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Abstract

Abstract
Abrasive waterjet (AWJ) cutting is one of the most promising fast emerging nontraditional cutting technologies. It is highly competitive for machining difficult-to-cut
materials like ceramics, composites and titanium alloys as compared to other nonconventional processes (e.g. laser, EDM) which are either technologically
inappropriate or fail to be cost-effective. However, at the moment most of the usage
of the AWJ machining lies in the area of the through cutting applications and to
perform controlled depth cutting (milling) is still at craftsmanship level. This is due to
the facts that: (i) AWJ machining is based on employing a jet plume as a "soft body"
tool, the footprint of which not only depends on the jet energy parameters (e.g.
pressure, abrasive mass flow rate, etc) but also on the jet kinematic parameters (e.g.
jet traverse speed) which make controlling of the jet penetration depth very difficult;
(ii) there is absence of the appropriate and reliable models that can simulate and
predict the AWJ milled footprints and this is one of the major obstructions
constraining the use of the AWJ milling applications.

The aim of this thesis is to develop accurate models for predicting the AWJ milled
footprints. The workpiece material considered is a titanium based superalloy (Ti-6Al4V) which is extensively used in the aerospace and medical industry. Two modelling
approaches; finite element (FE) modelling and mathematical modelling are presented
in this work. Considerable numbers of experiments are conducted to generate the data
for validating the results from the models.

The models presented in the current study are closer to the real life conditions
occurring during the AWJ machining as compared to the state of the art in modelling

Abstract
of AWJ machining. Regarding the FE modelling, the abrasive particles (i.e. garnet)
are modeled as elastic with a tensile failure criterion with various non-spherical
shapes (rhombic, triangular and trapezoidal) and sharp cutting edges in contrast to the
usual approach of assuming them as rigid spherical particles. The effects of mass flow
rate of the abrasive particles, traverse speed of the AWJ plume across the workpiece
and Gaussian spatial distribution of the abrasive particles in the jet plume are also
incorporated in the FE model. The FE model is developed to an extent that it can
simulate the footprints as a result of overlapping passes of the AWJ. The simulated jet
footprints from the FE models are in good agreement (maximum errors

:s 15%) with

the experimental results.

From the mathematical modelling point of view, a model is developed that can
accurately predict the AWJ milled footprints with root-mean-squared errors less than
9%. The model takes into account the effects of jet incidence angles, traverse speeds
and

arbitrarily-moving jet-paths

within

the target

surface.

The

model

is

computationally inexpensive and can be used for real time predictions of footprints
during CNC machining.

The current study provides the reliable models that can be employed for accurate
prediction of the abrasive waterjet milled footprints at various process parameters
which is a necessary step towards the exploitation of the AWJ machining for
controlled depth cutting applications and its automation.
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Chapter 1

Chapter 1 Introduction

This chapter presents the introduction to the abrasive waterjet (A WJ) technology, the
background for undertaking the current project and the objectives of the current
study.

1.1

Background

The development of the capabilities of niche non-conventional processing techniques
is of critical importance in widening the expertise for the manufacture of high value
added parts/products (e.g. jet engine components, medical implants, optical
components and smart actuators) made of advanced engineered materials. This is of the
critical importance in today's scenario with increasing emphasis being placed on the
use of green and environmentally-friendly technologies for the generation of these
components. This means that it is inevitable that the research topics related to the
development of these eco-friendly technologies (e.g. AWJ machining, dry EDM,
ultrasonic machining) are in demand by the manufacturing industry. For example, in
the Air Force ManTech Sustainable Aerospace Manufacturing Initiative in the USA
[1] and in the EU Sky Clean Joint Technology Initiative in 2008-2014 [2], one of the
key objectives is to make the manufacturing practices and the resultant parts/products
more environmental friendly. To achieve this goal, the selection of the materials and
methods of manufacturing play a significant role.

Titanium (Ti) and Nickel (Ni) based superalloys have been materials of choice for
many years for various high value added applications such as jet engine parts, power
plant components and medical implants. This is due to the properties which they
possess such as high strength-to-weight ratio, high stiffness, high temperature strength
1
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and good oxidation and corrosion resistance [3, 4]. These properties will help to
ensure efficient fuel consumption, which is an economic and environmental
consideration, and longer operational service life. However, Ti alloys are classified as
extremely difficult to cut materials; this is owing to several inherent properties of
these material [5],

[6]. Generating complex shape parts from these ever

developing/improving superalloys present significant challenges from a machinability
point of view. The conventional operations (e.g. milling, grinding, drilling) are
difficult to employ as they lead to extensive tool wear and to the generation of surface
malfunctions (e.g. deformed layers and cracks) [7], [8], [9]. On the other hand, the
existing non-conventional machining processes, known by their low material rates,
either leave undesired surface damages (e.g. recast layer - laser IEDM) or require
special materials properties (e.g. electrical conductivity - EDM) [10]. Moreover, most
of these conventional/non-conventional machining processes make use of cutting
fluids which results in increased process cost and environmental contamination [11].

Abrasive water jet (AWl) machining is one of the most promising environmental
friendly non-conventional machining processes that has the capability to machine
difficult-to-cut materials (e.g. Ti-6AI-4V) at high geometrical accuracies with
damage-free surfaces owing to its unique advantages. In the AWl machining process,
high pressure water is supplied by a pump at the orifice inside the cutting head from
where it is converted into a high velocity jet. While passing through a mixing
chamber, water creates a vacuum which draws the abrasive particles into a focusing
tube where the abrasive waterjet (AWl) mixture is formed (see Figure 1-I(a)). When
the jet plume (mixture of abrasives and water droplets) impacts the target surface, it
results in the generation of a unique footprint (kerf). As a result of this, the workpiece
material removal is mainly caused by the impact of a multitude of high velocities
2
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abrasive particles [12]. Since material is removed by the erosion phenomenon in AWJ
machining, the process is able of machining any material independent of its
properties. Figure 1-I(b) and Figure 1-I(c) show an example of AWJ through cutting
and an A WJ milled part respectively.

High pressure
wter
Orifice
tLMj...--WateIjet orifice
holder
~~"Vd#~Z;;Z.~_ Abrasive
~m.,.""
. ,;,
inlet port
Mixingcbamber
~...~

Nozzle holder
ring
-

(a)

Nozzle
Abrasive wateIjet

(b)

(c)

Figure 1-1 : (a) Typical abrasive water-jet cutting head [13] (b) Example of AWJ
through cutting [14] (c) Example of AWJ milled part [15].

1.1.1

Process advantages and disadvantages

AWJ machining offers a set of paramount advantages over other competitive
machining methods, some of which are detailed below:

•

AWJ machining is a highly environment friendly process, water and abrasive used
during machining can be recycled [16] as compared with conventional chip
removal processes (milling, turning) which also make use of cutting fluids
(toxics).

•

A WJ enables the machining of difficult-to-cut materials (e.g. TilNi alloys,
ceramics) [17], [18] . In contrast with the conventional (e.g. milling) Inon-
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conventional (e.g. EDM) cutting techniques, AWl processing is practically
capable of cutting any material regardless of its properties.

•

AWl machining involves very low specific cutting forces at acceptable material

removal rates [19], [20], [21]. With these unique attributes, AWl processing has
the capability to shape low rigidity components (e.g. thin walls) where other
conventional processes would struggle with.
•

AWl processing results in overall low cutting temperatures typically less than

60°C [19], [22], [23]. Compared with conventional/non-conventional (EDM,
Laser) machining, AWl processing offers the "perfect" method to generate parts
made of heat sensitive materials (Niffi aerospace and shape memory alloys) that
are used in aerospace (e.g. disks, casings) and medical (e.g. implants)
applications.
•

The AWl machining uses a "universal cutting tool", i.e. abrasive waterjet plume,
of which the characteristics can be adjusted (e.g. pressure, grit specification,
stand-off distance, jet tilt angle relative to target surface) to enable integrated
manufacturing solutions (i.e. roughing & finishing & ultra polishing) in a single
manufacturing cell to address the machining of a wide range of advanced
engineered materials.

Despite all these advantages, there are several disadvantages of the AWl machining
process which are mentioned below.

•

Abrasive embedment in the target surface is one of the most prominent drawbacks
of the AWl machining process [24], [25]. The embedded abrasive particles and
associated cracks results in reducing the strength of the target surface and can act
as crack propagation points during the loading of the target. However, methods
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such as plain waterjet passes over the target surface following the AWl passes
have been reported to overcome this issue [26].

•

It is very difficult to control the geometry (e.g. kerf taper) [27] of the part being
machined and the process heavily relies on human intervention and skill.

•

The quality of the surface finish is low as compared to the conventional
machining processes e.g. the development of striation marks on the cut face [28].

More research work is required to overcome the disadvantages of the AWl machining
process to fully exploit its unique advantages.

1.1.2

Applications of the AWJ process

In the following some of the niche applications of AWl machining are mentioned;

however, most of these have been done only at the test level with little attempt to
generate complex surfaces/parts. AWl machining is employed for the processing of
the following:

•

TilNi alloys for aerospace applications (e.g. casings) [29].

•

Biologic (bones) compatible materials (NiT i) for medical applications (e.g.
implants) [17].

•

Engineered ceramics (SiC, Alz0 3) for parts with chemical inertness and/or high
wear resistance [18], [30].

•

Ultra-hard materials (e.g. diamond) for tooling fabrication [31].

•

Engineering composites for aerospace, automotive applications [32], [33].

•

Turning and dressing of grinding wheels [34].

•

Coating removal in aerospace and nuclear industries [35].

•

Machining of large and/or complex shape parts by mounting the cutting head on a
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robotic arm [36], [37].

With these unique capabilities, AWJ machining is regarded as a key enabling
technology for the manufacture of complex geometry components made of
notoriously difficult-to-cut materials. A global market research on abrasive waterjet
machines estimate that their use will reach almost US$854 million by 2015; Europe
and Asia-Pacific alone account for more than 55% of the global waterjet cutting
machine market [38]. Taking also into consideration that more advanced (but
difficult-to-cut) materials are being developed, it seems that in mediumllong term,
AWJ machining will be a key manufacturing technology enabling the production of
high value added products [39].

However, at the moment, most of the A WJ usage lies in the area of through cutting
[25] and milling of freeforms is still at the infancy stage. Moreover, in its current
status, AWJ machining process is heavily relying on human intervention. In such
scenarios, it is no wonder that AWJ technology needs a technological breakthrough to
enable efficient and knowledge intensive exploitation (i.e. freeforms generation) of
these unique capabilities of AWJ process.

This problem has brought about a strong collaboration between academic and
2

commercial partners in form of a European FP7 research project (Conform Jet 20092013 [40]) led by Professor Dragos Axinte at The University of Nottingham, UK .
The project aims to investigate and enhance the capabilities of the AWJ technology to
such an extent that it can be used for the freeform milling of the difficult to cut
materials with minimum levels of human intervention. The project aims to deliver the
first self-learning control system for abrasive water jet milling to enable the
generation of freeform surfaces. In order to enable this, there is a principal need for
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the development of abrasion models either in analytical and/or numerical forms. This
PhD study is undertaken as part of Conform 2let project and the focus will be on the
development of the accurate and reliable models of AWl impingement on the target.

1.2

Research Problem

AWl machining is technologically appropriate for machining difficult-to-cut materials
in a cost effective way owing to its unique advantages. Despite all these advantages,
there are some significant scientific and technological challenges regarding
employing the AWl process for the controlled depth machining, and there is a certain
need for the development of abrasion models that will assist in understanding and
controlling the AWl process for milling difficult-to-cut materials (e.g. Ti-6Al-4V).
The complexity of the AWl process is due to the following main challenges:

•

The AWl process uses a jet plume as a "soft body" tool and the effective diameter
of the jet that impinges the target surface changes by varying the standoff distance
and jet tilt angle. This means that different widths of the kerfs will be generated in
the target at different standoff distances and jet tilt angles. This phenomenon
makes the modelling of the AWl very complicated and hinders the development
of better process understanding.

•

The effect of the jet impingement upon the target surface, i.e. jet footprintikerf, is
dependent not only on the energy-dependent parameters (e.g. water pressure,
abrasives mass flow rate) but also on the kinematic parameters (i.e. traverse
speed). Hence above all, AWl milling is a dwell time dependent process and this
characteristic has a critical influence on the cut quality especially when the jet
path changes direction (i.e. accelerates/decelerates), and starts and stops. Such
events are quite frequent since for covering large surfaces, AWl milling strategies
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need to adopt raster jet paths. In this scenario it becomes obvious that it is difficult
to control AWJ milling without specialist abrasion models that take into
consideration dwell time as a process variable and then output the necessary
information regarding the jet traverse speed to the CAM software to control the jet
(tool) path.
•

On-line control of the A WJ milling process parameters is still at an infancy level.
This is again because of the lack of the jet plume - workpiece interaction models
with which the sensorial systems can interact to control the process output i.e. the
magnitude and the shape of abraded footprint.

