about 4-6.5 times the jet diameter).
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The realizablec-¢ turbulence model was used to model the fluidofeihg the AJM modeling
work of Li et al. [55] . For a given simulation,eltsame flow field was obtained using the
shear-stress turbulent transport (SST) model, bslightly shorter convergence times. Li et al.
[55] used two-way coupling and modeled particletipke collisions for relatively large 2dm
diameter particles. However, Crowe et al. [68] lakped that particle volume fractions smaller
than 0.001 can be treated with one-way couplingrdiore, for the present volume fraction of
5.4x108particle-particle interaction was assumed negleibhd one-way coupling was used. The
models converged with residuals below?10

The 10um particles described in Section 4.2 were giverhaps factor of 0.76 as
measured by Dehnadfar et al. [56] , and were umifpiinjected using the same discrete phase
injection ratio settings described in Kowsari et [@89] through the inlet. The particles were
assigned initial axial and radial velocities of 1®9% and 0-3 m/s, respectively, to match those
measured using shadowgraphy (Section 4.3.1). Thelpa were tracked using the Lagrangian
discrete phase model. The flat target boundarytkeased as a smooth, no-slip wall, and the other
boundaries of the domain were treated as free wiftressure outlet condition. The surface
roughness of as-received glagdnwf = 8 nm) was assumed to have a negligible effecthen
rebound particle trajectories since the particlad much larger diameters than the local surface
peaks and valleys. Although the mesh was refined tiee target, the single-phase, air domains
surrounding the jet were meshed using mostlyrh@uadrilateral elements. The impact velocities
(both primary and secondary) of a particle releds¥#um from the jet centerline differed by 6 %
for domains meshed with 2em and 10um elements. The difference in velocity for domains
between 5 and 10m, however, was only 1%, indicating convergencéefsolution to a mesh-
independent state. To capture the shear flow invikeous sub-layer near the targets, the
dimensionless wall coordinatg;, was maintained below unity using near-wall gefirement,
as shown in Fig. 4.2. Both normal and tangentiatittgion coefficients were set to 0.2 as
suggested by Slikkerveer and in't Veld [22] fonigarly sized AbO3 particles impacting glass.
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Fig. 4.2 Domains and boundary conditions of: (a)&ymmetric CFD model of the
impingement of an air-particle jet on a flat targat (b) 3D CFD model of the impingement of

an air-particle jet on a curved target.

4.2 Results and discussion

4.2.1 AJM jet structure

Fig. 4.3a shows that the particles exited the mowith a relatively small divergence angle.
This is also evident in Fig. 4.4a which shows tlagtiple distribution obtained by analyzing
shadowgraphic images of the abrasive jet plumenegan between the nozzle exit and 5 mm

downstream of it. These data imply that the jetp@udiameter at the nozzle exit was about 1 mm
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(Fig. 4.4a), and that the divergence angle was tabd® from the jet axis. There was good
agreement between the size of the primary plumesuned on paper after 30 s exposure to the
abrasive jet (2.8 mm diameter at 20 mm standoffl) the one obtained from shadowgraphy (3.1
mm at 20 mm standoff). As explained in Section 2.2he axial and radial particle velocity
components obtained from these shadowgraphy memasote were used in the CFD model to
produce the same divergence, as shown in Fig. #lg&brelatively small divergences in the present
work, measured both optically and numerically, @asistent with the findings of Shipway and
Hutchings [57] for nozzles having smooth innerlsvao that particle scattering due to wall
collisions was relatively small.

The results of the shadowgraphy experiments ind=b, showed that approximately 90%
of the particles were within 1.55 mm of the cemter| at a standoff distance of 20 mm. The
relatively small dose of particles outside thisioagdid not significantly affect the erosive
footprint, in part because they had relatively dmealocities. This was confirmed by conducting
experiments on paper targets at a standoff of 20while varying the exposure time. It was found
that the size of the footprint remained constanufoto 30 s, but increased by about 20% after 5
min. In summary, approximately 90% of the partiolesre found in an approximately conical
primary plume of about 3 mm diameter at a 20 mmdsi#f. The stray particles outside of this
primary plume did not significantly affect the exesfootprint, since they produced appreciable
erosion only after relatively long exposure time8(s). In comparison, when machining micro-
channels a given point on a target is exposeddgetitfor about 5 s at a typical scan speed of 0.5

mm/s.
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Fig. 4.3 AJM jet. (a) Microscope images of the Aj¥ (b) Air and particle velocity magnitude
contours obtained using CFD.
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Fig. 4.4 Radial distribution of particles withinetlet: (a)at nozzle exit (b) at 20 mm standoff,
obtained from shadowgraphy. The error bars indittegestandard deviations obtained from three

measurements of approximately 15000 particles each.
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4.2.1 Erosive footprint prediction for flat surfaces

Fig. 4.5a shows the CFD-predicted flow field andtipke trajectories near a target at a
standoff of 5 mm. It is seen that particles wittiia primary plume travel in straight lines from the
nozzle until they impact the target, and did ndibfe the curvature in the air streamlines near the
surface. As explained by Kowsari et al. [65] fosimilar AJM jet, the momentum equilibration
number,A, was approximately 900 as calculated using

2o(d) Vi

A= 4.1
d) (4.)

where p_ is the particle density,d , is the particle diametew,, is the jet velocityy, is the

jet
dynamic viscosity of air, and, is the nozzle diameter. As explained by Humphi#},[values

of A>>1 indicate that the particles in the air jet andikely to follow the fluid streamlines. Upon
initial impact, Fig. 4.5a shows that, dependinglugir radial position, the particles rebounded to
various heights to impact a second time fartheryaatangles between about 30-70° to the surface.
Fig. 4.5a-Fig. 4.5d show that the rebound heigbteased with increasing standoff distance
despite the decrease in the incident velocityrgelastandoffs. This was because the air velocities
at the maximum rebound heights also decreased iwitteasing standoff, thus the particles
experienced less resistance in their rebound taajes and rebounded to greater heights. This
was further-investigated using an energy balanca @bounding particle described as

mV2 hapex
: —mglgpexzj' F, Odx 0

0

wherem is particle massV, is rebound velocityg is the gravitational acceleratioh, . is the

pex
maximum rebound heightr is the particle drag force, andis the vertical distance from the
surface. In order to estima}é , a coefficient of restitution of 0.2 was assumaithough this
choice was not critical since the main objectivesaaelative comparison of the effect of standoff

distance. Using the CFD predictions of the incidegibcity andh

apex !

Fig. 4.5e shows that the

particle drag loss computed using the left-hande safl Eq. (4.2) did indeed decrease with

increasing standoff distance, explaining winy,, increased. Fig. 4.5e also shows that these drag

80



loss values were consistent with those obtainem the integration of the particle drag forde,
, shown in Fig. 4.5f, as a function »fas calculated using the CFD model. The drag aoefii

was obtained from Haider and Levenspiel [71] as

b, Re
b, + Re

C, :;—2(1+QRé°2)+ ®.3

where the coefficients:-bs are functions of the ratio of the surface arearoéquivalent sphere to
the actual particle surface area, which was sét#6 for the 1Qum nominal diameter alumina
abrasives as measured by Dehnadfar et al. [56] .

It is seen in Fig. 4.5 that the higher reboundarger standoffs caused the second-strikes
to occur farther away from the centerline whichaegéd the erosive footprint. Moreover, the
average second-strike impact angles increased initteasing standoff even as the footprint
became larger; i.e. 7277, 82, and 83 for 5 mm, 10 mm, 20 mm, and 30 mm standoffs,
respectively, as evident in Fig. 4.5a, 4. 5b, 4.a 4. 5d. This was because the stagnation zone
and the associated lateral flow of air was smailtdarger standoff distances so that second-strike
particles experienced less deflection immediatefpke impact. For example, Fig. 4.5a shows that
the lateral air velocity near the surface in fhdirection caused the second-strike particles to
deflect and impact at shallower angles. This lafewav did not significantly enlarge the footprint

on its own.
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Fig. 4.5 Impingement of AJM jets on flat targetsr Yelocity magnitude contours and jith
diameter particle trajectories for standoff disesof: (a) 5 mm, (b) 10 mm, (c) 20 mm, and (d)
30 mm. (e) Drag energy loss as a function of stHralistance for particles released at the nozzle

centerline obtained from eithbgexandV; or direct integration ofq (Eq. (4.2)). (f) CFD
prediction of particle drag force versus parti@dbaund displacement for different standoffs. (Q)
Axial velocities of particles released from a givaash element at the inlet boundary
approximately 10@um from the nozzle centerline (13% of the nozzlerditer) at various

distances from the target using the models of £ig.