Figure 1-2 summarizes the challenges of the AW J process and emphasizes that one of
the critical steps to overcome the challenges and enhancing the capabilities of the
AWJ milling process is to develop suitable abrasion models for AWJ milling. These
models can be used to provide the key inputs to the CAM softwares and process
monitoring systems such as the inputs of the traverse speed required for achieving a
specific depth of the cut to the CAM softwares and calculated jet energy to cross
check the energy output of the sensorial systems. In addition, these models can also be
used for further understanding of the process and thus resulting in better control of the
process.
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Figure 1-2: Significant of A WJ modelling for achieving a better process control.

The A WJ technology has enormous potential for machining difficult-to-cut materials
as compared to other non-conventional processes but not enough research has been
carried out regarding using this process for milling high value-added components. The
current project aims to overcome the challenges mentioned above by developing
suitable models that can reliably predict the complete (depth and profile) eroded
footprints in the target at given process parameters. The prediction of footprints is
necessary because various footprints overlap to generate the freeforms. The
information generated from these models can then be fed into the CAM systems
(machine controls) to control the shape/geometry of the milled surface. In order to
bridge these gaps, the current study focuses on developing the models to accurately
simulate the AWJ milled footprints. Two separate approaches will be used for
devising these models in order to utilize the advantages of both techniques; one by
exploiting

the

finite

element

(FE)

method

and

the

other

by

usmg

a

mathematical/analytical modelling approach . The benefit of analytical models is that
they are fast and they can be used for real time predictions; however, experimentally
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generated data is required to run these models. FE models, on the other hand, being
based on the real physics of the process, run slower to make real time predictions, but
once validated no experimental data is required to run the FE models and a better
process understanding can be developed.

To date, no information exists in the open literature on modelling the controlled depth
AWJ machining process by considering the real experimental conditions. For the
analytical modelling, the jet plume will be modeled as free moving and for the FE
modelling, a non-rigid target and impacting particles (abrasive particles) and nonspherical shapes of abrasive particles with Gaussian spatial distribution in the jet
plume will be considered. Therefore, there is a need to develop and investigate these
models to enhance the capability of AWJ technology to manufacture advanced
engineering materials and to optimize the process parameters (e.g. traverse speeds,
water pressure) and to explore/expand AWJ niche applications for its strategic
developments. This research study not only benefits academic research but also
results in industrial benefits.

1.3

Objectives of the Study

The overall aims of the study are to build up and validate the FE and analytical
models for AWJ milling in order to enable an accurate prediction of the kerf profile
(footprint), perform in-depth analysis of simulated footprints and enhance the overall
understanding of the AWJ process to enable the generation of freeform surfaces on
difficult-to-cut materials. Specific objectives of the study are as follows:

•

Analysis and validation of a 3D FE model of a single particle impact with ultra
high velocity from the real AWJ process. This is because of the fact that single
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particle impact is the key task in the erosion process during AWJ milling and it is
very difficult to study and understand it experimentally. The single particle model
will provide an insight into the process at its basic level.
•

Extension of the single particle FE model to multiple particles overlapping
impacts i.e. towards simulating more realistic experimental conditions. Only few
particles (up to 50) will be included at this stage to check the response of the
target material during these impacts. This will help in understanding how
particles of different shapes and sizes influence the erosion process during AWJ
milling.

•

Extension of the FE model to simulate the complete AWJ milled footprint. At this
stage the model will incorporate the effects of mass flow rate of the abrasive
particles and the dwell time, i.e. jet traverse speed across the target. The
simulated footprint will be compared and validated against the corresponding
experimental data. This will provide an opportunity for studying the footprint
generation process in a controlled manner and will assist in enhancing the
understanding of the process. This will also facilitate the prediction of jet
footprints and erosion rates at any given milling parameters without the need for
recalibration.

•

Extension of the FE model to simulate the overlapping trenches which is a crucial
step for understanding the development of the freeform surfaces which contain
several such passes of the AWJ. The effect of various step-over distances and
multiple passes on the generation of overlapping footprints will be studied at this
stage.

•

Development of a mathematical model to predict the jet footprints generated by a
freemoving jet at any nozzle tilt angle. The proposed model will be generic in its
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approach such that it can be readily applicable to other machining setups.
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Chapter 2 Literature review
Due to the increasing use and high demand of AWl technology in industry, significant
research and development activities are underway to understand and further improve
the existing AWl technology. In this chapter, a comprehensive literature review is
presented on the developments of this technology. A detailed description is first
provided on how the AWl system works. This is followed by a detailed discussion on
the principles of material removal in AWl machining and the influence of process
parameters on process peiformance. Finally, a detailed review of existing FE and
analytical modelling approaches for AWl machining are presented. The present
research gaps, upon which the current research work is based, will be summarized
and concluded at the end.

2.1

Abrasive Waterjet machining Systems

Abrasive waterjet machining is a non-conventional machining method that can cut
virtually any kind of material into two or three-dimensional shapes provided that the
machine has the flexibility of positional movement. With abrasives added and proper
process parameters selected, an abrasive waterjet machine can cut through metallic
materials, exotic materials such as graphite, ceramic, composites and architectural
materials including marble, granite, wood, rubber, etc. Based on the formation and the
treatment of the abrasive particles, the AWJ systems are further categorized into two
types; entrainment system and slurry jet system.
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2.1.1

Entrainment system

The commercial market for A WJ systems is mainly dominated by entrainment type
abrasive waterjet [41] . Figure 2-1 shows a schematic diagram of this machining
system that includes various units such as a water preparation unit, a high pressure
generation system, a cutting head and a catcher tank. The high pressure generating
system is basically an intensifier that contains two fluid circuits, namely hydraulic
circuit (oil circuit) and working fluid circuit (water circuit).

The hydraulic circuit includes an electric motor, hydraulic pump, oil reservoir and
piston / plunger. The motor powers the pump to supply oil from the reservoir into the
cylinder of an intensifier. The working fluid circuit consists of inlet water filters,
intensifier and attenuator.
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Figure 2-1: Schematic diagram of AWJ cutting system [42]

The intensifier is a reciprocating pump with plunger assembly reciprocating back and
forth to deliver high pressure water out of the intensifier. The filtered water is pumped
to the intensifier to intensify the pressure of water up to 400MPa. High pressure water
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is delivered into an attenuator so as to avoid any pressure fluctuations caused due to
the reciprocating action of the plunger in the intensifier.

The abrasive delivery system consists of an abrasive supply tank which stores the
abrasive particles. An abrasive metering system equipped with a control valve which
is used to generate user specified abrasive flow rate. The delivery pipe transports the
abrasive particles under gravity from the metering valve to the abrasive inlet in the
cutting head. Among the various types of abrasive materials such as garnet, silicon
carbide, alumina and glass, garnet is the most widely used abrasive material for
processing of different types of materials [43].

Both the high pressure water and the abrasives particles are fed into the cutting head
where the entrainment of the particles takes place. The major components of the
cutting head are orifice, mixing chamber and focusing nozzle. The high pressure
water is converted into a high velocity waterjet after passing through the orifice, and
while passing through the mixing chamber it evacuates the air inside this chamber and
creates partial vacuum due to venturi effect or jet-pump action [44], [45]. The suction
created in the mixing chamber also aids in the suction of abrasives into the mixing
chamber along with the gravity action. The abrasive particles partly enter the waterjet
and are accelerated by the jet gradually. The coherency of water jet is lost due to its
spreading and mixing with air and abrasives. In order to generate a coherent AWl, the
partial mixture of abrasives and waterjet is directed through the focusing nozzle where
the complete mixing takes place and the abrasives are accelerated to a high velocity
resulting in the generation of a high energy abrasive waterjet. The abrasive waterjet is
moved over the work material by maneuvering either the cutting head or the work
table with CNC controls. The jet possessing energy exits through the work material.
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Hence, the jet is directed into a catcher tank filled with water to absorb the remaining
energy in the jet.

On the basis of the applications, the entrainment system can further be classified as
follows:

(a) AWJ Cutting
(b) AW J Milling
(c) Plain waterjet (PWJ) processing

At the moment most of the usage of the AWJ machining lies in the area of cutting
applications where the jet penetrates through the thickness of the material [24].
However, AWJ technology can also be employed for milling where the penetration of
the jet in the target material is controlled and the jet does not pass through the
thickness of the workpiece [46]. However, it is very difficult to perform AWJ milling
due to the complexity of the process as the jet is not a geometrically stiff tool;
therefore, the material removal becomes dependent on the dwell time and the local
material geometry and response [47]. This is particularly true when compared with
conventional milling where the final geometry of the workpiece can be decided on the
basis of the tool path of the solid cutter. Table 2-1 presents some of the major
differences between AWJ cutting and AWJ milling. There is still a lot of room for
improvement in AWJ milling. Only few studies have been reported so far focusing on
exploiting the AWJ milling process [25], [46], [48], [49], [50], [51], [52]. The focus
of the current research will be on the modelling of the AWJ milling process. Figure
2-2 shows examples of some parts generated by AWJ cutting and AWJ milling.
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Table 2-1 : Differences between AW J cutting and AW J milling

AWJ Cutting

1

AWJ Milling

The depth of cut is not controlled. The depth of cut is controlled for
The

jet

passes

through

the every pass of the jet.

workpiece thickness.

2

Lower traverse speeds of jet are Higher traverse speed of jet are
employed.

3

4

used.

Higher abrasive mass flow rate are Lower abrasive mass flow rates are
used.

used.

Higher water pressure is applied to

Selection of water pressure depends

increase the erosion rate.

on

the

target

material

being

machined.
Sometimes the abrasive inlet is kept closed and no abrasive particles are added into
the waterjet, to achieve a high energy plain waterjet (PWJ). Figure 2-3 schematic ally
shows the difference between the PWJ and AWJ. PWJ is generally employed for
cutting softllight materials (e.g. plastics, paper, food) while AWJ is usually employed
for cutting glass (e.g. stained/laminated glass), metallic sheets (e.g. Ti, AI, stainless
steel) and advanced materials (e.g. composites, ceramics) [42].

Blades cutting in Inconel

Blade cutting in composites

Steel spring
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~"''''f

Complex shape in Ti-6AI -4V

"" u..\~

Ramp milling in Ti-6AI-4V

Pockets in composites

Figure 2-2: Example of A WJ cut and AWJ milled parts at University of Nottingham
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Figure 2-3: illustration of difference between plain waterjet (PWJ) and abrasive
waterjet (A WJ) machining.

In addition, sometimes PWJ is also employed for coating removal applications [53],
[54], and to remove the embedded grit from the target surface following the AWJ
machining [55]. More recently it has been used to mill pockets in gamma titanium
aluminide superalloy by Kong et aI., [29] . Table 2-2 highlights some of the areas
where PWJ and A WJ technology are employed.
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Table 2-2: Typical applications for PWJ and AWJ technology [42].

A. Fields of demand for plain waterjet (PWJ)
1. Cutting of plastics
Engineering plastics moulding industry; parts
industry for domestic use; film industry
2. Cutting of paper, pulp
Corrugated board industry; waste recovery; paper
diaper industry
3. Cutting of fiber,
Fiber industry; sporting goods industry; apparel
fabrics
industry
4. Cutting of rubber,
Rubber industry; leather industry; synthetic leather
leather
processing; shoe industry
5. Cutting of food
Food industry; frozen food industry; confectionery
manufacture
6. Cutting of timber,
Forestry; housing industry; interior decoration
plywood
industry
7. Others
Explosive industry (cutting of solid fuel);
icebreaker (cutting floe)
B. Fields of demand for abrasive waterjet (AWJ)
1. Cutting metallic sheet: Aircraft industry; rolling stock industry;
titanium, aluminium,
automobile indus~ry; ship building industry;
stainless steel, high
mechanical engineering industry; steel frame
tensile strength steel,
products; bridge manufacturing; ferrous industry;
non-ferrous industry; manufacture of metallic
super alloy
products, etc.
2. Cutting of glass: wire
Glass industry; housing industry; interior
glass, stained glass,
decoration; advertising; medical appliances
laminated glass, etc.
manufacture
Aircraft industry; rolling stock industry;
3. Cutting advanced
automobile industry; sporting goods industry; fine
materials: composite
materials, ceramics, other ceramic industry; ceramic industry; electronic
(magnetic materials, etc.) parts industry; optical fib er industry
4. Cutting of building
material: board, light
weight concrete, etc.
5. Others

2.1.2

Construction industry; housing industry; tile
industry
Atomic power industry (cutting of spent nuclear
fuel pipe); manufacture and processing of graphite
(various kinds of graphite)

Slurry jet system

In this system, abrasive particles are pre-mixed with water to form slurry that is then
pumped and forced through a nozzle to form an abrasive slurry jet (ASJ). The main
components of this system are shown in Figure 2-4. High pressure water from the
19

Chapter 2

pump is stored in the accumulator (attenuator) for some time to stabilize the water
pressure and then fed into the pressure tank which contains the pre-mixed slurry
inside a rubber bladder. The bladder keeps the slurry isolated from the incoming
pressurized water. The pressure tank is equipped with a shaker (vibrator) which
ensures the uniform presence of the abrasive particles throughout the slurry. When the
pressurized water squeezes the rubber bladder containing the pre-mixed slurry, a high
energy AS] is formed after passing through the nozzle.