The centerline rebound height at the 20 mm standla$f 5.1 times that in the 5 mm case.
At 20 mm standoff, the 42 m/s flow velocity at @uygex peak of a rebounding centerline particle
was sufficient to re-accelerate the particles tpdnt the target a second time with a velocity of
approximately 18 m/s. Fig. 4.5g shows the axiabeiy of particles released from a mesh element
about 10Qum from the jet centerline (13% of the nozzle diagnetor the 5-30 mm standoff CFD
simulations. It is seen that both the primary intpaglocity, the maximum rebound velocity
(negative), and the second-strike velocity all dased with increasing standoff distance. This
same trend was evident at all distances from tzeglaaenterline. For a given standoff distance,
the maximum variation in the first and second strilelocities between patrticles released at
different nozzle radii was about 20%.

Wensink and Elwenspoek [72] explained that theibhibrittle transition occurred at 17
nJ for borosilicate glass. Although the secondargact kinetic energies (0.1-0.6 nJ) are lower
than this threshold value for brittle cracking, tredues are sufficient to cause ductile erosion in
the glass targets as in the work of Nouraei g68l. in which the impact velocities of similarly-

sized alumina particles ranged between 20-60 nifeg@onding to kinetic energies of 0.4-3.7 nJ.

4.2.1.1Experimental validation

The CFD simulations revealed that the total erpsab all standoffs consisted of the
contributions of the first strikes near the cemtkthe jet and the second impacts in an outer ring
as shown in Fig. 4.5. The first-strike footprintslagged with increasing standoff due to the

divergence of the primary plume, as observed in&ga. The second-strike footprints also grew
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with increasing standoff since the drag loss obretaling particles was greater at smaller standoffs
(Fig. 4.5e). These predictions were compared teiperimentally-measured AJM footprints on
glass at standoffs between 5-30 mm. Fig. 4.6a slygoped agreement between the predicted and
measured results for the net footprints includiathlihe first and second strikes. It is hypothesize
that the slight over-estimations of the CFD-obtdisecond-strike footprint diameters were due to
particle fragmentation during the first strike wiidecreased the rebound height and the size of
the rebounding particles, thereby reducing the oreasfootprint size in the glass targets, as
explained by Hadavi et al. [73]. The results sutgpkghat the effective AJM footprint is
characterized by the superposition of two cone-stigglumes for first and second strike erosion,
as illustrated schematically in Fig. 4.6b. While tivergence angle of the primary plumejs
governed only by the jet divergence, the seconllestingle,y, defining the boundary of the
second-strike plume, depends on the rebound conditiFor example, it is hypothesized that
increases with increasing coefficient of restitatiand thus the numerical jet footprint prediction
methodology could serve as a tool to predict nesdib coefficients for various abrasive-target

combinations.
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Nozzle

Primary cone

30 mm

Secondary cone

(b)

Fig. 4.6 (a) Predicted (dashed lines) and meaqs@d lines) erosive footprint diameter versus
standoff with and without secondary particle imgadthe lines are to guide the eye only. Error
bars represent £1 standard deviation for 3 measemtsn(b) Schematic representation of
intersections of primary and secondary plumes suttcessive target planes at standoffs of 10

mm and 30 mmy defines the second-strike cone angle, lansl the apex height of a

corresponding particle after rebound from the targe

4.2.2 Erosive footprint prediction for curved surfaces

Nouhi et al. (2016) showed that the erosive effycaferred from the measurement of an
eroded footprint on a flat surface could not bedusepredict the footprint on a curved surface. It
was therefore of interest to determine whetherGR® model could be used to do this. The
erosive footprints of an AJM jet from a 466 diameter nozzle (200 kPa, fith aluminum oxide
particles, as in Nouhi et al. [66] ) on 3 and 5 naaks were predicted using computational domains
similar to that shown in Fig. 4.2(b). Fig. 4.7 prets the CFD-predicted air velocity magnitude
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contours and particle trajectories at a standoff@fmm. The curvature of the targets caused the
first strike impact angles to vary, which signifitly affected the degree of lateral rebound leading
to second strikes. For a given particle within aéirget, the local normal of the first strik@, was
larger for a 5 mm-diameter rod than for the 3 moh go thereby widening the net erosive footprint
with increasing target curvature. However, desflite footprint enlargement, the number of
rebounds without second strikes also increasee sit@rger number of particles deflected beyond
the edges of the rod, as seen in Fig. 4.7b, tidigcneg the dose of secondary impacts. In summary,
differences in target curvature can strongly affiaet particle impact trajectories in both the

primary and secondary plumes.

Air velocity magnitude (m/s)
195

Rebounds without, / \
second strikes // i NRNY 98

First strikes  gtrikes

5 mm diameter rod
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Fig. 4.7 Impingement of AJM jets on curved targsta standoff of 20 mm. Air velocity

magnitude contours and patrticle trajectories fard@mmeters of: (a) 5 mm, and (b) 3 mm.

The net effect of the differences in particledcapries brought about by target curvature
was determined by predicting the distribution aiséve efficacies on a flat glass surface and a 5
mm glass rod using erosion maps produced by CHizssribed in Kowsari et al. [65] . Briefly,
the measured dependence of erosion on particlecinapgle and impact velocity were defined in
the erosion model of ANSYS Fluent to obtain the#idimensional erosion maps shown in Fig.
4.8. These maps reflected the net erosion prodbgdibth the primary and secondary plumes.
The maps were then converted to the two-dimensenasion patterns across a machined channel
that would result from a nozzle scan by summingettosion rates along lines parallel to the scan
direction across the footprint.
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Footprint
centerline

Fig. 4.8 CFD-obtained normalized erosion maps tataarget and a 5 mm diameter rod. Each
map was normalized by its maximum specific erosaia (mass eroded per unit mass of
erodent).

The resulting erosive efficacy distribution wasrttig to a Weibull-type function
B
6(5)26_(;3])2 (44)

wherey is the transverse coordinate along the channehywds the vertical coordinate measured
from the nozzle tip to the target surface (Fig) 41®dp is an effective nozzle focus coefficient that

reflects both first and second strikes.
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Nozzle

Fig. 4.9 A schematic of Weibull-type function deborg the shallow eroded profile. The

coordinates (y, x) of a typical point on the prefdre shown.

The g values for both the flat and curved surface casgam® then inferred from curve-fitting a
Weibull distribution to the normalized erosion eatis to obtain Fig. 4.10. Although the curves of
Fig. 4.10 were obtained from the superpositiornaf tifferent plumes, one due to primary and
the other due to secondary impact, their sum adesmt@ngle smooth erosive efficacy curve. The
predicted values ¢f, 31 on flat target and 24 on 5 mm diameter gladswere in good agreement
(~10% difference) with the measured ones, 28 andn2ffat and rod targets, respectively, given
by Nouhi et al. [66].
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Fig. 4.10 Normalied erosive efficacies and the best fits (Weibiglirdbution) for flat and curve
(5 mm diameter) glass targets. The abscissa wasatiaed by standoff distance and the

ordinate was normalized by the depth of the chaosederline.

4.3 Implications for AJM

Ghobeity et al. [9] and Getu et al. [74] showeal th shallow channel profile which was
machined by a scanning nozzle on flat target atifdfitlence could be used to characterize the
erosive efficacy delivered to both ductile and tleritsurfaces. They also showed that when
implemented in an appropriate surface evolution ehoithe erosive efficacy inferred from the
shallow profile could be used to successfully peetlie shape of micro-channels machined using
AJM. On flat surfaces, the erosive efficacy detieed from a shallow profile includes both the
primary and secondary particle strikes on thedlatace, and therefore the Weibull distribution
obtained in this manner can be used to predicettodution of machined surface profiles. This
footprint on flat targets can be viewed as beirtha@intersection of a single effective particlaeo
and the target (Fig. 4.6b). However, the resulte@present work confirm the hypothesis of Nouhi

et al. [66] that erosion due to second strikesiagge pronounced when the initial target surface
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curvature is higher, consequently making the shallthannels machined on flat targets
inappropriate for directly characterizing the evesefficacy on rods or other curved targets, where
the effective cone and footprint will be a functioicurvature.

In general, the effective value gfor a given target curvature can be determindteeiby
CFD modeling to obtain the erosion maps as in 8eeti3.3, or an effective value can be obtained
by adjustings in the surface evolution model to fit the measuskdllow first-pass profile of a
channel machined on the curved target (Nouhi €itél. ). Measurements and modeling have
shown thap is sensitive to the target curvature and must hestet! if, for example, a rotating rod
is being machined using AJM as a lathe. For ingaaccording to Nouhi et al. [66p had to be
decreased about 9%, from 22 to 20, when the rodeter was decreased (curvature increased)
from 5 mm to 3 mm. For relatively deep channelsunved targets, the increasing slope of the
local surface geometry with increasing channel kbepould likely alter the erosive pattern.
Therefore, additional CFD modeling would be reqdiibeyond the first pass, analogous to what

was done in Kowsari et al. [65] for abrasive sfyat micro-machining.

4.4 Summary

A computational fluid dynamics (CFD)-aided procezluras presented for the prediction
of the erosive footprints resulting from abrasie¢ machining (AJM) of both flat and curved
targets. The divergence of an AJM jet was measusatg laser-pulsed shadowgraphy and by
blasting holes through paper. Using these resodfsther with CFD models, it was found that the
net erosive efficacy footprint on a surface wasrésellt of the superposition of two approximately
conical erodent plumes; a primary one leadingria §itrikes and a secondary one reflecting second
particle impacts. CFD modeling showed that apprataty 90% of the particles travelled within
the primary plume, with the remaining 10% at thegdeery being so sparse that they did not affect
the footprint. On flat targets, the particle incitl@elocities, the air velocities, and the rebound
particle drag losses were found to decrease witteasing standoff distance. These effects caused
an increase in the particle rebound heights afterr tfirst strike and a broadening of their
trajectories such that the net footprint of firatkd second-strike particles was enlarged, but the
average impact angles decreased with increasinglaffa The predicted kinetic energies of

particles striking a second time were large endogérode glass targets.
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The erosive footprint was also found to dependaoget curvature, because the local slope
changed the angle at which the particles rebountied changing the distribution of second strikes
to the surface. The presented methodology providedamental understanding of air-driven
particle erosive footprints that is needed in mogedf curved surfaces. In such cases, the fodtprin
size would depend on the local surface slope thabges with increasing feature depth, thereby
requiring further CFD modeling beyond those forllsiva features, analogous to the approach
taken in Kowsatri et al. [65] for abrasive slurry peicro-machining.

In Chapter 5, a model will be proposed which impdais the erosive efficacy and nozzle
focus coefficientf determined using the techniques of this chaptpredict the material removal

during machining of rotating glass and PMMA rods.
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Chapter 5 Abrasive jet turning of glass and PMMA rads and the micro-
machining of helical channels

This chapter is based on a paper which was sulumitte

A. Nouhi, J.K. Spelt, M. Papini, “Abrasive jet tumg of glass and PMMA rods and the micro-
machining of helical channels”, submitted to thk®urnal of Micromechanics and
Microengineering

5.1 Introduction:

The micro-machining of small curved devices madbrifle materials, such as glass and
ceramics, and ductile materials like polymers aretais is required in optical and biomedical
equipment [1, 2]. Matsumura and Ueki [32] used l&dyad mill to make 20 um deep grooves on
6 mm diameter cylindrical glass rods. The milliogltwas tilted in the feed direction (along the
cylinder axis) to improve the surface finish andi@s observed that the axial feed speed had to be
kept below 0.24 mm/s to avoid cracking of the gldsgrutani et al. [1] developed a lathe for glass
rods using electro-chemical discharge machiningeylmachined grooves up to 0.6 mm deep and
0.8 mm wide in a 5 mm diameter glass rod, and fahatlthe depth, width and roughness of the
machined channels increased with increasing applitage, and that increasing the rotational
speed did not affect the machined depth, but reduft a decrease in width and roughness.

Gottmann et al. [75] produced micro-structures liasg by in-volume selective laser-
induced etching which is a two-step process whaeegtass workpiece was first subjected to a
pulsed laser in the portions to be patterned. glass was then exposed to an aqueous solution
of potassium hydroxide (KOH) which selectively etdithe laser modified regions of the surface.
The technique was demonstrated by producing a 5ar%y of 73um diameter holes in 1 mm
thick glass, and by producing 1 mm diameter cylicadrgears.

Degawa et al. [76] presented a laser fabricatiothate for making miniature internal
threads of S0.5 standard in a 1.0 mm thick glabstsates; i.e. major diameter of 0.5 mm with a
pitch of 0.125 mm. The drawbacks of this methodewni&s long processing time (32 min for 7
threads with a pitch of 12Bm), and the ridges, grooves and chipping that reduwn the glass

surface.
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Abrasive water jets (AWJ) have been studied widalyathes. For example, Li et al. [33]
studied the AWJ turning process on 59 mm diamdt=l sods, finding that the depth of cut
increased with increasing water pressure and tgrsypeed, and decreasing axial feed speed and
jet angle relative to the surface. A dimensionalgsis was performed to estimate the depth of
cut. Similarly, Zhong and Han [34], investigate@ thffect of AWJ process parameters in the
turning of glass, and found that the surface fimsts improved using a lower pressure and axial
feed speed and a higher turning speed. Manu and B implemented Finnie’s theory of
erosion to model the material removal from a 25, motating 6063-T6 aluminum alloy rod
using abrasive waterjet turning with the nozzlepldised radially from the rod axis so that the
erosion was tangential, focusing at the edge ofdlde The variation of the particle impact angle
due to the instantaneous rod curvature during maaiiwas considered in the model. However,
the model neglected the particle spread in thegstlting in an error of about 10%. Carach et al.
[36] used a tangential abrasive waterjet (AWJ) &gtlee to machine Incoloy alloy 925, an alloy
that is difficult to machine conventionally becawseapid tool wear. It was observed that higher
traverse speeds (jet footprint movement paralléhéarod axis) resulted in a higher roughness, but
the effect was relatively small.

Abrasive jet micro-machining (AJM) uses high-spesd jets to accelerate abrasive
particles toward a workpiece surface. Like AW3$ itapable of cutting and milling many materials
without excessive forces or thermal damage, whsch significant advantage over many other
machining technologies [1]. In addition, AJM hdew capital and operating cost, does not involve
hazardous materials and does not require a clesn f9l]. Sogabe et al. [77] developed a micro-
blasting technique to machine patterns on cylirdparts such as bearings. Three materials were
tested: brass and two carbon steel alloys (SS49&486C). The workpiece was covered with a 75
pm thick patterned PVC mask film and the target spen was blasted in a lathe operation. The
depth and width of machined grooves wengn®and 27Qum, respectively. They observed that
material removal increased with increasing presanceincreasing transverse offset of the jet axis
from the part axis, while increasing the nozzledudf decreased it. The roughness increased with
increasing pressure, but it was approximately iedépnt of nozzle standoff and offset distance.
Noubhi et al. [66] machined straight axial channelglass and PMMA rods of different radii and
presented a model to predict the channel profié¢ tonsidered the variation of nozzle standoff
and the spread in particle trajectories acrosshia@nel width. The use of AJM as a lathe and as
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a means of machining helical grooves in rods hashbeen previously investigated to our
knowledge.

In inertial microfluidic channel flow, it is knowrhat liquid mixing and particle
concentration within a liquid are influenced by thavature of the channel longitudinal axis. For
example, if channels in a flat plate are curvestead of being straight, the velocity difference
between the center of the channel and near the wesdllts in a secondary flow (termed a Dean
flow) that can facilitate fluid mixing [78]. Liu edl. [79] found that mixing in serpentine planar
channels (15Qum deep and 30Qm wide) was impaired by the counteracting effecteath
subsequent turn in the opposite direction. In @stirthe three-dimensional curvature of helical
channels improved mixing.

Sudarsan and Ugaz [80] investigated the efficieatyluid mixing in five different
compact spiral-shaped channels, each 150 um wide2@mum deep. Over a wide range of
Reynolds numbers (0.02-18.6) it was observed ftiffaistbn was the main mechanism for mixing
at low velocities and so mixing improved with chahlkength, while at higher flow rates the Dean
effect had a dominant effect. It was also notetldhabrupt increase in the channel cross-sectional
area enhanced mixing due to the creation of anrestpa vortex.

Manlapaz and Churchill [81] studied the effect w€lp (separation of spiral loops) on the
Dean flow in tubes that were helically wound withaage of ratios of coil radius to tube radius
beginning at 0.1. They found that the effect ¢¢lpwas significant only when it was greater than
the radius of the spiral.

Lee et al. [82] successfully separated bacteriadan their size using 2%0n deep helical
micro-channels fabricated using Somos resin (DSM Ny laser sterolithography. The channels
had a trapezoidal cross-section, an outer radidsmm and a pitch of 1 mm. Besides exploiting
the Dean flow, the central sample stream was fatusmg an outer sheath of liquid injected along
the walls of the channel. Helical micro-channelsengreferred over planar spiral ones since they
had a constant radius of curvature and hence aanBean flow. This simplified the flow
behavior and provided greater control of the sepmargrocess. However, stereolithography is a
laser-based technology which is more complex arsflycéhan AJM, and is mostly limited to
fabrication in polymers.

The present work had two objectives related taigeeof AJM as a lathe for the machining
of glass, plastic and metal rods. Firstly, expentaevere used validate a model of the material
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removal process for rods of arbitrary diameter.o&dty, a novel AJM masking technique, using
helical steel springs, was developed to make migh€ channels of controlled depth and width.

The AJM lathe model was used to predict the chasim@bes and rate of material removal.