Compressed air

q

Pressure Tank

Slurry Mixture

q -+-f-

Rubber Bladder
Pressurised
slurry

Water
Water pump &
accumulator

Nozzle

Figure 2-4: Schematic illustration of slurry jet system [41]

Since in the slurry jet systems, the particles are already mixed with the water, they
achieve a higher velocity at the same water pressure compared to an entrainment
system due to their better mixing with the water. More fluid energy is transferred to
the particles and a higher energy density for the impacting particles is achieved. This
results in generating higher material removal rates compared to those achieved by the
jets produced by the entrainment system [56], [57].

AS] systems only require a single feed connection to a cutting head, i.e. no separate
grit supply is required, and they operate with reasonable effectiveness at water
pressures that can be contained by flexible hoses. This has allowed portable slurry
systems to be developed for on-site demolition and the cutting open of munitions in
remote locations [58]. Rapid starting and stopping of cutting is not required in these
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applications. AS] has also been reported to be utilized for the coating removal
applications [59]. The main disadvantage of the AS] system is the severe wear in the
pipes and nozzles; this limits the use of AS] system for few applications only.

2.2

Material removal mechanisms during A W J machining

Various studies have been reported to understand the physics of the AW] machining
process. Based on the reviewed literature, the material removal mechanisms in AW]
machining can be generally classified into two types. The first can be termed as
micro-mechanism which describes the underlying phenomenon related to material
removal by individual abrasive particles. The second type can be termed as macromechanism which refers to the kerf formation process. In this section, a brief
explanation of these material removal mechanisms is provided.

2.2.1

Particles erosion mechanisms

In AW] machining, abrasive particles impact the target surface at high velocity and

the material removal takes place due to the micro-machining action of these particles.
This means that the impact of a single solid abrasive particle is the basic event
accountable for the material removal during AW] machining. Therefore it is
important to understand the effect of the single particle impact on the target before
moving to the simultaneous multiple particles impact. Based on the target material
properties, the micro erosion mechanisms can further be categorized into ductile and
brittle erosion mechanisms.

2.2.1.1 Ductile material erosion mechanism

With regards to material erosion by micro particles impact, pioneering research was
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conducted by Finnie [60]. Figure 2-5 gives the geometrical and kinematic parameters
for Finnie's model. He derived the equations that calculate the volume removed (V M)
in the material in relation with the kinetic energy of the impacting particle and the
flow stress generated in the material. V M is defined as the volume swept out by the tip
of the particle as a result of the plastic deformation. The mathematical equations for
the volume removed by a single particle for shallow (Eq. 2.1) and large angle (Eq.
2.2) of attacks are as follows:

2

Eq.2.1

mp v ( .
6 . 2 )
VM = If'O"fk sm 2a - k"sm a

Eq.2.2

where mp is particle mass, v is particle velocity, a is attack angle (as shown in Figure
2-5), O"f is target material flow stress, k is the ratio of vertical to horizontal force, and
If' is the ratio of the depth of contact "L" to the depth of the cut Zt. However, Finnie's

model exhibits a large divergence from the experimentally generated data especially
at higher impact angles due to the simplicity of the model. Later, this model was
refined [61] by making more realistic assumptions about the interaction forces
between the particle and material surface.
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Figure 2-5 : (a) Impact of a sharp micro particle on a ductile surface at an angle of
attack a and velocity v. (b) Contact forces acting on the particle during cutting[ 60].

Bitter [62], [63] presented material removal models based on the energies involved in
the erosion process and divided the entire process into two modes; (i) cutting wear
that happens at low impact angles and (ii) deformation wear that occurs at high impact
angles. Deformation wear is in fact related to the component of particle velocity
10

the

direction perpendicular to the material surface, while the component of

particle velocity in the direction parallel to the material surface is accountable for
cutting wear. Bitter introduced the concept of threshold velocity i.e. a particle cannot
erode the workpiece if its velocity is less than a critical velocity

Vcr.

Bitter derived

separate expressions for volumes removed by deformation wear, (VD) (Eq. 2.3) and
cutting wear, (Vc) (Eq. 2.4) mechanisms and the total volume removed at any time is
the sum of both volumes (VD

+ Vc).

mp(v sin a

-Vcr)2

vsina

2Ed

vsina

Eq . 2.3

0,

Eq.2.4

mp (v 2cos 2 a -K(v sin a

-Vcr)~)

2Ec

where mp is the mass of the abrasive particle, v is the particle velocity, a is the attack
angle, a o is the impact angle at which the horizontal velocity component has just become
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zero when the particle leaves the target,

Vcr

is the critical particle velocity,

Ed

and

Ec

are

the deformation wear factor and the cutting wear factor respectively determined
experimentally, and C and K are an empirical parameter. The disadvantage of this
model is that it relies on experimentally determined parameters for a complete
application.

Later, Hutchings [64] introduced an alternative discussion based on high speed
photographs and SEM observations. He defined two modes of material removal due
to micro cutting; (i) cutting deformation and (ii) ploughing deformation and related
them to impact angle, shape and rotation of the abrasive particles (see Figure 2-6). He
found out that the ploughing deformation mode is prevailing for spherical particles
while the cutting deformation is dominant for sharp edged angular particles.

n

ploughing defonnation

-"-- ""'-

---~

~

- -------

Figure 2-6: Cutting and ploughing by solid particles at oblique impact angles [64]

Hutchings [64] further sub-divided the cutting deformation into Type-I and Type-I!
cutting deformations based on the direction of the particles rotation. For forward
rotating particles, Type-lis dominant whereas Type-I! is applicable for backward
rotating particles, as shown in Figure 2-6. Hutchings and Winter [65] also classified
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the impact of the particles according to the particles rake angles i.e. the angle between
the leading face of the particle and the normal to the target surface as shown in Figure
2-7(a). At rake angles greater than a material dependent critical rake angle,
deformation is dominated by the cutting mode i.e. the target material will flow along
the particle inclined face and a piled up lip is formed above the surface (Figure
2-7(b)) . Alternatively, if the rake angle is more negative than this critical angle, the
ploughing deformation dominates, and the particle slides over the surface of the target
causing shear in it along the direction of the travel. In this case, lip formation occurs
both on the sides and front (towards the direction of impact) of the formed crater
(Figure 2-7(c)).
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Figure 2-7: Effect of particle rake angle on tar·get deformation [65]

Several researchers [29,30] have observed the SEM images of AWJ machined ductile
materials and detected the separated wear tracks generated by single abrasive grains.
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Figure 2-8: Type-I cutting observed in AWl milling.

The eroded tracks fall under the categories of Type-I and Type-II cutting. The widths
of these tracks/paths vary due to the particle size distribution of the abrasives used.
Figure 2-8 shows an example of Type-l cut observed during AWl milling of a shape
memory alloy observed in a SEM.

2.2.1.2 Brittle material erosion mechanism

A number of studies have been reported on the failure of brittle materials, and most of

them agree that the erosion in these materials occurs by a cracking process [68], [69],
[70], [71] . Zeng and Kim [72] classified the erosion mechanisms for brittle materials

found in the literature into six categories; (1) conical, radial and lateral crack systems;
(2) intergranular cracking; (3) ring fracture; (4) micro-chipping; (5) plastic
deformation and melting; and (6) mixed damage. They claimed that among these
mechanisms, the conical, radial and lateral crack systems are the most commonly
observed impact damage mechanisms in brittle materials. Plastic deformation has also
been observed during the impact of angular and spherical particles on brittle materials
and contributes to the process of crack formation and surface chipping [73]. Figure
2-9(a) shows the general appearance of failure in brittle materials where a central
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plastic impression zone is surrounded by a combination of median, radial and lateral
cracks. Figure 2-9(b) shows how small cracks interact to form a network which grows
further as the stress waves propagates through the material and eventually erosion
fragments are created [71] .
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Figure 2-9: Failure modes in brittle materials; (b) scratching and network cracking
[72] (a) schematic view of radial, median and lateral cracks induced by a sliding
micro indenter [74] .

In the case of single/multiple particles impact situations such as in A WJ machining,
the suggested major cause of material removal in brittle materials is the lateral crack
mechanism [70].

2.2.2

Kerf generation process

In early investigations, Hashish [75], [76] commented that the surface of the cutting
front generated by the jet has two distinct zones - the upper smooth zone which is at
the entry of the jet flow and the lower striation zone which is at the exit of the jet flow
as shown in Figure 2-1O(a). The material at the upper smooth zone is actively
removed by the cutting wear mechanism due to the shallow impact angle of the
abrasive particles while that at the lower part striation zone is dominantly removed by
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the deformation wear mechanism due to the high impact angle. This is schematically
expressed in Figure 2-1O(b) and it is also in accordance with the Bitter's theory [62],
[63]. Along the depth of cut, the jet loses energy owing to the jet-material interaction
and mutual particle impacts [77]. This is the reason that the surface quality of the
upper region is always better than that of the lower region. The degree of striation can
be controlled by a reduction of the jet traverse speed across the target but it would
cause a change in the cutting width and kerf taper angle.
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Figure 2-10: Visualization of kef generation process; (a) representation of different
regimes of material removal [78], (b) schematic zoomed-in view of individual
particles impact during kerf generation [76].

Arola and Ramulu [32] presented an alternative three zone model for the kerf
generation based on an experimental study of a GraphitelEpoxy composite. The
surface being cut is divided to three zones along the jet penetration direction; an initial
damage region (IDR) at the jet entrance, a smooth cutting region (SCR), and a rough
cutting region (RCR) near the jet exit. A SEM photograph of these three regions on an
A WJ machined Ti-6AI-4 V alloy is shown Figure 2-11.
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Figure 2-11: Typical AWJ-machined kerf cutting front wall.

The IDR is generated at the top of the kerf as a result of the impact of the abrasive
particles at much higher attack angles and higher energy compared to the remaining
of the cutting depth [79]. The cutting mechanism of material removal is a plastic
deformation due to the almost perpendicular impacting particles [80] . It was
pointed out that the depth and width of the IDR mainly depend on the standoff
distance [32] . The surface waviness patterns differentiate between the SCR and RCR.
SCR is characterized by very low waviness, minimal surface roughness and limited
damage phenomena. Jet pressure, particle size and traverse speed are the dominant
parameters that affect the depth of SCR. The beginning of the waviness patterns often
termed as striation marks indicates the start of the RCR on the kerf surface. As the jet
penetrates into the surface, the length of the path of the single abrasive particles in the
workpiece decreases and the randomness of the path orientation of particles increases
[68] . This is due to the fact that when the jet moves across the workpiece, the kinetic
energy of the particles decreases as the depth of the cut increases. As a result, the
RCR with high waviness and striation marks is generated and the exit point of the jet
plume lags behind the entrance point and the top kerf width is more than the bottom
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kerf width [81]. This lag affects the level of contour accuracy and causes waviness
(striations) on the cutting front wall. A typical kerf geometry is schematically
expressed in Figure 2-12 . Usually, a large scale of waviness can be observed when
cutting with low pressures, small particles and high traverse speeds [82] .
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Figure 2-12: lllustration of a kerf geometry cut by AWJ [32].

In A WJ milling, material is always removed with smaller depth of the cuts in order to
control the geometry of the workpiece, and the cutting front is expected to remains
within IDR to SCR.

Besides the abrasive particles, the water droplets have also been reported to assist the
erosion during A WJ machining at certain process parameters, primarily at very low
traverse speeds where the target exposure time to jet is very high. The high Reynolds
numbers reported by Wu and Kim [83] at the nozzle exit indicated the occurrence of
jet turbulence and the total atomization of the jet into water droplets. When these
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water droplets continuously hit the surface, they produce plastic deformation and
cracks in the workpiece surface as shown in Figure 2-13 [29].
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Figure 2-13: Deformation and crack produced in y- TiAl by PWJ impact [29]

Moreover, when the water droplets enter into the cracks and pits generated by
abrasive particles impacts, high stresses are exerted on the crack walls. When the
intensity of these stresses exceeds the material fracture toughness, the crack grows .
Subsequently the intersection of several such cracks leads to microscopic material
removal [84], [85], [86]. However the capability of the water to erode the target
material is far less than the abrasive particles. Furthermore, at the milling parameters
i.e. at high traverse speeds used in the current study, water will not be able to erode
the target material.