5.2 Experiments

5.2.1 AJM apparatus

All experiments were conducted using an AccuFlo @Nicro-Abrasive Blaster, (Comco,
Inc. Burbank, CA, USA). The operating air pressuas kept at 200 kPa. A refrigeration air dryer
a dehumidifier, and a desiccant filter were usedhinimize the moisture in the inlet air to the
powder reservoir which was fitted with a rotaryotiee mixer to minimize powder bed compaction
and particle agglomeration. The operating proceslalescribed in [45] were used to further
enhance the repeatability of the experiments. Abtum oxide (AbOs) powder (Comco, Inc.
Burbank, CA, USA) with a mean diameter of 1ju# (log-normal distribution with standard

deviation of 3.2 um) was used in all experiments.

5.2.2 AJM lathe

Fig. 5.1 shows a schematic of the AJM lathe whi@s wonstructed using a DC motor
(Cytron, 12 V, Gear Motor/Encoder, Robot shop IMirabel, Quebec, Canada). The speed was
controlled by a driver and computer up to a maximafra000 rpm. The lathe apparatus of Fig.
5.1 was clamped to a computer-controlled lineagestaith a positioning resolution of Oun for
feed control. The rods were held by a chuck (camresesistant Jacobs drill chuck, Apex Tool
Canada LP) and had a wobble deflection (peak tk)médess than 15Qam measured 80 mm from
the chuck. This was considered to have a negligitiiect on the machined patterns since the

standoff distance was 100 mm and the footprinheferosive particles had a diameter of 2 mm.
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Fig. 5.1 a) AJM lathe, b) a schematic of a helat@nnel machined in one nozzle pass.
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5.2.3 Unmasked lathe machining

The machining was performed on a 5 mm (nominalineizr glass rods (borosilicate,
Swift Glass Co. Inc., Elmira, NY, USA) and 4.72 nimominal) diameter PMMA rods (type CLR,
extruded Acrylic rod, Piedmont Plastics, Scarbolgu@N, Canada) at a 10 mm nominal nozzle
standoff from the initial un-machined surface o tlod. The abrasive jet footprint diameter was
about 2 mm at that standoff. The average diametstapndard deviation of 8 measurements) over
an 11 cm length was 4.99 + 0.04 mm for glass, and # 0.01 mm, for PMMA. Care was taken
to ensure that the center of the abrasive jet ne@daalong the rod axis as it moved in the feed
direction of the stage during machining. The powdwss flow rate was 1.8 g/min. The
experiments were conducted using a Z60inner-diameter nozzle (Comco, Inc. Burbank, CA,
USA) which was kept stationary @t90° to the longitudinal axis of the rod.

The aim of the AJM lathe experiments was to meathaanaterial removal rates under
different process conditions and use these dati@vtelop and test a model for the process. The
glass and PMMA rods were machined at a constaatiooal speed of 57 rpm while the linear
stage was moved back and forth using 8 differerdl dged speeds, each over a different 9 mm
long segment of the rod. The effective net footppahthe abrasive jet on the rod during this
combined rotational and translational motion wdeekx. The helix angle which determined the
pitch, depended on the ratio of the rotational fe®di speeds as illustrated in Fig. 5.1b. Various
helix angles from 10° to 80° in 10° increments (&dh) were produced while the particle dose to
the surface maintained constant (Fig. 5.1a). Adchining experiments were conducted twice,
each time without switching off the micro-blastemtinimize fluctuations in mass flow rate. The
resulting reductions in the radii of the rods weneasured using an optical profilometer
(NANOVEA ST400 Micro Photonics Inc., Irvine, CA, B$having a depth resolution of 25 nm
and a lateral resolution of OIn. Measurements were made at three locations 2 pan @n the
eroded portion along the axis of each rod, andcheh éocation the radius was measured at three

angular positions approximately 120° apart.
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Axial feed speed Helix angle (numNber of
(mm/s) (degree) machining passes
85.07 10 255
41.21 20 124
25.98 30 78
17.88 40 54
12.59 50 38
8.66 60 30
5.46 70 16
2.64 80 8

Table 5.1 Axial feed speeds used to obtain theifsgpadelix angles for a constant rotational
speed of 57 rpm in the AJM lathe experiments.

5.2.4 Spring-masked helical channels on rods

The machining of helical channels on the glass RNMMMA rods was greatly simplified
using steel springs as erosion-resistant contasksn&ig. 5.1a). Without a contact mask, the depth
and width of channels would be severely limitedoyy AJM footprint size. Even with a shadow
mask between the nozzle and the rod [83] to deertasfootprint size, the machining of a helical
channel without a contact mask would still reqaii@mplex motor control system to synchronize
the rod rotation and the axial feed.

Steel helical tension springs were developed inpttesent work as a novel and simple
means of creating a contact mask that could beratsty adjusted to control the pitch and width
of the helical channels. The other method conemfleras using RapidMask (RM) which is a self-
adhesive, ultra-violet light-cured polymeric mask fachining channels and making patterns.
For example, Ahmadzadeh et al. [18] investigated f@Mmaking microfluidic channels on flat
targets. However, applying RM to the rod was cimgllieg and time-consuming due to positioning
difficulties and the presence of seams betweenetiges of the film in various wrapping

configurations.
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The powder mass flow rate was kept at 2 g/min. Destgal micro-channels on glass and
PMMA were made using a nozzle scan speed of 0.2snimthe rod axial direction, Fig. 5.1a),
while for the case of shallower channels the spaed was 1 mm/s. In both cases, the nozzle was
scanned back and forth in the axial direction wthie rod rotated at 500 rpm. All other process
conditions were as given in Sections 2.1 and ZI®ee spring sizes were used for the glass rods:
music wire steel extension springs (W.B. Jonesrgp€o., Inc., Kentucky, USA) with inner
diameters of 1.94+ 0.02 mm (5@én wire thickness), 3.00 + 0.05 mm (40& wire thickness),
and 4.93 + 0.05 mm (7Qdn wire thickness). There was no gap between thagpoils initially
at zero extensional load. A spring of inner diamét@0 = 0.02 mm (400m wire thickness) was
used as the mask for PMMA rod. The two end coilthefsprings were pulled beyond their elastic
limit using pliers in order to obtain the desirattp (distance between two consecutive spring
coils) and were clamped to the rod by twistingehe coils against the rod and fixing them with
tape. Channels with pitches of 606, 700um, 750um, 800um and 90Q:m were machined. The
springs were long enough (250 mm) to ensure tleapiich was uniform in the rod centre, away
from the first few coils at each end.

As with the unmasked machining of rods (Sectior), 2l machining was performed at a
constant rotational speed while the whole set igp, 3-1a, oscillated with a constant axial feed
speed back and forth along the axis of the rodichlethannels of different depth were machined
using a discrete stepped arrangement without sivgabff the blaster in order to reduce the effect
of possible fluctuations in the mass flow rate. glass rods were divided into 5 (low aspect ratio)
and 8 (high aspect ratio) 10 mm long segments sporedingto 1, 3,5,7,9and 1, 3,5, 7, 9, 11,
13, 15 nozzle passes, respectively. For the PMMS rthe channels were machined up to 13 and
17 nozzle passes for low and high aspect ratispecively.

The optical profilometer was used to measure trspeshand roughness of the helical
channels. The cross sectional profiles of the nhskennels were measured at three angular
positions approximately 120° apart for each nopales. To ensure that the rod was also aligned
with the profilometer scan direction, cross-sectistans were made across 4 different un-eroded
sections, and the rod was re-aligned manually ¥nslch profiles were coincident to within
0.01%. A bracket was then attached to the profitemetage to preserve the alignment for

subsequent measurements.
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5.3Modelling

5.3.1 Prediction of surface evolution for masked Hieal channels

Ghobeity et al. [9] presented a surface evolunoodel that could predict the cross-
sectional profiles of channels machined in iniyidlat brittle materials using AJM. Considering

only the normal component of particle velocity, thedel was given as:
2, ~E(Y(A+ 2)** =0 (6.1)

wherez; andzy are the partial derivatives of the profile degtlwvith respect to time and the
coordinatex, defining the width dimensionE(x) is the erosive efficacy distribution seen by the
exposed target surface in a single pass of theledie. the lateral spatial distribution of the
potential of the jet to erode), akds a velocity exponent related to the erosive atiaristics of
the surface material. TherefoE§x) accounts for the erosion generated by the ejaif®otprint
as it passes a given point.