2.3

Influence of process parameters on process performance

In order to build models for A WJ milling, the effects of process parameters on the
target surface need to be understood. Many studies have been reported to explore the
influence of process parameters on the output parameters such as depth of cut, surface
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roughness and waviness, material erosion rate, and kerf width and taper. According to
Momber and Kovacevic [12], the process parameters affecting the AWl performance
include the following:

1

Hydraulic parameters

4

Abrasive parameters

Water pressure

Abrasive mass flow rate

Orifice diameter

Abrasive particle size distribution
Abrasive particles shape

2

Mixing and acceleration
parameters
Focusing Nozzle diameter
Nozzle length

Abrasive particle hardness

5

Target material properties
Flow strength
Elastics Modulus

3

Cutting parameters

Hardness

Traverse speed
Stand-off distance
Impact angle

Although the AWl process is influenced by several process parameters as listed
above, a detailed discussion on some the crucial parameters is given below.

2.3.1

Water pressure (P)

Several research studies show that the depth of cut generally increases linearly with
an increase in the water pressure for a certain range [87], [88], [89]. It has been
reported that there exists a critical pressure below which no material removal takes
place, and this critical pressure depends only on the material properties [89], [90].
Kovacevic [91] claimed that increasing the water pressure is one of the most effective
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ways of increasing the cutting ability of ~e jet. It is known from Bernoulli' s equation
(see Eq. 2.5) that increasing the water pressure will result in an increase in the

velocity of the wateIjet (Vw) passing through the orifice. This in turn increases the
velocity of the abrasive particles when they are mixed with the wateIjet in the mixing
chamber, i.e. higher water pressure results in higher energy particles to generate a
deeper cut.

Eq.2.5

An approximately linear relationship between the depth of cut and water pressure
exits until a certain water pressure value is reached [92]. This is because of the
increased fragmentation of the particles as the water pressure increases. The
consequent decrease in the size of the abrasive particles and increased particles
collisions adversely affect the particles acceleration process, and hence reducing the
depth of the cut in the target. During AWl milling, the water pressure needs to be
selected in combination with other factors such as abrasive mass flow rate, traverse
speed of the jet, etc.

2.3.2 Abrasive particles size and shape

The particle size is directly related to the material removal rate and depth of cut. The
larger the size of the particle, the more the depth of cut and erosion rate will be, and
this effect is more pronounced at lower traverse speeds [25], [93]. This is attributed to
the fact that bigger particles have more inertia and at lower traverse speed they will
have more time to interact and erode the surface. However, it should be noted that for
a given focusing nozzle size, the larger the abrasive particles size, the smaller the
number of particles that will pass in a given time, hence reducing the particles impact
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density/frequency which will result in reducing the depth of cut and increased surface
roughness and waviness [50], [93]. Moreover, with an increase in abrasive particles
size, the particles acceleration process becomes less efficient for the same length of
focusing nozzle, resulting in reduced kinetic energy of the abrasive particles [94].
Therefore, a balance between the abrasive particles kinetic energy and the impact
frequency is required [12]. The shape of the abrasive particle also has a significant
influence on the erosion rate. The sharp edged angular particles (e.g. garnet) produces
higher erosion rate in ductile materials (e.g. Ti-6Al-4V), as compared to rounded and
spherical particles for the same velocity of impact [95]. This is due to the fact that
sharp edge particles make point contacts with the target surface upon impact which
results in generating much higher stresses as compared to the impact by rounded
particles. Also, sharp particles support the micro cutting material removal mechanism
in ductile materials which results in higher erosion rates as compared to ploughing
mechanism from spherical particles, as discussed in refs. [64], [96] and [97].

In the current study, an angular shape abrasive garnet mesh 80 (average particle size

0.18mm) will be used based on the fact that it has been reported to give high material
removal rate in most ductile materials with relatively less wear in the focusing nozzle
[31], [98].

2.3.3

Abrasive mass flow rate (nia)

It has been reported tha,t the depth of the cut and material removal rate increase
significantly by increasing the abrasive flow rate, and at the same time and enhanced
surface finish is obtained [50]. This is attributed to the fact that increasing the
abrasive mass flow rate increases the number of particles striking the target per unit
area. However, this is only true up to a critical mass flow rate of abrasives at a given
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water pressure because increasing the abrasive mass flow rate further will increase the
particles collision and turbulence in the AWl, thus leading to a lower material
removal rate [99], [lOO], [101]. Furthermore, limited kinetic energy from the water
will be available to accelerate more particles, leading to a decrease in the kinetic
energy acquired by single particles [12]. This is the reason why the cutting
performance, e.g. material removal rate or depth of cut, does not increase linearly
with the abrasive mass flow rate.

In the current study, since AWl milling is under focus, a low abrasive mass flow rate

will be used in order to achieve a smaller depth of cut. A low depth of cut can also be
achieved by using a higher traverse speed of the jet, but it will result in surface
irregularities. Therefore, a suitable combination of both will be selected.

2.3.4

Nozzle and orifice diameter

The material removal rate is found to increase with an increase in water pressure for
different combinations of orifices and focusing nozzles. This trend was found to be
predominant with smaller orifice diameters (0.25 mm and 0.30 mm) and less
prominent with larger orifices (0.40 mm) due to the reduction of jet velocity with an
increase in the orifice diameter [20], [102]. Slight variations in the orifice diameter
reduce the depth of cut drastically at higher water pressures due to reduction in the
velocity of the jet [101], [103]. For a given orifice size and water pressure, the depth
of cut and material removal rate are increased up to a certain value of the focusing
nozzle diameter and then decrease with further increase in the nozzle diameter; this is
more prominent at higher water pressures (see Figure 2-14) [20].
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Figure 2-14: Variation of material removal rate with different sizes of orifice ((a) 0.25
mm; (b) 0.30 mm; and (c) 0.40 mm) and focusing nozzle at different waterjet pressure
and abrasive flow rate (i) P=100 MPa and (ii) P=250 MPa [20]

It is due to the fact that focusing nozzle Size influences the jet coherence thus
affecting the hydraulic power density on the work material [102]. A certain optimum
size of the focusing nozzle is required to maximize the velocity of the abrasive
particles during the mixing and momentum transfer process with water along the
length of the nozzle. However, a smaller nozzle diameter will produce more collision
(abrasive fragmentation) and friction that will cause an ineffective mixing and
acceleration process [12] . The ratio of the focusing nozzle diameter to the orifice
diameter of 3 to 4.5, results in maximum material removal rate [20].

In the current study, the diameters of the orifice and the nozzle will be kept at 0.28mm
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and 1.02mm respectively i.e. maintaining a ratio of 3.6 throughout this study. It has
also been reported that the focusing nozzle undergoes wear during AWJ machining
due to the high flow of water and abrasive through it [31]. This means that the depth
of cut will be affected during the course of the process due to nozzle wear especially
for jobs with longer machining time. However, this factor will not affect the
experiments in the current study because of their shorter duration.

2.3.5

Effect of the jet traverse speed (Vc)

Traverse speed (V f) is the traveling speed of the jet above the target. Traverse speed is
one of the most crucial process variables that controls the exposure time of the target
material to the AWJ plume. The exposure time is the period over which the cross
sectional area of the jet acts on the workpiece. For a given water pressure and abrasive
mass flow rate, the depth of cut and material removal rate decrease by increasing the
traverse rate of the jet. This is due to the fact that the number of the particles
impacting on the target per unit area reduces by increasing the traverse speed, yielding
a reduction in the kinetic energy transferred to the workpiece [12]. Traverse speed
also influences the quality of the milled surface by affecting the surface roughness
and waviness [17]. At higher jet traverse speeds, a kerf with a high surface roughness
is generated due to less overlapping impacts of the abrasive particles. Surface
waviness increases with decrease in traverse rate due to the reason that a higher depth
of cut is generated at lower traverse speed and the jet is channeled along the already
cut slot which produces directional morphology and increased surface waviness. In
the case of high traverse speed, since the depth of cut is much smaller , the jet
channeling is not produced, as explained in Figure 2-15 [93].

During A WJ milling, high traverse speeds are employed to obtain shallow depth of
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cuts, m order to control the geometry of the workpiece [25], [46], [90], [95].
However, no general value can be given because of the fact that different penetration
depths could be reached in different materials for the same traverse speed.
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Figure 2-15: Schematic representation of flow pattern in A WJ milling at 90° incidence
(a) Jet channeling at low traverse rate (b) No jet channeling at high traverse speed
[93] .

2.3.6

Effect of stand-off distance (SOD)

The SOD is the normal distance between the workpiece and the nozzle exit. It has
been reported that the velocity of the abrasive particles is not significantly influenced
by changing the SOD [104] . This means that the energy of the jet remains almost
unchanged by changing the SOD. The variation in the depth and width of the eroded
footprint by changing the SOD is attributable to the widening and divergence in the
diameter of the A WJ plume and subsequent change in the exposed area on the target.
When the SOD is increased, the width of the jet footprint increases while the depth of
cut decreases because the density of the energy transmitted to the target surface
decreases [18], [48], [105]. This process of jet widening and resulting lower impact
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density of the particles is shown in Figure 2-16. It should be noted that when the
divergence in A WJ plume increases, more loose abrasive particles are present at the
boundary of the jet which will result in difficulty in controlling the width of the cut.
This is undesirable for A WJ milling applications where controlling the geometry of
the workpiece is of primary importance. It has been reported that varying the SOD
between 2 mm to 5 mm does have a significant effect on the process outcomes and the
width of the cut also remains under control [106]. The standoff distance used in the
current study is 3 mm for all the tests.
Z
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d

Figure 2-16: Increasing jet divergence with stand-off distance [18].

It can be seen from the above discussion that A WJ milling is quite complex in view of

several process parameters, such as hydraulic, abrasive, mixing and cutting
parameters , influencing the performance of the process . Therefore, the development
of appropriate models for studying the effects of the desired variables on the process
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outcomes is important.

2.4

Modelling of A W J

Unlike conventional machining where a hard cutting tool is used, a soft tool, i.e. an
abrasive waterjet plume, is employed in the AWJ machining, whose ability to
machine depends on various process parameters (e.g. water pressure and mass flow of
the abrasives) [12]. A unique kerf (footprint) is generated when the jet plume impacts
the target surface that not only depends on the jet plume energy but also on the
kinematic parameters (e.g. jet traverse speed and tilt angle) and the properties of the
target material (e.g. hardness) [18], [50]. The profile of a single jet footprint
represents the actual cutting edge of the jet plume at any given process parameters. As
the required geometry can be achieved by successive positioning of this profile
(footprint), it is of crucial importance to model the cross sectional profile (footprint)
against the target workpiece material. This is of critical importance when employing
AWJ milling for the generation of complex geometry surfaces [107]. To address this
requirement, various modelling approaches of the jet footprint have been considered.
Models of jet footprint/particles impact have been developed by using both the finite
element (FE) and analytical techniques. In the following sections, reviews of the state
of the art of FE and analytical modelling of AWJ footprints are presented.

2.4.1

Finite element (FE) modelling

Finite element modelling has been successfully applied in numerous fields. FE models
allow studying the physical process in a more controlled manner and the effects of
desired variables (e.g. particles size, shape, impact velocity) on the erosion can be
determined. Since in AWJ milling, the material removal is mainly caused by the
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impact of a multitude of abrasive particles at ultra-high velocities, the FE models
reported for the erosion from single/multiple particles impact are also reviewed.

Shimizu et al. [108], [109] studied the erosion of structural mild steel (SS400) and
ferritic spherical-graphite cast iron (FDI) due to the blasting of steel shot both
experimentally and through FE simulation. A 2D formulation was used in the FE
model with no failure criterion defined and the dynamics inertial forces and friction
were neglected. The experimental craters that were generated by impact of spherical
steel shots were generated in the FE simulation by assigning displacement forces on
static particles. This approach leads to increased deviations between the experimental
and simulation conditions in which the indentation is produced.

Takaffoli and Papini [110] presented a rhombic shape rigid single particle erosion
model in oxygen-free high-conductivity copper (OHFC ClOlOO). For plasticity, the
lohnson and Cook [111] material model was used, and to simulate the failure in the
target material a failure plastic strain was defined. However, they simplified the
erosion problem by using a 2D configuration in the FE model. This results in
neglecting the effect of the third component of strain on the strain hardening and
fracture strain and also the multi-particles' erosion effect is difficult to model by this
approach.

Eltobgy et al. [112] developed a 3D FE model of erosion for multiple rigid spherical
particles impact at a single location and incorporated lohnson-Cook (1C) plasticity
[111] and IC failure [113] criteria to simulate material removal during the erosion
process. The results for the erosion rate were compared only with previously existing
analytical models and no comparisons were made against experimental results.
Comparing the results with the analytical models can have some drawbacks because
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analytical models have their own limitations as well.

Griffin et al. [114] built a 3D FE model of five rigid particle impact on an alumina
scale formed on MA956 substrate; a tensile failure criterion was used for simulating
the failure of brittle alumina coating. When the pressure stress reaches the tensile
strength of the alumina material, the corresponding elements were removed from the
model.

Wang and Yang [115] developed FE eroSIOn models for both ductile and brittle
materials by using multiple (100) rigid particles impact in groups of 10, each group
impacting at the target center area at random locations. JC plasticity and failure
criteria were employed along with Gruneisen equation of state for modelling ductile
material response during high velocity impact.