The erosion of ductile materials has a more comgépendence on the local impact angle.
Thus, the modified surface evolution model is giuef6] as:

z; —E(X (1+ zxz) da)=0
(5.2)

where

g(a) = (sina )™ (1+ Hy (- sira))"2 (5.3)

which describes the dependence of the erosiororatee impact angle;, defined between the
incident velocity vector and the local tangentie surface as:

T
a =——arcco

1
2 \/1+Z1x2

Hy (GPa) is the initial target hardness and the emtsh; andn, are determined experimentally

(5.4)

and depend on the particle hardness and other tngpaditions [12]. Equations (5.1) and (5.2)
were valid for the cases that the neglect of jeemjence and variations in the local standoff

distance were insignificant.
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Noubhi et al. [66] proposed a modification to t®ae models considering the variation in
both the local nozzle standoff distance and therd®nce angle of each particle trajectory in the
jet plume which enabled the modified model to pcethe channel profiles machined on curved
and tilted surfaces. The modified surface evolutrmdels for arbitrarily-shaped brittle and ductile

materials presented by Nouhi et al. [66] were:

z,= E(x 3(1+ 22)" L%J (5.5)

z, = E(x J1+ z° {g— coé{ 27 X N (5.6)

N 22\/1+ z,°

where thex (width direction) and (depth direction) coordinates are attached tontbezle. For

unmasked machining using nozzles typical of AJMrapens,E(x, z) can be expressed as:

E(x 2= 5(@ &’z (5.7)
with
Myt (5.8)
p, 1

The C andk are constants related to the erosive characterisfithe surface material of density
ps, M is the mass flow rate/ is the particle velocityp is the nozzle “focus coefficient”, with
higher values indicating a more focused stream,dé§f/dy is proportional to the channel depth
for a given particle dose. As with Eq. (E(X, 2 can be used to characterize the erosive efficacy
to either a stationary surface, such as in the maxchof holes, or one that moves, such as in the
machining of channels generated by the entire getpfint as it passes a given point. For a
cylindrical target (Fig. 1), when the model is immlented to predict channel cross-sectional

profiles in thex-z plane, the initial condition ig(x0)= h, while when channel cross-sectional

profiles are to be predicted in theyplane, it isz(y,0)= (h+ R- E- ¥, whereh is the nozzle

standoff distance arfidis the cylinder radius.
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In the present work, the model of [66], Egs. (BY (5.6), which take into account the
change in local nozzle standoff distance and tbal lionpact angle of particles, was implemented
to predict the evolving shape of masked helicahakeh profiles machined on glass and PMMA
rods (discussed in Section 5.4.2.1). As discusye@diu et al. [6] for masked AJM, the erosive
efficacy is limited in width, and therefore anytsilole curve fit of a shallow eroded profile can be
used to obtairE(x,z) Therefore, for the masked helical channelsgeatof Eq. (5.7), a cubic
spline curve fit of a measured shallow masked cabpirofile was used to obtath As discussed
by Ghobeity et al. [51], if the profile used to aintE is shallow, the profile itself an have the
same functional form.  This shallow channel wgzresentative of the combined effects of: (i)
the sum of the erosive efficacy over the jet fomtipas it moved over the rod during the rotation,
(i) the contributions to the erosive efficacy atth the incoming particle flux and particle ricothe
off the mask edges, (iii) the particle velocity tdisution, and (iv) the divergence of particle

trajectories across the incident jet that gavetogée primary first-strike footprint [51].

5.3.2 Prediction of volume of removed material in nomasked AJM lathe operations

Lathe operations to reduce the rod radius resulinrinstantaneous noncircular cross-
section only at the leading edge of the machinmgtf Therefore, provided that multiple rapid
lathe passes are used such that the slope of tbeimray front remains small, the rod can be
assumed to be everywhere and at any time unifocimdylar. However, as the jet footprint moves
along the helical path, the curvature implies azeon slopezy, which is independent of.
Therefore, Egs. (5.5) and (5.6) can be generaliadtie three-dimensional case, for brittle and

ductile erosive systems, respectively as:
_132{ X2+y2} k+1
2 s —ki2| z-yzy— X 5.9
z, = 5(ﬁj e (1+ Z,XZ + Z,yz) ZYRy” X (5:9)

[x24y24 2

. ] e _ 2 yay- x (5.10)
z, :5('8) e 1+ Z,X2+Z, 2g E—cos ! Yoy~ Xax
t z y o, \/X2+ 2 2\/ 2, , 2
yT+z 1+zX +zy
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where the origins of, y, z are shown in Fig. 5.1. These expressions accaurihé variation of
local standoff distance and the angular dependeheyosion brought about by the curvature of
the target at any instant during the passage ojethfootprint. In the case of unmasked lathe
machining, Eqns. (5.9) and (5.10) can be integratiéld respect to time over the helical path a
footprint moves as the rod rotates and translaiesbtain the profile resulting from a single
rotation.

The pitch of the helical path described by thégetprint as it moves axially on the rotating
rod, ¢, and the scanning period of each machining cyi¢l€Q0 mm axially along the rod, back or
forth) could be calculated knowing the helix angtedetermined by the axial feed speed and the
rotation speed. The parametric equation of thendyical helix followed by the jet footprint is
given by:

R(8) = i+ rsind | +r cok (5.11)
wherer is the radius of the cylindrical helix ads the angular coordinate in Fig. 5.2. As indéchat

in Fig. 5.1b, the helix angle is defined by theatminal speed,w, and the axial feed speéed,

-1| rw

¥is also given by

RO _ (5.13)

Y R@| 7

wherec is the pitch of the spring divided by 2Fig. 5.2),] is the unit vector iy direction, R (6)

is the derivative of the position vector with resjged, Eq. (5.11); i.e. tangent tlé(ﬁ) . Combining
Egs. (5.12) and (5.13) yields the following expressgor c:

r cosy

C=F7—=— 5.14
J1-cofy 514

SincecH=cwt, the machining timel, required to scan a lengthof the rod is
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T =— (5.15)

Fig. 5.2 Definition of helix pitchg, helix angley, radius at the rod surfaae and angular position,

0. The coordinate system is shown with an offsatfits actual origin, poin®D, for clarity.

The origin of the coordinate system in Egs. (5ib1(6.15) was taken to be the left end of
the rod, poinO in Fig. 5.2, while it was located at the nozzleeglhere in the paper.

1. The erosive efficacy of the jet was first ob&rby a curve fit of Eq. (7) to a shallow hole
machined in a flat target with the nozzle statignaks discussed in Ref. [66], the fit is indepemde
of standoff distance for conically spreading jets.order to take into account the changes inengl|
of attack and standoff brought about by the rodature, Egs. (5.9) and (5.10) must be integrated
with respect to time during the helical passagtheffootprint over the rod (Fig. 5.3) in a single

rotation. If it assumed that the material remostadng a single rotation is small, thep =0 and

the time integrals of Egs. (5.9) and (5.10) yield:

2 _'BZ[X2+2y2] ket
_ t* ﬁ] Z 2 —-k/2 i
z=. 5(2 e (1+2,2) JER dt (5.16)
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for the glass (brittle) rods, and

x2+y2
2

l/1+ Z,2q " ~cos ™ 22y (5.17)
2

x +y +22\/1+ Zy

2-[" 5(/3)2;‘32[

for the PMMA (ductile) rods.Z is the profile resulting from one rotation of treal over the jet
footprint, andx, y andz vary with time as the footprint follows a heliqgath over the rod surface

such that

X(t) = v, t (5.18)
y(t) =1, + R~ cosgt )] 19)

z()=(R+ B-y R- y ¥ (5.20)

2 () =—Y0
TR - (2

wheret =25 /v; is the time taken for a given axial line on the saniface to rotate under the jet

(5.21)

footprint. (Fig. 5.3)R s the radius of the rodh is the nozzle standoff distanc®,=Ru is half of

the maximum arc length of the footprint on the saiface (Fig. 5.3 andv are the rotational
and axial feed speeds, respectively, ant the horizontal projection & in the direction of the

y axis (Fig. 5.3). The angle defining the footprint (Fig. 5.3) was determined imaking
measurements on one jet footprint on the rod ugiagrofilometerThe profile of Fig. 5.4 is an
example of the result of integrating Eq. (5.16)his manner. It is noted that although the path of
the footprint was along a helix, the profile nehetess appears to be symmetricxia plane

because it is so shallow. It is also noted thatslbpez,xis indeed small, as was assumed earlier.

2. The translational motion of the rotating rodutésd in a helical machining path described by
Eq. (5.11) over a length (Fig. 5.2). Its cross-sectional profile is everysh described by
obtained in step 1. As the rotating rod translatetthe reverse direction under the stationary jet,
a new helical channel having the identiZgdrofile was machined on the rod, offset by a dista
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d (Fig. 5.5), which was known from the recorded ansaneous-position of the stage. The two
offset channel profiles were superimposed at theints of intersection, obtained by equating the
helix equations, taking into account the channelthviIf the helical footprints overlapped in a
single translational pass (depending onZharofile width and helix pitch &), then they were
superimposed each rotation, otherwise, they wepersuposed each translational pass; i.e. after
each timeT passed (Eq. (5.15)). The superposition process agatinued to the end of the
machining time, yielding the axial cross-sectiopadfile of the eroded surface on the rod (Fig.
5.5). Finally, the total volume of the removed miatlevas calculated using Pappus’s theorem; i.e.
the 2D area bounded between the obtained profddtsuneroded surface of the rod was rotated
by 2r.