Some FE models of single/multiple particles workpiece interaction during AWJ
machining have been reported (discussed below). However, up to now, no evidence
exists in open literature regarding capturing the profile of a single particle impact
during AWJ machining for validating the FE models, and also no attempt has been
recorded for FE modelling of the AWJ milling process.

Hassan and Kosmol [116] presented a dynamic elastic-plastic FE analysis of an
abrasive particle impact during AWJ machining with garnet for analyzing the particle
and the workpiece interaction during the impact. The experimental data used for
validating the FE results were the depths of the craters which were extracted from the
AWJ machined surface by scanning them with a stylus. However, this approach could
be quite misleading due to the fact that during AWJ machining several particles make
overlapping impacts on the target surface. It is difficult to tell whether the extracted
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depth is a result of a single or multiple particles impacts. This effect will become
more pronounced at lower jet traverse speed and higher mass flow rates, which were
not discussed by the authors. Furthermore, the velocity of the impacting particle used
in the FE model for simulating the effect of the pressure during AWJ machining was
not revealed.

Another single rigid spherical particle impact model on alumina ceramic during AWJ
machining was reported by Gudimetla and Yarlagadda [117]. This model uses the
fixed mass scaling technique for reducing the computational time by assigning fixed
masses to more deformed or distorted elements. However, in the case of highly
dynamic impact events, it is recommended not to use mass scaling to avoid changes in
the natural inertia of the system [118].

Junkar et al. [119] also developed a FE model of a single rigid particle impact in AWJ
machining to study the influences of the particle impact angle and velocity. For
validating the FE model, the study focuses only on the top view (sphericity) of the
craters i.e. the roundness of the simulated craters was compared to the corresponding
experimental ones. However, the top view alone is not sufficient to validate the FE
simulation results because it does not provide enough information about the depth of
the crater produced which is a very important parameter in controlled-depth AWJ
cutting (i.e. milling) to supply crucial information for understanding the effect of the
particle impact upon the target surface. Furthermore, the theoretic all y estimated
velocities (180mls-220mls) of the impacting particles used in the FE model [119] are
quite low when compared to the reported experimental values (400mls-700mls) in the
literature [120], [121], [122]. This will result in differences in the kinetic energy of
the impacting particles between the FE model and experimental results.
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Maniadaki et al. [123] and Kumar et al. [124] extended the work of Junkar et al [ll9]
from a single particle impact model to 20 particles impact. Once again, all the
particles were considered rigid with spherical shapes and the impacting velocities
were in the range 180mls-220mls. Conclusions were drawn based on the fact that all
the impacting particles of same size impinged the target surface on the same spot.
However, this does not match the real-life AWJ conditions where the impacting
particles have different sizes and they are impacted on random locations on the target.
Moreover, no comparisons were made with the experimental data apart from the
crater sphericity results adopted from Junkar et al. [119]. Only one size (100 !-lm) was
assigned to the particles, whereas in reality garnet particles consist of a size
distribution.

One of the common shortcomings in most of the FE models [108], [110], [112], [114],
[ll5], [ll7], [ll9], [123], [124] discussed above is that they have used a rigid particle
approach for modelling the impacting particles. However, in real-life impact, a
significant amount of energy is absorbed by the impacting particles though their own
deformation and fracture even at lower impacting velocities, as demonstrated by
[125], [126]. It is therefore not accurate to use a rigid particle approach at ultra-high
velocity impact, because the particles in the model will transfer significantly more
energy to the target than in reality, resulting in over-erosion of the target.

In relation to the approaches in which the FE models are validated [ll7], [119], [123],
[124] using real abrasive particles (e.g. garnet) during experiments, it has been
demonstrated [16] that significant abrasive particles fragmentation takes place during
their entrainment in the cutting head. This phenomenon is more prominent in the case
of abrasives (of a ceramic nature, e.g. garnet) which display brittle behaviour and are
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irregularly shaped. When such abrasives (garnet) particles strike the surface of the
workpiece during AWJ machining, it is not possible to tell (while performing surface
examinations) which crater is produced by which size (fragmented) particle.
Consequently, it will become difficult to correctly select indentation marks (i.e.
craters) of the impacting particles to enable the validation of the FE model. The size
of the impacting spherical particle use in FE models [117] was assumed to be the
average particle size (ISO [!m) of the fresh garnet abrasive (mesh SO) used during the
experiments. However, it is also reported that the average particle size for garnet
(mesh SO) is reduced by 35% after passing through the nozzle [16]. This difference in
size will have a huge influence (2 to 3 times) on the mass and hence the kinetic
energy of the impacting particles, given that during high velocity impact, the
deformations of the projectile and the target are dominated by inertia [127].

In previous studies [117], [119], garnet particles (mesh no. SO, average particle size
lS0[!m) have been used during the experimentations, which are known to have
irregular shapes and sharp cutting edges while the shape of the particles used in the
FE models was spherical. This difference significantly increases the deviation
between the experimental and simulation conditions of impact. For example, the
deformation mechanism will change from cutting (experimental) from sharp particle
impact to ploughing (simulation) from spherical particle impact as explained by
Hutchings [64], i.e. important tearing phenomena will be suppressed. Furthermore, it
has been explained in ref. [12S] that there is a difference of more than 2 times in the
erosion rate or the depth of cut for a single particle impact from a sharp particle and a
spherical particle at same velocity of impact. All these factors magnify the differences
between the experimental and simulated conditions of impact and adversely affect the
accuracy of the FE models.
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Apart from single/multiple particles impact models of AWl, some efforts have been
recorded for modelling the complete AWl machining process. Wenjun et al. [129]
presented a FE model for AWl penetration in the workpiece by modelling abrasive
particles and water as a pre-defined mixture in an Eulerian FE mesh, i.e. each element
in the mesh is assigned two materials (water and abrasives). However, this approach
completely neglects the particles shape effect which is crucial in problems where
erosion is a result of mUltiple particles impact [130]. In addition, by considering the
abrasive particles as a portion of individual elements in the mesh, the authors have
also ignored the size effect of the abrasive particles. Furthermore, the abrasive
particles are assigned an equation of state (EOS) material properties without failure
which assumes that they will undergo deformation indefinitely as the impact load will
increase. In contrast, brittle materials like garnet fracture upon impact with little or no
plastic deformation. No information has been provided regarding the impact velocity
of the water and abrasive particles.

Another AWl machining FE model is presented by Jianming, et al. [131]. This model
uses a smoothed particles hydrodynamics (SPH) approach to model the abrasive
particles as spherical balls equivalent to the average diameter of the fresh abrasive, i.e.
before fragmentation. Only one size is used for the abrasive particles, whereas in
reality they have a size distribution which also influences the depth of the cut [16],
[95]. This approach also models the garnet abrasive particles as spherical balls which
will suppress the cutting action of the garnet particles which they possess in reality
and will change the resulting erosion rate [130].

The key modelling parameters in the above discussed FE models are summarized in
Table 2-3. The red colored text shows the discrepancies in the each model.
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Table 2-3 : Summary of FE modelling parameters used in different studies

Application
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FEM
package
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Modelling ~arameters
Formulation Geometry of Number
used
of
impacting
particles
particle

Shot
peemng
Impact
eroslOn
Impact
erosion
Scale
removal
AWl
machining
AWl
machining
AWl
machining
AWl
machining
AWl
machining

MARC

2D, static

Spherical

LS-DYNA

2D, dynamic
lagrangian
3D, dynamic
lagrangian
3D, dynamic
lagrangian
3D, dynamic
lagrangian
3D, dynamic
lagrangian
3D, dynamic
lagrangian
3D, dynamic
eulerian
3D, dynamic
SPH

Rhombic

Research studies

Shimizu [108], [109]
Takaffoli [110]
Eltobgy et aI. [112]
Griffin et al. [114]
Gudimetla [117]
lunkar et aI. , [119]
Ref. [123] [124]
Wenjun et aI. [129]
lianming, et aI. , [131]

ABAQUS
ABAQUS
ABAQUS
LS-DYNA
LS-DYNA
LS-DYNA
LS-DYNA

Particle
size (flm)

660

Particle
material
model

Velocity
of
impact
(m/s)

Rigid

145

Rigid

46-81

Spherical

4

300-600

Rigid

40-100

Spherical

5

10

Rigid

100

Spherical

1

180

Rigid

500-700

100

Rigid

180-220

100

Rigid

180-220

Spherical
Spherical
No shapes
assigned
Spherical

20

EOS
180

Rigid
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2.4.2

Analytical modelling

In terms of analytical modelling of the erosion from impacting particles, pioneering

research was conducted by Finnie [60] where models of single particle impact in
ductile materials were presented. Later, Bitter [62] developed an erosion model which
simultaneously included both deformation and cutting actions of the impacting
particles. Momber and Kovacevic [132] proposed a model that enables the estimation
of the energy absorption from A WJ impingement on a target as a function of the
erosion depth. Zeng and Kim [72] presented a model for calculating the volume
removed in polycrystalline ceramics in abrasive waterjet cutting. The major drawback
in the analytical models is that they require experimentally determined constants
which in turn depend on target material properties and the equipment (e.g. cutting
head geometry) being used. Hashish [133] presented an erosion model which did not
require any experimental constants; the model only worked for shallow cutting angles.
Moreover, these models are aimed at calculating the volume removed, erosion rate or
depth of cut in the target material and are unable to predict the jet footprint which is
the key parameter for controlling the AWJ milling.

Although some methods of predicting machined surfaces/profiles in abrasive waterjet
technology have been proposed, they are limited to: (i) statistical approaches such as
interpolation, regression analysis (e.g. [52]) with their inherent disadvantages of being
valid only within the intervals where the operating parameters have been varied; (ii)
artificial intelligence approaches such as genetic algorithms, genetic programming
(e.g. [134], [135]) that require a great deal of raw data for model construction; (Hi)
computationally expensive graphical models to simulate the kerf surface [136]; (iv)
model to simulate the jet cutting front by using cellular automata approach which is

48

Chapter 2
based on defining a special set of rules which depends on the target material strength
and AWl intensity [137]. Moreover, most of these models are actually related to a
larger jet penetration i.e. not a shallow milled surface.

However, there is another set of approaches for predicting footprint profiles; those
based on geometric modelling. Since these approaches are closer to the analytical
modelling work in the current research, they are discussed in more detail. The
advantage of such models is their relationship to the physical process of material
removal and their ability to predict the jet footprint whenever the initial conditions are
known. Some attempts at theoretical modelling of footprints of air powder-blasted jets
have been reported, but they were limited to either stationary jets [138], [139], [140]
or moving above a mask at a constant distance between the work surface and the jet
[141]. In the latter approach, a mask of harder material is positioned between the jet
and the component and the jet is directed to machine the surface of the component
through the openings in the mask. A mask is provided to define the area to be worked
whilst covering and protecting the adjacent areas of the component. However, the use
of masks incurs extra resources (e.g. manufacture of the mask and setup time) and
other problems such as secondary strike and limitation on the ability of the jet to
generate 3D or freeform surfaces by using tilted jets in the vicinity of the masks.
Furthermore, the solutions of these models cannot be directly adapted to AWl
machining due to the difference in fluid mechanics of the jet as well as the jet energy
(governed by the pressure of the accelerating fluid).

More recent work by Burzynski and Papini [142] using the level set method was able
to predict the surface profile of poly-methyl-methacrylate (PMMA) channels
machined by a microblaster at incidence angles of 90°,60° and 30° with several
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passes. However, in this model the projection of the tilting angles are parallel to the
trajectory of the travelling paths. The predicted surface profiles were closer to the
measured ones than those predicted by traditional analytical and computer models.
However, the execution times (about 16-150 min on a 2.6 GHz Intel CPU with 4MB
of RAM) were considered not to be fast enough to enable efficient control of the jet
paths on CNC machines. In addition, the reported model cannot provide information
on the trajectory of the travelling path with an angle to the projection of the tilting jet.
In fact, a report [18] has showed that the shapes of the surface profiles are changed

with the projection of the tilting angles perpendicular to the trajectory of the paths.
Despite a later work of Burzynski and Papini [14] which considered tilting angles and
travelling straight, blastering is still a two-phase flow process that cannot be
compared with the three-phase flow AWJ process. Furthermore, for milling complex
features, different strategies of straight paths against angles may be required to
optimise the geometrical accuracy of the final AWJ milled surfaces.
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2.5

Summary of the literature

In this chapter, a comprehensive literature review of the relevant research and

development in AWJ technology is presented. It can be observed that there is a wide
range of research within this area, including fundamental studies on the AWJ
machining process to improve process understanding, parametric studies to optimize
the process performance and development of predictive models for erosion rate, depth
of cut and kerf profiles.

In the beginning of the chapter, a brief overview is provided on how the AWJ

technology works and on its major types (entrainment and slurry jets). This is
followed by the principle of material removal in AWJ machining which further
divided into micro mechanisms, i.e. single particle erosion, and macro mechanism, i.e.
kerf generation.

A detailed review is presented on the effect of process variables on the AWJ
performance. It is highlighted that there are a number of process parameters (e.g.
water pressure, jet traverse speed, abrasive mass flow rate, etc) that affect the
performance of the AWJ process, which makes it difficult to control the amount of
material to be removed. The review indicates that a complex relationship exists
among the process parameters, for example the erosion rate increases by increasing
the abrasive mass flow rate up to a certain limit, but it starts declining with further
increase. Moreover, this limiting abrasive flow rate is also dependent on the other
process variables such as the focusing nozzle diameter and water pressure. This also
indicates the necessity of appropriate AWJ model that can study the exclusive effect
of the desired variable on the process outcome. Another main difficulty of the AWJ
process in terms of machined parts is that the process relies on a soft tool, i.e. the jet
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plume, which does not possess a fixed geometry, unlike conventional machining
where the cutter is a hard tool. In particular, when employing the jet plume as a
milling "tool", the capability of the AWJ technology for accurate controlled-depth
cutting and the development of freeform surfaces are still the main challenges that this
technology is facing today.

In addition, the process itself is subject to some degree of fluctuation/variation in

characteristics such as pressure and abrasive mass flow over the machining time. This
is a particular issue for controlled-depth AWJ cutting (milling), since a small variation
in the footprint per unit time leads to different cut penetrations along the travelling
path or an unevenly milled surface. Therefore, controlling the geometry of the
footprint is of paramount importance in generating desirable geometries, particularly
for freeform surfaces. In other words, predictive models for surface profiles are of
critical importance in overcoming these challenges.

Several modelling approaches for simulating the surface profiles in AWJ machining
have been reviewed and their limitations are discussed. From the FE modelling point
of view, the existing models are mostly limited to single or few multiple particles
impact and are unable to predict the complete jet footprints in AWJ milling
applications. Moreover, there are various drawbacks in the modelling and validation
approaches of these models such as usage of a rigid particle approach, wrong particle
size and shape estimations. There is still a need for a FE model that can incorporate
more realistic experimental conditions and be able to simulate the complete the AWJ
milled footprints.

Regarding the analytical modelling of AWJ machining, several models have been
reported, which are usually related to cutting applications, i.e. deeper penetrations of
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jet. Although some geometrical nature models exist that can be used for predicting
shallow footprints in a masked target only, they have been developed for blastering
processes and the solutions cannot be adapted for predicting AWJ footprints.
Furthermore, these models cannot be used for real time prediction of jet footprints due
to their higher computational times. There is still a requirement to develop a fast
running geometrical model that can predict the footprints for abrasive waterjetting
conditions.

2.6

Main research challenges

From the extensive literature review, it is possible to see that there is a requirement
for developing appropriate models to predict the footprints generated during AWJ
milling. Although some models exist for simulating eroded footprints, they are limited
either in terms of their relevance to AWJ machining conditions or the modelling
approaches selected. In order to bridge these gaps, the following research challenges
are addressed in the current study.

2.6.1

•

FE modelling challenges

The impacting particles will be modeled as elastic-plastic along with the failure
properties included in the material definition to consider the damage response of
the particles as it exist in reality. This aspect is rarely addressed in the literature
while modelling the impact of the particles against a target.

•

Abrasive particles will be modeled with various sharp shapes rather than
considering them as spherical. This takes into account the significant effect of the
shape of the particle during the impact and realizes the substantial differences
between the deformation phenomenon active in the target material for the
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spherical and sharp shaped particles.

•

Considering the critical importance of the inertial affects during the impact
problem, it will be attempted to consider the sizes of the impacting particles as
close to the reality as possible. This will be accomplished by selecting the sizes of
the garnet particles after the fragmentation process from the focussing nozzle,
instead of assuming a single size for all the particles as normally observed in the
literature review.

•

After considering the above listed challenges, methods will be devised for the
followings: (i) taking into account the effect of mass flow rate of the particles; (ii)
considering the effect of the traverse speed of the jet; (iii) using a Gaussian
distribution of the particles in the jet plume; (iv) including multiple passes of the
jet, i.e. thousands of impacting particles in the FE model to simulate the
overlapping trenches without becoming extremely computationally expensive. It
should be noted that the points (i) to (iv) have not been addressed before in the
reported FE models.

2.6.2

Mathematical modelling challenges

A generic mathematical model will be developed with the benefit of simplicity of
having fewer variables for predicting maskless waterjetted footprints for arbitrarily
moving jet-paths, i.e. going one step further compared to existing models which
consider either stationary or up to straight moving jets only. The model will take into
account the effects of the nozzle tilt angle and arbitrarily moving jet paths as well.

As mentioned earlier, the AWJ process is a highly capable technology, but most of its
current usage is limited in the area of through cutting applications. This is due to the
lack of accurate and reliable models for AWJ milling applications. This research
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addresses the scientific challenges to develop FE and geometrical models such that
the AWJ milled footprints can be simulated with good accuracy and reliability. The
current study attempts to model the AWJ milling process by considering most of the
real life conditions.
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Chapter 3 Methodology
This chapter describes the experimental equipment, materials, measurement
techniques and procedures used in the current study. The procedures for the finite
element (FE) modelling and the analytical modelling are also described. The
experimental parameters used for generating the model validation data are also
discussed.

3.1

Abrasive Waterjet Apparatus

All the machining work for the current research was conducted on an Ormond fiveaxis entrainment type abrasive waterjet system at the University of Nottingham.
Figure 3-1 shows the images of the Ormond CNC controlled five-axis waterjet
machine which consists of the following main sub-systems: (i) CNC controlled (Fagor
8055) five-axis manipulator; (ii) KMT streamline SL-VlOOD ultra-high pressure
pump; (iii) an analogue controlled abrasive flow metering system (FeedLine IV); (iv)
catcher tank filled with water to absorb the jet energy and muffle the sound of the jet;
(v) cutting head. The cutting head can be programmed to move on five-axes (linear XY-Z, and rotary Band C axis). However, due to the focus of the modelling work, only

four axes X-Y-Z and B were used in the current study. The pump pressure can be
adjusted manually from 1O,000psi to 60,000psi (69 - 413.7 MPa). The maximum
traverse rate that can be reached is 20000 mm/min; however, due to the machine
dynamics this velocity might reach the programmed values only after particular time
intervals. This situation has been taken into consideration in this research. The
machine is capable of accommodating orifices with diameter of 0.05 - OAmm while
the range of nozzle diameters depends on the tool supplier. However, a rule of thumb
for the ratio of orifice diameter to nozzle diameter is 1:3 (e.g. a 00.3mm orifice and a
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01mm nozzle) [20]. The abrasive feeder is appropriate for grits of mesh size between

#60 (200 - 400!-lm) and #220 (70 - 100 !-lm) depending on the application.

In order to generate the paths of the jet, the G-Codes containing the information on
traverse speeds and jet movement directions were manually written and transferred to
the machine controller. The nozzle tilt angle (8) with respect to the target and the
standoff distance (SOD) were set by using the jog control unit before starting the
trials.

Figure 3-1: (a) Ormond CNC controlled 5-axis waterjet machine used at the
University of Nottingham, (b) KMT ultra-high pressure generation system, (c) cutting
head, (d) intensifiers, (e) Fagor CNC control unit.

3.1.1

Fixed machining parameters

The parameters detailed in Table 3-1 remained fixed throughout the current research
based on the fact that these are static parameters and either these cannot be changed
during the A WJ milling process (e.g. orifice and nozzle diameters) or changing these
parameters (e.g. standoff distance) does not provide better control of the milling in
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terms of depth and width of the footprints.

Table 3-1: Fixed AWJ milling parameters in the current study.

3.2
3.2.1

Fixed parameters

Values employed

Orifice diameter

0.3mm

Nozzle diameter

1.02mm (for garnet abrasives)

Nozzle diameter

0.75mm (for steel shots)

Nozzle length

76mm

Abrasive mesh size

80 (lOO!-lm -300!-lm particles size)

Standoff distance

3mm

Materials used
Target material

The target/workpiece material used throughout the current study was Ti-6Al-4V, a
superalloy widely utilized for both aerospace and medical applications, with the
following mechanical properties: average hardness 35 HRC, density 4430 kg/m

3

,

modulus of elasticity 113.8 GPa and Poisson ratio 0.342. In order to remove any
scratches or micro pits from the surface of the test specimens before generating the jet
footprints or single particles impacts, they were hand polished (Ra=0.07 !-lm) by sand
papers starting with the grit number 400 then 800 and finally 1200.

3.2.2

Impacting particles

Two different types of impacting particles were used in this research; (i) steel shots
and (ii) garnet abrasives. The steel shots were only used during the initial validation
stage of the FE modelling while the garnet abrasives were used for the rest of the
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tests.

Steel shots used (see Figure 3-2) were spherical grade SIlO with density 70007500Kg/m3. These steel shots were made of hypereutectoid steel with carbon
percentage varying from 0.77-1.20% and their microstructure consisting of uniformly
tempered martensite. The steel shots in SIlO grade vary in size (diameter) from 0.18
mm to 0.60 mm. In order to obtain a consistent size, the steel shots were sieved and
the average size selected for the trials was 0.53 mm diameter with a standard
deviation of ±0.0214 mm.

I

I

1000.00 um/div

Figure 3-2: Spherical steel shots used as impacting particles.

Garnet mesh 80, shown in Figure 3-3 with an average particle size of 0.180!lm, was
used as an abrasive material during the trials, which is the most common type of
abrasive used in AWl machining due to the facts; (i) it provides better cutting
efficiency and nozzle wear performance for a wide range of operating parameters as
compared to even more harder abrasives such as alumina (Ah03) and silicon carbide
(SiC) [97], [101], (ii) it is relatively cheaper and environmental friendly compared to
Ah03 and SiC.
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Figure 3-3: Garnet mesh 80 particles, source Indian garnet.

3.3

Measurement Techniques

In order to understand and visualize the results of the steel shot impacts and AWJ

impingement trials on the workpiece material, various equipments were used. The
equipments used and the procedures followed are detailed below.

3.3.1

Equipment: Keyence digital microscope, 25x-175x magnification

3.3.1.1 Procedure

The target surfaces were analyzed using a laboratory optical digital microscope (see
Figure 3-4) between magnifications of x50 and x 175. First, the specimen was brought
in focus by manually adjusting the distance of the lens from the workpiece.
Afterwards, an appropriate lens (magnification) was selected to capture sufficiently
zoomed-in images of the specimens. The computer interface linked with the
microscope was used to make the scale settings and various linear measurements
(lengths and diameters).
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Figure 3-4: Keyence digital rrucroscope operating to analyze an AWl milled
workpiece.

3.3.1.2 Purpose:

The digital microscope was used for the following main purposes:

•

To measure the sizes of the steel shots before the trials to make sure that they had
almost the same size. This allowed the correct selection of the size of the steel
shot in the FE model.

•

To observe and capture the shapes of the indentations/craters generated on the
target at various impingement angles to visualize the effect of the impact angle on
craters' shapes.

•

To observe any material removal or fracture caused by the steel shots impacts in
the target. This allowed the correct selection of the material models for the target
material, based on whether the material had been removed or only plastic
deformation had occurred.

•

To detect if any significant material is removed by the water droplets during the

AWl trials.
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3.3.2

Equipment: Fogale Nanotech 3D profiler (interferometer)

3.3.2.1 Procedure
The Fogale interferometer as shown in Figure 3-5 can easily and instantly captures the
3D images of extremely small sizes (fraction of microns to 1001lm) by using fringe
patterns. The sample was placed on the stationary working table and the scanning area
was set over the workpiece (usually 0.5 x 0.Smm 2 ) by using the computer interface.
Afterwards, the position of the scanning head was adjusted above the workpiece by
moving it up and down in such a way that the fringe patterns were able to detect the
lowest and highest point in the scanning area. Once the 3D images of the scanned
areas were generated after scanning, the Mountain software (provided by Fogale) was
used for further analysis such as 2D profile extraction from 3D images.

3.3.2.2 Purpose
Owing to the very small dimensions of the indentations produced by the steel shots
impact, the Fogale interferometer was employed to scan the craters. 2D profiles across
the central lines of the indentations were extracted by using the Mountain software.
These profiles were later used to validate the FE simulation results.

Figure 3-5: Fogale interferometer scanning the steel shot impacts.
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3.3.3

Equipment: Taylor Hobson Talysurf CLI 1000

3.3.3.1 Procedure
The channels produced after AWJ milling trials were scanned using a Talysurf CLI
1000 laser scanner as shown in Figure 3-6. The samples were placed on a XY moving
table and by using the computer graphic interface, the scanning area was set
depending on the length and width of the milled trench to be scanned. The scanning
length (Y -direction) of the of the milled trenches were either 30mm or 60mm long,
both revealing the same level of accuracy. However, the scanning width (X-direction)
of the trenches varied depending on whether scanning a single trench or overlapping
trenches with various step-over distances. Once the focus of the laser head was set on
the target by moving it up or down (Z-direction), it remained stationary afterwards
and the workpiece (and table) moved in XY -directions under the laser head. The
scanning resolution of X-5fAm, Y -100fAm and gauge resolution Z-0.168fAm was used
throughout the current research . Once the scanned images were generated, the
Mountain software provided by Taylor Hobson was used to extract the averaged 2D
footprints of the milled trenches i.e. an average of all the single footprints scanned in
the Y-directions at a distance of lOOfAm.