I

Fig. 5.3 A schematic (top view) of the projectidrtloe circular jet on the rod giving an elliptical

footprint (the helix angley shows the direction of footprint movement) (leg)de view of the
rod (right) representing the rangezodn one footprinth to zz. Coordinate system attached to

the nozzle.
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Fig. 5.4 Example of rod profile on a 5 mm diameter glass rod resulting from rotation over one

footprint at a 10 mm standoff distance (helix angle 10°) (according to coordinates of Fig. 5.3).

Erosive efficacy profile summed d X
over one footprint

Fig. 5.5 Schematic of the process of superposition to obtain the resultant profile for unmasked

lathe machining of rods. Cross-sectional view of half the rod.
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5.4 Results and discussion
5.4.1 Unmasked AJM lathe operations

5.4.1.1 Volume of removed material

Figures 5.6a and 5.6b show that the measured vtrenneachining rates for the turning
of glass and PMMA rods, closely matched the preshst of Section 3.2 (Egs. (5.9) and (5.10),
respectively). The paramete€Eq. (8),and the nozzle focus coefficightvere obtained by fitting
Eq. (5.7) to the measured cross-sectional profifeshallow holes machined in a flat glass and
PMMA surface, givings=0.0007 mm¥s for glassg= 0.0004 mr¥s for PMMA, ands=23. The
predicted values were on average 9% greater fob tnen glass rod and 4% greater for the 4.72
mm PMMA rod. The maximum measured slope of thénpgtact area in the scan direction (the
leading edge of the machining front) was just 22 belix angle of 10°; therefore, the leading edge
slope could not contribute to these small overqotexhs. It is hypothesized that the errors are
due to two assumptions of the model, and that tte@eemay compete since they sometimes may
have opposite effects. Firstly, there was an eassociated with the assumption 0.
Especially at high helix angles, when a low axg&d is used, the channels are deeper and therefore
can develop more significant slopes. Because thsiar for brittle systems is maximum at
perpendicular incidence, whereas for ductile systésq. (5.3)) it is maximum at a shallow angle,
the effect of this error is different for the twgstems. The model assumes the slope zero, which
for glass targets implies a predicted erosion wigdhigher than actual, while for PMMA targets,
it implies a predicted erosion which is lower tf@tual. The second error arises from the fact that
the rod radiugR, is assumed constant at its uneroded value in (Bds8-5.21). In realityR will
decrease as erosion progresses, andutlieig. 5.3) will initially increase, leading to ader than
assumed range of impact angles at which the padicte is delivered. The narrower assumed
range of impact angles will tend to overestimat e¢hosion for glass, and underestimate it for
PMMA. ShouldR become so small that the particles at the penypbithe conically spreading jet
no longer strike the rod, then a lower than assudos#® of particles is actually delivered and,
regardless of material, the model would overprettieterosion.

Figure 5.6¢ shows two axial cross-sectional preffleelix angles of 10° and 80°) machined

over a length of 9 mm on a 5 mm glass rod, anddhesponding model predictions. As expected,
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the waviness increased as the helix angle decreasgdy because there was less overlap of the
adjoining helical channels. For example, the wassnat 80° was 2/m, while it was 13um at

100°. By further increasing the helix angle, smopthwefaces can be obtained.

5 mm diameter glass rod
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Fig. 5.6 Measured and predicted AJM lathe machinatg for: a) 5 mm glass rod, b) 4.72 mm
PMMA rod. Predictions used the model of SectionZ.8) measured cross sectional profile and
model prediction for 5 mm diameter glass rod. Tkgeeiments were repeated twice and
measurements were performed three times (i.edatepoints represent the average of 6

measurements).

5.4.1.2 Effect of nozzle offset

Since the erosion rate of PMMA reaches a maximunerwkhe impact angle is
approximately 2% and is at least 80% of this maximum over the eah@° - 45° [6], higher
machining rates could be achieved by offsettingitezle centerline from the rod axis (Fig. 5.77)
so that the particles struck the rod at smalleraye angles. An experiment was conducted to
measure the machining rate of a 4.72 mm PMMA raatireg at 500 rpm with a nozzle translating
axially back and forth at 0.2 mm/s at a 1.4 mmeiff3his was the largest value for which the
entire jet footprint remained on the initial rocadieter. The average impact angle for zero offset
was 90°, Y1=Y>=73% i.e. the range of impact angles was 7308, 9vhereas in the case of the
1.4 mm offset the average was 722 £ 83 © andy>= 16.5° i.e. the range of impact angles was

16.5° to 83°) (Fig. 5.77). With the other expemtaé conditions as in Section 2.3, it was observed
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that the erosion rate increased by 15%. The rowsfiRg of the rod surface, measured in axial

direction, did not change significantly with ans#t nozzle.

Nozzle

Fig. 5.7 Schematic of nozzle offsétwith Y1 andY>the particle impact angles to the surface of

the rod at the boundaries of the jet plume.
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5.4.2 Masked hdlical channels

5.4.2.1 Surface evolution of helical channel profiles

As described in Section 5.3.1, a shallow first-pasdile of the eroded masked channel
was used to characterize the erosive efficacy.réfbee, the erosive efficacy already included the
effect of the footprint traversing as the rod rethtand any effects associated with the curvature
and slope in thg direction. It also included the effects of pddidcochet from the sides of the
spring mask. In contrast to the unmasked chanriégdection 5.4.1, nonzemy slopes developed
rapidly in the narrow spring-masked channels so dhdace did not remain approximately
uniformly circular. Therefore, the resulting preBlwere predicted by solving the two-dimensional
surface evolution partial differential equationgse(5.5) and (5.6), which are the same as EqQs.
(5.9) and (5.10), but with thedependency removeg=«z,=0), since the erosive efficacy already
included the effect of the footprint traversingliey direction.

Figures 5.9a-d show the measured cross-sectigrmaplane) profiles of low and high
aspect ratio stepped helical micro-channels madhonea 5 mm diameter glass rod and a 4.72 mm
diameter PMMA rod along with the predictions of fweface evolution equations. The equations
were solved numerically using the method of limeSlathcad 15 (PTC Inc. Needham, MA, USA).
The number of spatialin) and time (s) discretization points used were &@ 300 respectively,
which ensured the accuracy and convergence ofuimerical solution. The initial condition was:
z(x,0F h, and the boundary conditions wei®/2,t=0 andz(-w/2,tx0 (Fig. 5.8).
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Nozzle

Jet cone

Spring (mask) cross-sections

Rod

Fig. 5.8 Schematic of the location of spring maskhe rodw is the width of mask openind,is

the nozzle standoff distance.

It was observed that the model could accurateldiptreéhe profile shape and there was a
close agreement between the predictions and thesureraents of the centerline depth. For
example, the predicted centerline depth after 8gmwas 5% greater than the measured value for
the glass rod (Fig. 5.9a), and for the PMMA rod itieeximum error was 7% after 9 passes (Fig.
5.9¢).

This method of machining offers a convenient wayataricate a wide variety of helical
micro-channels with different widths, aspect ratosl radii of curvature. For instance, Figs. 5.9a
and 5.9b show the profiles of two glass helicalrovichannels which have aspect ratios up to 0.2
and 0.7, respectively, while Figs. 5.9c and 5.9mhsRMMA micro-channels with aspect ratios of

0.09 and 0.4, respectively.
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Figures 5.10a to 5.10d show optical micrographkedical channels fabricated on a 2, 3
and 5 mm diameter glass rods and a 4.72 mm diafbtbtA rod using the procedures of Section
2.4. It is seen that the channel cross-sectiordil@rin the glass had a characteristic V shape,
whereas that in PMMA had U shape; i.e. the PMMAntieds had steeper sidewalls and flatter
bottom sections than did the glass channels. Ténsltis well known in the AJM literature for flat
surfaces and was due to the difference betwedtelgiass and ductile PMMA in the dependence
of the erosion on the local impact angle [6]. Sddferences in channel shape may offer the
possibility of modifying the microfluidic flow fi@ to suit particular applications in mixing or
particle separation. Note that the marks on sontbethreads in Figs. 5.10b and 5.10c are not
cracks; however, care was required to avoid crgckihen removing the springs from relatively
deep helical micro-channels.