Figure 3-6: Talysurf CLI 1000 system for 3D scanning.
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3.3.3.2 Purpose

The averaged 2D footprints generated by Talysurf CLI 1000 were compared with the
predicted footprints to validate the simulation results. In addition, the scaled 2D and
3D images generated from the scanned trenches were also used to understand the
behavior of the AWJ and target interaction.

3.3.4

High precision analytical balance

3.3.4.1 Procedure

A high precision analytical balance with 0.1mg accuracy was used to measure the
weight of the workpiece. Before the sample was put over the weighing pan, the
balance was calibrated and set to zero every time in order to account for the
surrounding disturbances. The weight of the target was measured before and after
each AWJ pass.

3.3.4.2 Purpose

The balance was employed in order to measure the erosion rate (mg/mg) in the target
by using the following Eq. 3.1.

Erosion rate (ER) =

Total mass removed in the target
Total mass of the impacting particles

Eq.3.1

Mass removed in the target was determined by the difference in the mass of the workpiece
before and after the A WJ pass, and the mass of the impacting particles for one AWJ pass was
known form the mass flow rate (m a ) of the abrasives used.

3.4

Finite element (FE) modelling

The FE method is a numerical technique that involves subdividing a large problem
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into many smaller segments (elements) and finding the solution for the equations of
each element. The behavior of each element is determined by its displacements and
the material law described for it. The equations for the whole model are solved for the
known initial and boundary conditions from' the original problem to provide a
numerical solution for the overall problem. The FE model in the current research is
developed and validated in four stages which are briefly discussed below.

Stage 1: Single particle model

In AWJ milling, the material removal is mainly caused by the impact of a multitude of

abrasive particles at ultra-high velocities. This means that it was of critical importance
to first generate and validate the models on single-particle impact to gain the
confidence that the model was working in an accurate manner for this basic event.
Only then the model was extended for the more real situation involving multiple
particles impacts. Moreover, single particle modelling was also necessary due to the
fact that it was observed in the literature review that no attempt has been made for
capturing the profile of a single particle impact during AWJ machining for validating
the FE models. At this stage, the spherical steel shots were used as the impacting
particles rather than the normal garnet abrasives due to the fact that it was easier to
make clear judgments on the indentations produced by the known size and shape steel
shots as compared with the varying shapes and sizes garnet abrasive particles.
Furthermore, the impacting steel shots were modeled in a more realistic way by
considering them with a deformable elastic-plastic response with a failure criterion,
contrasting to the usually selected rigid particle approach as observed in the literature
survey in section 2.4.1.
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Stage 2: Multiple particles impact model

After gaining confidence that the model works correctly at the single particle level,
the model was extend to multiple garnet abrasive particles to reflect the conditions
occurring in real abrasive waterjet milling. The failure stresses for the garnet
abrasives were calculated. The abrasive particles were modeled with various nonspherical shapes (rhombic, triangular and trapezoidal) and sharp cutting edges as
opposed to the usual approach of considering them as spherical shape only, as
mentioned in section 2.4.1. The particles were also assigned a size distribution after
the fragmentation from the nozzle which is essential to be able to compare the
simulated and experimental results. A method was devised to calculate the number of
particles required in the model corresponding to the total mass of the garnet used in
the experimentation. The results from the multiple particles simulation were validated
by using the experimentally determined erosion rates and the velocity exponent for
the target material.

Stage 3: Single AWJ pass model

In this stage the FE model was extended to a single jet pass containing hundreds of

garnet abrasive particles over the target material. Due to the symmetry of the problem
and to save computational time, only a half 3D model was developed and evaluated at
this stage. The effects of mass flow rate of garnet abrasives and traverse speed of the
jet were also included in the model. A unique method based on the experimental
results of [121], [122] was devised to control the shape of the footprints in the FE
model by assigning a Gaussian spatial distribution to the abrasive particles in the jet
plume.
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Stage 4: Overlapping A WJ passes model

In the real life AWl milling, 3D surfaces are generated when several single footprints
overlap. This implies that in order to simulate the overlapping footprints, a full scale
FE model was required. At this stage, the FE model was extended to full scale, i.e. a
complete jet plume was modeled because a half jet model cannot predict the
overlapping AWl footprints. The size of the problem (total number of elements
needed for the multiple jet passes and the target), was too large to be able to run by
including them in one model. A methodology was set up to make the simulations
possible, which is discussed in detail in Chapter 7.

3.4.1

Steps involved in FE modelling

The FE package used in the current research was ABAQUS version 6.9-1. The steps
involved while using the ABAQUS for developing the model and achieving a solution
are as follows:

Step 1: Generation of CAD parts
The part module within the ABAQUS was used to create the required geometry and
shapes of the impacting particles and the targets. The type selected for all the parts
which were used to obtain the solution is classed as 3D deformable. No rigid parts
were used in the model.

Step 2: Assignment of material properties
Material properties such as elastic modulus, density, Poisson ratio were allocated to
the parts. In addition to these simple material constants, material models were also
used to simulate the behavior of the materials at high strain rates. The lohnson-Cook
material model and tensile failure models were used in this study, which are discussed
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later. Accuracy of the simulation results is significantly affected by the material
models used.

Step 3: Assembly of parts
When the parts are created in the part module, they exist in their own coordinate
systems, independent from other parts. On the contrary, in the assembly module they
were positioned relative to each other in the global coordinate system by applying
various positional constraints, translations and rotations, e.g. the impacting angle of
particle with respect to target. Also, at this stage the abrasive particles were
arranged/assembled in the jet plume to form a Gaussian spatial distribution.

Step 4: Meshing of parts
An FE mesh was generated on all the parts in the model which consists of elements
connected at discrete points called nodes. The regions in the model where high stress
concentrations are expected, such as particles impact zone on the target, are assigned
relatively more refined meshes. The type of the elements used for modelling target
and the particles throughout this research is linear eight-noded brick (hexahedral)
elements (C3D8R) due to the reason that linear brick elements are accurate and
efficient for problems involving erosion, which is the case in this study. In addition,
meshes comprised of hexahedral elements are easier to visualize and measure
footprints and erosion rates than meshes comprised of tetrahedral elements. It should
be noted that the final mesh refinement was reached after several runs such that the
mesh refinement was neither too coarse that it could not smoothly capture the profile
of the footprint nor too fine that it would consume unnecessary computational time.

Step 5: Defining contact between parts
When the abrasive particles and the target were assembled, surfaces were also defined
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on them in order to allow the interaction between them. One surface was comprised of
all the elements of all the particles, and the second surface consisted of the elements
in the fine mesh region in the target. The "general contact" algorithm in ABAQUS
was used to define the contact between the particles and target surfaces. When one
layer of elements fails during the impact either on the impacting particles or on the
target, the general-contact algorithm automatically defines the new contact surfaces
between the newly exposed elements. The value of the coefficient of friction between
the garnet particles and the workpiece surface is assumed to be 0.1 based on the work
of [143] which states that the variation of the residual stresses and plastic strains is
negligible for coefficients of friction between 0.1 to 0.5.

Step 6: Assigning loads and boundary conditions
A single constant impact velocity was assigned to a set of nodes which comprises of
all the nodes in the abrasive particles. The traverse velocity was also assigned to the
same nodal set. The target was fully constrained at the bottom in all directions in the
case of single particle impact and one jet pass simulations, whereas in the case of
multiple/overlapping jet passes simulations, the target was allowed to move in the
step-over direction only. In order to incorporate the effect of large amount of material
present around the impact site in the target in reality, the target boundaries were
always extended beyond the impact site 3 to 4.5 times the width of biggest particle in
the model. This also ensured that the stresses and strains were mostly limited only in
the fine mesh region, away from the free boundaries of the target.

Step 7: Selecting the analysis/solver types
The choice of the solver solely depends on the nature of the process being modeled. In
the current study the basic event mode led was the impact of single or multiple
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particles which is a highly non-linear dynamic and transient process. This was due to
the high speed and small dimensions of the impacting particles used. Furthermore, the
impact time of an abrasive particle against the target (i.e. the loading time) was in the
range of fractions of a micro second. Hence, the stable time increment in the FE
simulations should be much less than this loading time in order to adequately capture
the impact event. Based on this, an "explicit dynamic solver" in ABAQUS was
selected in the current research which is highly recommended for solving problems
involving highly dynamic short term responses (e.g. high speed impact) [118], [119].
During an explicit analysis, the equations of motion for the entities in the model are
integrated by using the explicit central-difference integration rule as detailed in Eq.
3.2 and Eq. 3.3.

.
.
U(i+l/2) = uCi-l/2)

+

(LltU+l)

+ LltcO..

2

uCi)

)

Eq.3.2
Eq.3.3

where LltCi) is the increment time, U is a degree of freedom (a displacement or rotation
component) and the subscript i refers to the increment number in an explicit dynamics
step. The central-difference integration operator is explicit in the sense that the
kinematic state is advanced using known values of U(i-l/2) and uCi) from the previous
increment. The accelerations uCi) are computed at all the nodes at the beginning of
every increment by using the diagonal element mass matrices along with the
externally and internally applied loads as given in Eq. 3.4.
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force vector. A diagonal mass matrix is used because its inverse is simple to compute
and this provides the computational efficiency.

It should be noted that if the increment time step

L1t(i)

is too large, the explicit

procedure may not be stable, may give unreasonable results and/or it may abort. The
stable increment time in explicit procedure is calculated as given in Eg. 3.5.
Eg.3.5
where Le is the characteristic length of the smallest element in the model and is
determined from the ratio of the volume of element (Ve) to the maximum area of
largest side of the element (Amax) and

Cd

is known as dilatational wave speed i.e. the

speed of the sound in material [144] and is given by Eg. 3.6

£(1- v)

p(1

+ v)(1 -

2v)

Eg.3.6

where £, v and p are the elastic modulus, Poisson ratio and the density of the material
respectively. It can be noted in Eg. 3.5 that the increment time is significantly affected
by the selected mesh size. If the elements are very small, very small time increments
will be used which will considerably increase the computational time. On the other
hand, large sizes of elements could result in an inaccurate analysis. Therefore, an
appropriate mesh size was selected with a great deal of caution.

An explicit analysis also offered the benefits of handling a large size problem more
efficiently and allowed the modelling of wear/erosion on both the impacting bodies,
which was a necessity in the current study.
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Step 8: Visualization of the results
This was the last step in the FE analysis. The visualization module within the
ABAQUS was utilized to manipulate the data and results obtained in step 7 for
generating deformed shapes of the target and particles, creating stress plots,
animations, etc. A graphical representation of the results was very useful in
understanding the interaction of the abrasive particles and the target during AWJ
milling. Erosion rates and footprints were also measured at this stage by using various
graphical tools within the visualization module and then comparing them with the
experimental data.

In classical terms of FE analysis, steps 1-6 are known as pre-processing, step 7 where

the equations are resolved is termed as analysis/solver and step 8 where the results are
reviewed and desired variables are extracted is called post-processing.

3.4.2

Materials model

The material models used to define the behavior of the materials during the
simulations were one of the most important parameters that govern the accuracy of
the predicted results. While selecting the material model, consideration was given to
the fact that the model must be valid for the loading regimes where it was employed.
Various fracture and damage material models are available in ABAQUS material
library, and the chosen models were deemed appropriate for the conditions arising in
AWJ milling.

3.4.2.1 Models for ductile materials

For modelling the plastic and failure responses of the ductile materials, i.e. for Ti-6AI4V and steel, the Johnson and Cook (JC) models [111], [113] were employed in the
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current study. Johnson and Cook proposed two models: (i) JC plasticity model also
known as JC strength model and (ii) JC failure model also known as JC fracture
model or JC shear failure model. Both these plastic and failure JC material models are
suitable for cases which involve high strain rates [112], [115], [118]. Hutchings [145]
reported that in case of a particle impacting upon a target, the strain rate increases by
the increase in the impact velocity and the reduction in the size of the particle as
shown in Figure 3-7. In the case of AWJ machining, particle velocities are in range of
400-600 mls [120], [121] and the abrasive particles sizes are in the range of 1005

300llm (for mesh size 80). Therefore, high strain rates in the range of 10

S-1

were

expected when the particle hits the target surface. Many researchers [110], [112] have
employed JC strength and fracture models to simulate the flow stress and failure
respectively in the target material while studying the erosion phenomena due to
particle impact by FE modelling.