The average roughness&s, of the channel bottoms of the 5 mm glass rod4aid mm
PMMA rod were measured using the optical profiloenetith a cutoff wavelength of 250, as
was suggested in [84]. The roughness of the gtas&creased with the number of passes of the
nozzle; i.e.R=0.5, 0.65, 1.10, 2.1@m after 3, 7, 11 and 15 passes of the nozzle @ifb)
whereas the opposite trend was found in PMMA R.£0.75, 0.70, 0.59, 0.1Q%m after 3, 7, 11
and 15 passes (Fig. 5.10d). These trends coulttiimuted to the increase in the impact angle of
the particles impacting the surface of the helat@nnel as the radius of the rod decreased during
the machining, and to the differences in erosionlmaaisms for the two materials. As the channels
became deeper, the rod diameter decreased uwptitiarpof the abrasive jet plume at the periphery
missed the rod entirely and did not contributehi® érosion; e.g. after 15 passes the diameter of
the rod was reduced by almost 1 mm. Another coreseopiof this reduction in rod diameter was
a decrease in the range of impact angles as tloayri®ecloser to 90°. For example, after 15 passes
of machining the range of impact angles was 780favhereas at the beginning of the machining
the range was 73° to 90°. The roughness in bfifikss) and ductile (PMMA) materials increases
[85], and decreases [5], respectively ,as the aaflatack becomes more perpendicular, thus

explaining the different roughness trends in the materials as the number of passes increased.
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Fig. 5.9 Measured (symbols) and predicted (dashegd)l cross-sectional profiles of masked
helical channels machined in a) rotating 5 mm gtads spring pitch 90Qm (low aspect ratio),
b) rotating 5 mm glass rod, spring pitch 100 (high aspect ratio) c) rotating 4.72 mm PMMA
rod, spring pitch 120Qm (low aspect ratio), d) rotating 4.72 mm PMMA rggring pitch 600

pm (high aspect ratio). Predictions used the motiElqo (5.5). The maximum standard
deviation of 3 measurements (explained in Secti@mpat the channel center line depth was 8
um, 20.25:m, 5um and Qum for parts a), b), ¢) and d) respectively. A daksbetline of spring

(mask) location is shown in all the images.
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Fig. 5.10 Optical microscope images of helical michannels machined in: (a) 2 mm glass rod

(aspect ratio 0.7, 50m wire diameter, spring pitch 9@@n), (b) 3 mm glass rod (aspect ratio
1.2, 400um wire diameter, spring pitch 8@@n), (c) 5 mm glass rod (aspect ratio 1, Z@®wire
diameter, spring pitch 75@m), and (d) 4.72 mm (aspect ratio 0.6, 480 wire diameter, spring

pitch 800um) PMMA rod. A dashed outline of spring (mask) loca is shown in all the images.
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5.4.2.2 Effect of mask spring wire diameter (mask thickness) on dimensions of helical

channels

The effect of the spring wire diameter (mask thess) on the channel profiles was
investigated by machining helical channels on and diameter glass rod using 4@ and 750
pm diameter wires with an opening of 2&@f between the edges of the adjacent coils. The
experimental conditions were as in Section 2.4hEd@annel was made at three depths using 3, 5
and 15 passes of the jet. It was observed thagusia thinner spring produced statistically
significant increases in the channel depth of 18085 and 30% for the particle doses applied in
3, 5 and 15 nozzle passes, respectivelggt,p < 0.05). This trend is well known in AJM [83] and
is attributed to an increase in the particle flapable of erosion due to differences in particle
ricochet from the mask edges, as shown in Fig..3:&f the case of thicker wire, particles which
strike the edge of the mask will more likely rebduonto the opposite mask and lose their kinetic
energy. With the thinner wire, more of the incidpatticles rebound directly to the target surface
resulting in greater erosion (Fig. 5.11). Althoutiie depth of the machined helical channels
depended on the wire thickness for a given appliesk, the channel width was not affected
significantly by the wire thicknesg;test,p > 0.05) indicating that the thicker wire did notiease
undercutting by patrticles striking beneath the wWiFeg. 5.12). These results indicate that the
shallow-pass profile used to obtain the erosivieatly distribution over the jet footprini andg

in Egs. (5.9) and (5.10)) should be measured ubi@gpring of the selected diameter.
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Fig. 5.11 Particles striking the wire of a thickisg (a) were more likely to ricochet and strike
the opposite coil, while those striking a thinnerisg (b) had a higher probability of rebounding
toward the surface of the rod.
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Fig. 5.12 Channel profiles machined on 5 mm diamgiess rod using a thin, 4Q0n,
(symbols) and a thick, 750m, (dashed lines) spring mask (The experimentatiitions were as
in Section 5.2.4).
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5.4.2.3 Effect of spring pitch on the blast lag

The mask opening width affects the inclination b&rnel sidewalls during the abrasive
micro-machining, leading to ‘blast lag’ effect [18] which wider channels machined in brittle
materials are deeper than narrower channels foiséinee abrasive dose. For a smaller mask
opening (or in this case smaller pitch), a V-shapleahnel a develops at an earlier stage than a
larger opening. Since the erosion of a brittleenat is smaller on a sloped sidewall than a flat
bottom, this results in a lower erosion rate farrawer channels [13]. In addition, the width at
the bottom of the V shaped channel may becomersowas to block the larger abrasive particles
from eroding the channel centerline. For largetigas, the blast lag is more pronounced [13],
thus in order to confirm that blast lag would ex@thelical channels, larger 2B Al>Os media
was used to machine helical channels with diffepsiches. Two springs of same coil diameter,
300um, placed 15 mm apart, one with pitch 300 and the other 65@m, were used as masks on
the same rod (5 mm diameter), so that the expetsweuld be carried out without turning off the
micro-blaster to ensure that the mass flow rateareed unchanged. The experiments were
repeated twice, each using 11 nozzle passes. @snshn Fig. 5.13, increasing the pitch size

resulted in a 30% average increase in the chammthd

@ S (b)
Fig. 5.13 The blast lag in a 5 mm glass rod illtgd for two channel widths. Wider channels

made with a larger pitch (650n in (b)), became deeper for a given particle doaa narrower
ones made using a smaller pitch, (200in (a)).
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5.5 Summary

Abrasive air jet micro-machining (AJM) was investigd for use as an unmasked lathe
operation, and as a means of machining maskedahekdterns into rotating rods. A model was
presented for the prediction of the volume of mateemoved in unmasked lathe operations. The
model predictions were in good agreement with teasarements, showing a maximum 9% error.
The effect of nozzle offset was investigated fomasked machining and it was found that the
material removal increased by laterally offsettthg nozzle from the rod axis. Helical micro-
channels were machined in glass and PMMA rodsftérént radii using springs as masks. It was
shown that the presented machining procedure weebéaof fabricating a variety of low and high
aspect ratio helical micro-channels. The surfacdugon model of [11] was implemented for
predicting the profiles of masked micro-channelshim@ed on a 5 mm diameter glass rod and a
4.72 mm diameter PMMA rod. The predicted channedile@s matched the measured profiles quite
well with maximum error of 7% in channel centerlohepth. Using thicker spring wires as masks
decreased the depth of machined channels, widid ot affect the channel width significantly.
It was also found that increasing the spring pifietask opening) increased the depth of the
channels for a given particle dose as a resultreflaction in the blast lag effect. The curvature o
these helical channels creates the potential fefuspplications in inertial microfluidic and

biomedical devices for flow focusing and partiotparation.
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Chapter 6 Summary and Conclusions

6.1 Summary

This dissertation was mainly focused on the abeasiicro-machining of stationary and
rotating glass (brittle) and PMMA (ductile) hightyirved substrates, i.e. rods. In Chapter 2 an
unconvential technique was presented consistingofsteel strips attached to a nozzle for AJM
of straight channels. The effects of nozzle staindbldow mask standoff, particle size and mask
thickness on the frosted regions and the chanmithwiere studied. A crossed arrangement of two
mutually perpendicular sets of shadow masks wad tsecreate a direct-writing device for
generating arbitrarily curved paths. This apparatas originally intended to be used as a masking
methodology for machining micro- helical channetsrotating rods, but in order to avoid the
complexity of synchronizing the rotational and #&xfeed speed of the lathe, it was not
implemented. However, it still can to be utilizedt future work if there is such a synchronization
capability.

A modification to the existing surface evolution dets for predicting channel profiles
machined on brittle and ductile curved surfaces pvasented in Chapter 3. In order to address all
the shortcomings of existing models for the predicof channel profiles machined on tilted and
highly-curved surfaces, two major modifications gvertroduced; 1) the divergence angle of each
particle trajectory in the jet plume and 2) chamgécal nozzle standoff were considered in the
surface evolution model. The erosive efficacy oftaasurface at perpendicular incidence was
measured using three nozzle standoff distancesn@hsde focus coefficient which was obtained
from the bests fits to the dimensionless profilethose three channels, was used in the modelling
of channel profiles machined in tilted flat targeltbowever,, nozzle focus coefficient, was
modified for the case of curved surfaces. A comgoutal fluid dynamic, CFD, modeling was
implemented to justify this modification.

In Chapter 4, a computational fluid dynamics (CKycedure was presented for the
prediction of the erosive footprint size in abrasjet micro-machining (AJM) of both flat and
curved targets. A double-pulsed laser shadowgra@syimplemented to measure the divergence
of the abrasive particles and the axial and razhaticle velocity components in the AJM jet. The
divergence measurements were compared and vebyiddasting holes through paper, as well.
These results were used to simulate the AJM jetadheristics in the CFD modelling. The
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footprint measurements on flat target were perfar@estandoffs of 5, 10, 20, and 30 mm at a
perpendicular incidence. The footprint measurementsurved surfaces was done on 3 mm and
5 mm glass rods. The results were compared andatatl with the CFD simulations.

Chapter 5 investigated the use of air-driven abeag@ts as a lathe and as a means of
machining helical patterns into rotating rods. Adual was presented for the prediction of material
removal during the machining of rotating and tratish ductile (PMMA) and brittle (glass) rods
using abrasive jet micro-machining (AJM). The expents were conducted for 8 different helix
angles while the rotation speed was kept constahaaial feed speed varied to achieve the desired
helix angles, i.e. 10° to 80°. In addition, a nexperimental procedure for machining helical
channels in glass and PMMA rods of different ragis introduced using a cylindrical steel spring
as a mask. By adjusting the helical spring pitdsté&hce between two consecutive spring coils)
the width of the channels was controlled and thserdd depth could be achieved by adjusting the
machining time. The surface evolution model preseé:it Chapter 3, was used to predict the shape
of helical micro-channels. The effect of nozzlesetfon the erosion rate, the effect of spring pitch
(mask opening) on the blast lag and the effectpahg wire diameter (mask thickness) on the

width and depth of helical channels was investigiate
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6.2Conclusions

The main conclusions of this dissertation are:

1. The shadow mask technique was shown to be a phetternative to the use of
traditional masking methodologies which require@daiment of the mask to the
target. Implementation of the shadow mask magpessible to direct-write micro-
channels that were approximately 10% wider thase¢hoachined using clamped
masks up to an aspect ratio of approximately 0.56tddver, it was demonstrated
that by using two sets of crossed shadow maslabaratus could be implemented
as a direct write device for machining curved mistauctures. Sookhak Lari et al.
[86] presented a method for AJM machining 3D mistaictures with prescribed
topographies utilizing such a shadow mask.

2. It was shown that the jet spread angle and thegehamthe local standoff distance
across the channel width must be taken into acdoumtder to predict the cross-
sectional shapes of grooves machined on curvedtihed targets. The model
predictions compared well with measured surfacdilpsomachined in flat glass
and PMMA targets with maximum error of 8%. Forddtflat surfaces, the
intersection of the jet cone with the surface wamadnstrated to be representative
of the erosive efficacy, while for the case of ad\surfaces, to focus coefficient,
S had to be decreased to effectively account foorsgparticle strikes.

3. CFD simulations demonstrated that the superposdfaa primary and secondary
conical abrasive jet plumes that were reflecting finst and secondary strikes,
respectively, could determine the net erosive affycfootprint. The simulations
showed that approximately 90% of the particles withe primary plume affected
the footprint size while the rest did not resulsignificant erosion. The predicted
kinetic energies of particles striking a secondetwere found to be large enough
to erode glass targets. The erosive footprint wes shown to depend on target
curvature because the local slope changed due toutivature. A higher curvature
of the target resulted in a wider net erosive faatpln general, it was shown that

f for a curved target could be determined either Bip @odelling through erosion
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map measurements or by adjusting it in the suraegdution model to fit the
measured shallow first-pass profile of a channedhireed on the curved target.

. For unmasked machining of rotating and translaBhMA and glass rods, the
model predictions and experimental measurementmatkrial removal for 8
different helix angles from 10° to 80°, were in doagreement. The predicted
values were on average 12% greater than those nedafeu the 5 mm glass rod,
and 6.5% greater for the 4.72 mm PMMA rod. It wiagven that the spring mask
machining procedure could be implemented convelyiémt fabrication of micro-
helical channels with a wide range of aspect raios curvatures. It thus has the
potential to be used as a means of fabricatingattg®n brittle (glass) materials
which are difficult to machine with other machinimgthods. Highly curved micro-
channels have recently drawn considerable attemtianertial microfluidic and
biomedical applications such as flow focusing, flmixing and particle separation
from fluid [78]. For instance, detecting bacteriaing size-based separation,
isolation of red blood cells and circulating tumoells are typical important
applications which utilize spiral patterns of chalsn [82]. The significant
advantage of presented helical micro-channels otresr curved ones, e.g. spiral
channels, is the constant radius of curvature fhatlitates controlling and

predicting the flow behavior, [82].
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6.3 Contributions

The novel contributions of this dissertation carsbenmarized as:

1. A novel shadow mask apparatus was developed antenmepted for machining
straight micro-channels using a parallel mask guméition and direct machining using
crossed masks.

2. A new definition of channel width was introduced igfh facilitated distinguishing
between edge of frosting and micro-channel widthisTdefinition provided a
consistent means to determine the effect of propasameters on the channel and
frosted area widths.

3. For the first time, a surface evolution model wasdito predict the channel profiles
machined on highly curved glass (brittle) and PMidActile) targets. This was carried
out by proposing two major modifications to thestixig models: 1) considering the
change in the local nozzle standoff distance andkipg into account the divergence
angle of each particle trajectory in the abrasive jat plume. Without these
modifications, previous models resulted in errorsequredictions that showed
significant deviation from the measured channefilg®

4. The effect of second strike of rebounding partiotes the jet footprint size and
accordingly the nozzle focus coefficiefit,on curved surfaces was investigated for the
first time. It was proposed that for curved targgts the erosive efficacy expression
had to be modified, i.e. the higher the curvature farger wag;. Otherwise, the
footprint of the abrasive jet on the target wasearruredicted and consequently the
surface evolution model would lead to inaccuratsmtions.

5. It was shown that the effective AJM footprint isacacterized by the superposition of
two cone-shaped plumes for first and second s&iksion. This verified that, has to
be modified in the erosive efficacy expression d¢ousately reflect the second strike
effect on the erosive footprint size due to tamyetature.

6. For the first time, the use of air-driven abragets as a lathe was presented. It was
used as a means of machining procedure for fabrgcaielical patterns into rotating

rods of various radii, using cylindrical steel sIgs as masks. Due to its simple
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implementation in creating helical micro-channels brittle (glass) and ductile

(PMMA), it was extremely promising for fabricatiaf microfluidic devices.
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6.4 Recommendations for Futurework

The research presented in this dissertation hgsateatial to be extended in the following

aspects:

VI.

The shadow mask design can be improved by enatblengpparatus to hold the nozzle
at oblique angles of attack. This would make itgige to machine asymmetric
channels and thus broaden the variety of machirfabkeires. In addition, the design

should be modified to have more precise contrahemmask opening.

Optimized nozzle standoff distance, particle siaé mask thickness can be proposed
to achieve the narrowest width for both straigld earved features.

The machining of groove on stationary rods in Ceaft can be extended to abrasive
water jet and slurry jet machining, especially gtallic rods are to be machined. Due
to complex nature of fluid flow CFD simulations cbmed with the modeling methods

developed in this dissertation may be necessary.

The proposed model of Chapter 3 can be implementéatgets of variable curvature
rather than constant curvature (rods). This wolllwhapredicting the shape of micro-

features which are machined on variety of curvegets.

The footprint size prediction and measurement cdf@ér 4 may be also extended to
substrates of variable curvature and its effedheneffective nozzle focus coefficient,
f, could be investigated. This is an important steparals obtaining proper erosive
efficacy function and accurate jet footprint sizeeghction on variable curvature

workpieces.

The lathe design presented in Chapter 5 can beoiredrby adding a controller to
synchronize the rotational and axial feed speeeh the shadow mask apparatus of

Chapter 2 can be utilized as mask for direct-wateication of helical micro-channels.
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VIl.  The helical micro-channels machining proceduregmtesl in Chapter 5 could be used
to create an inertial microfluidic rod-on-a-chipva® facilitating the focusing of
particles within a fluid. Such a chip would hawebe sealed and parted. One possible
approach is to cover the outer surface of the modvbich the helical channels are
machined with a sheath made of PDMS, and inje¢hiedgluid/particle mix of interest
from one end of the rod to the helical channel.nfhbe efficiency of the patrticle
focusing can be evaluated considering the chanasnpeters, i.e. width, depth,
curvature of the rod, helix angle, length of chdnet.

VIIl.  Abrasive water jet and slurry jet machining canused for fabrication of masked or
unmasked helical micro-channels on metallic rod$ s1$ steel or copper. If performed
masked, the mask material would have to be of henigrosion resistance compared
to the workpiece material. This may also requireDCsimulations due to the

complexity of liquid flow in water jet and slurrgt machining.
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