73

Chapter 3

Ve loc ity

Figure 3-7: Estimated strain rates associated with the particle Sizes and impact
velocities. Solid lines represent purely elastic behavior; broken lines, perfect plastic
behavior [145].

The lohnson-Cook plasticity (strength) model is a particular type of isotropic
hardening where the yield stress, cry is assumed to be of the following form:

Eq.3.7

where

E

is the strain in the material, E is the strain rate, Eo is the reference strain rate at

which material constants (A and B) are determined [146], T is the workpiece
temperature, Tr is the room temperature and Tm is the melting temperature of the
simulated material. A, B, n, C and m are material constants determined experimentally
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from a compressive split Hopkinson bar test [147]. The expression in the first set of
bracket represents the yield stress as a function of strain; the second set of brackets
shows the increase in the yield stress at elevated strain rates and the third expression
represents the reduction in the yield stress due to the thermal effects.

The lohnson-Cook failure model can be expressed as follows:

Eq.3.8
where, Et is the plastic strain at failure,

0"*

is a dimensionless hydrostatic stress to von

Mises stress ratio, and dJ, d2, d3, d4 and d5 are the material constants determined from
compressive split Hopkinson bar tests. The failure/damage of an element in the FE
model occurs when the damage parameter D reaches the value of 1 as follows:

L (LlE)
D---

Eq.3.9

where LlE is an increment of the equivalent plastic strain while the summation is done
to add the plastic strain produced in all the increments during the analysis. Each
element is accessed for damage by monitoring the value of D over all the increments,
and as the damage parameter reaches 1 for any element, it is removed from the mesh.

3.4.2.2 Model for brittle material
Gamet, which was used as an abrasive in the current study, is classified as a brittle
material. The material model adopted for the damage of the garnet was a tensile

failure criterion, which is often used and recommended for high strain rate damage of
brittle materials in which inertia effects are important [118]. The tensile failure model
uses the hydrostatic pressure stress as a failure measure to model a pressure cutoff for
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the material. The tensile failure criterion considers the failure to occur when the stress
in an element becomes more than the user defined hydrostatic cut-off stress

(lTcutoff),

i.e. the element is assumed to have achieved the required amount of energy to fracture
and subsequently it is removed from the mesh.

3.4.3

Generation of validation data

In order to validate the FE simulation results, the trials were conducted on the

Ormond AWJ machine. Table 3-2 to Table 3-5 list the summaries of the experimental
parameters at which the trials were conducted for generating the validation data for
the results of single particle (steel shot) FE model, multiple garnet particles FE model,
. single AWJ pass FE model and overlapping AWJ passes FE model respectively. It
should be noted that the experimental AWJ milling parameters employed in the
current study were selected from the work of ref. [24], [26], [93] where thorough
investigations on AWJ milling of titanium alloys were presented and the process
parameters were optimized for the milling applications, ~.e. for controlled depth of
cuts.
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Table 3-2: Process parameters used for single particles impact trials.

Trial

P(MPa)

(mm/min)

Particle
diameter
(Jim)

Vr

Se)

1

276,345

20000

500

90

2

276,345

20000

500

70

3

276,345

20000

500

50

Table 3-3: Process parameters used during multiple garnet particles impact.

ma

P
(MPa)

Vc
(mmlmin)

(Kg/min)

1

138

1000

0.02

90

2

207

1000

0.02

90

3

276

1000

0.02

90

4

345

1000

0.02

90

Trial

Se)

Table 3-4: Process parameters used for single AWJ pass trials.

ma

Se)

'P
(MPa)

Vc
(mmlmin)

(Kg/min)

1

138

2000

0.02

90

2

138

1000

0.02

90

3

207

2000

0.02

90

4

207

1000

0.02

90

5

276

2000

0.02

90

6

276

1000

0.02

90

Trial
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Table 3-5: Process parameters used for overlapping AWJ pass trials.

Trial Jet passes
(n)

3.5

SO
(mm)

Vc
(mm/min)

P (MPa)

9 (0)

1

1,2,3

0

1000,2000

207,275,345

90

2

1,2,3

0.3

1000,2000

207,275,345

90

3

1,2,3

0.5

1000,2000

207,275,345

90

Analytical modelling

From the analytical (mathematical) modelling point of view, an AWJ and target
interaction model was developed in the form of partial differential equations. The
model was based on the physics and geometry of the footprint generation process. The
scope of this model was to develop a mathematical model with the benefits of: (i)
simplicity of having fewer variables for predicting maskless A W J milled footprints
for arbitrarily moving jet-paths, (ii) very small computational time. The presented
analytical model was based on the work ofAxinte et al. [107] where the model was
only able to predict the trenches at normal jet impingement for a straight path. The
current mathematical model was extended to take into account the effects of normal to
tilted jet impingement angles (9) on the target surface and the trajectories/paths of the
jet in any direction

(~).

Since the mathematical model of the jet footprint resulted in

nonlinear partial differential equations, a method of evaluating the material specific
erosion/etching rate was proposed by using a high jet traverse speed to generate a
shallow kerf. This allowed the governing equation to be linearised, and then solved
analytically to find the specific erosion rate of the target material. Once this was
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found, the jet footprints were predicted accurately for any jet feed speed and milling
direction (i.e. jet path).

3.5.1

Modelling tool

MATLAB® programming was used as a tool to generate the code for the
mathematical equations in order to run the model and predict the. AWJ milled
footprints. MATLAB (matrix laboratory) is a numerical computing environment and
it can create and manipulate arrays of vectors and matrices. MATLAB consists of
various built in functions (e.g. integration, sine, cosine, etc) that make the code
generation process more quick and easy. Two separate codes, linked to each other,
were developed in order to run the model. The first code was used to determine the
etching rate function by using a shallow AWJ milled footprint, and in the second code
the calibrated etching rate function was used to generate the predicted footprints at the
user defmed parameters e.g. traverse speed and nozzle angle.

3.5.2 Generation of validation data
In order to validate the results predicted by the ~analytical model, several trials were

conducted. Table 3-6 lists the summary of the experimental parameters at which the
trials were conducted for generating the validation data for the results of the
mathematical model.
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Table 3-6: Process parameters used in trials for analytical model.

Trial
1

P
SOD
Vr
rila
(MPa) (kg/min) (mm) (mm/min)
2000
138
3
0.04

o e) pe)
70

2

138

0.04

3

1000

70

3

138

0.04

3

2000

80

4

138

0.04

3

1000

80

5

138

0.04

3

2000

90

6

138

0.04

3

1000

90

-90, -45, 0, 45,
135, 180, -135
-90, -45, 0, 45,
135, 180, -135
-90, -45, 0, 45,
135, 180, -135
-90, -45, 0, 45,
135,180,-135
-90, -45, 0, 45,
135, 180, -135
-90, -45, 0, 45,
135, 180, -135

90,
90,
90,
90,
90,
90,

Mter defining the procedures for the modelling, experimentation and target surface
examinations, the models were developed and the experiments were conducted,
surfaces were investigated and the validation data was generated. First of all, the FE
modelling .work for a single particle impact was carried out and the trials were
performed for providing the validation data. The results for the single particle FE
modelling are presented in the next chapter.
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Chapter 4 Finite element modelling of a single particle impact
This chapter provides the detailed description of the first stage of the FE modelling
procedure, i.e. for single particle impact modelling. The grounds for which the FE
modelling process started from the single particle modelling are discussed in detail.
The methodology for achieving the single particles impacts from the abrasive waterjet
machining is elaborated. A detailed description of the FE model development is
provided together with the experimental validation of the FE model. Conclusions are
drawn to enable the development of the full models of the abrasive waterjet eroded
footprint.

4.1

Introduction

The use of the AWJ machining for through cutting is well developed, but its use for
the controlled-depth milling is still a subject for further investigations to enable better
understanding of its particularities and material removal mechanisms [24]. The main
challenges for performing controlled-depth AWJ cutting (i.e. milling) are: (i)
difficulty of predicting the jet footprint that is not only dependent on the jet plume
characteristics (e.g. energy, mass flow of abrasives) but also on the kinematic
parameters of the process (e.g. jet transverse speed of jet, vector position of the jet
plume) as well as on the characteristics of the workpiece material (e.g. hardness,
toughness)

[2,

3];

(ii)

key

characteristics

of the

waterjet

system

(e.g.

acceleration/deceleration) that can influence the dwell (surface exposure) time as \\Tell
as the jet tool path strategy; (iii) interaction between the secondary (reflected) jet and
the surface to be milled.

However, to enable the generation of complex surfaces using AWJ milling, a critical
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step is to develop methods to predict the jet footprint. In AWl milling, the material
removal is mainly caused by the impact of a multitude of abrasive particles at ultrahigh velocities. Nevertheless, before conducting simulations on the jet footprint as a
whole (i.e. multi-particles impact), it is of critical importance to firstly generate and
validate models on single particle impact. Although the real AWl consists of a large
number of irregular particles, the investigation on impact of a single particle of known
shape onto a target will provide an insight into further FE modelling to predict
complete jet footprint.

Various FE models of single particle-workpiece impact during the general erosion
process have been reported e.g. [110], [112], which have been discussed in detail in
section 2.4.1 (Literature review). However, these models are only tested for a low
regime of velocities (40mls to 100mls) compared to those resulting in the AWl
machining and all these models use a rigid particle approach which cannot be applied
for high speed impact situations. Up to now, only scarce evidence exists in the
literature regarding FE modelling of a single particle impact during AWl milling and
no attempt has been recorded for capturing the profile of a single particle impact
during AWl machining for validating the FE models. Moreover, there are several
weaknesses in the FE models reported for modelling the single particle impact in
AWl milling both in terms of the modelling approach adopted and the method

selected for the validation of the simulation results. Regarding the modelling
approaches, the main flaws observed are: (i) using the rigid particle approach at ultrahigh velocity impact situation [117], [119]; (ii) selecting the velocity and size of
impacting particle contrary to the experimental data [116], [117]; (iii) selecting a
shape of the impacting particle which is non-representative of the particle shapes used
in the experiments [117], [119]. Concerning the validation methods selected, the main
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issues are: (i) using only the top view of crater to confirm the FE simulation results
without focussing on the depth of the crater [119]; (ii) comparing the erosion rate
resulting from a single particle with that of the multiple particles [117] knowing that
the erosion rate becomes stable only after several particle impacts [112]; (iii)
comparing the depth produced by a single size spherical particle from the simulation
with the average depth of the craters generated by varying sizes and irregular sharp
shapes particles from experiments [116], [119].

After realizing the shortcomings of the reported models, the focus of this preliminary
step of the research was devoted to develop a methodology that can generate reliable
data for validating the FE model results. It has been demonstrated [16] that when the
abrasive particles pass through the mixing chamber and the focussing tube they
undergo significant fragmentation; this phenomenon is more prominent in the case of
abrasives (of ceramic nature - e.g. garnet) which display brittle behaviour and
irregularly shaped particles. When such abrasive (garnet) particles strike the surface
of the workpiece during AWJ machining, it is not possible to tell while performing
the target surface examinations, which crater is produced by which size (fragmented)
particle. Consequently, it will become difficult to correctly select the size of the
indentation marks (i.e. craters) of the impacting particles to enable an accurate
validation of the FE model. Moreover, a wrong size selection in the FE model will
result in significantly large deviations in the inertial effects in the model and those in
the experiments. In order to avoid these complexities, it should be therefore more
appropriate to use known shapes of impacting particles (e.g. spherical steel balls) in
the initial phase of validating the FE model. Furthermore, it has been highlighted [29]
that at high water pressure (typically more than 276MPa), water droplets in the jet
could contain enough energy (at particular process parameters) to create micropits on
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the workpiece surface. As a result when the A WJ plume, with fragmented garnet
particles of small sizes, impacts the target surface at high water pressure, it becomes
more difficult to differentiate between the craters produced by the abrasive particles
and the water droplets. This means that the problem of identifying single particle
indentations becomes more pronounced with the decrease in the size of the abrasives .
Figure 4-1 show an example of the target surface after an AWJ pass at very high
traverse speed (V r) to minimize the overlap among the particles, but even then no
judgment can be made on the indentations produced due to varying sizes and
overlapping of the craters produced.

Figure 4-1: Varying shapes and sizes craters produced by garnets particles at water
pressure (P)

= 345MPa, impact angle (8) =90°, traverse speed (V r) =20000 mm/min.

It can be seen in Figure 4-1 that the majority of the machined region consists of
overlapped craters and those that appear to be single craters are of varying shapes and
sizes. This proves that no conclusion can be drawn relating to selecting the size and
shape of the impacting particles in the FE model while using garnet as abrasives.
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In order to avoid this situation, a methodology was defined to achieve and easily
identify the craters produced by the impacting particles. Once a validated FE model is
developed, it is believed that only then it will be appropriate to take into account the
effect of shape and size of the abrasive particles commonly used in AWJ machining.
Therefore, a cornerstone of this stage of research was the development of suitable
model for a single impact of an ultra-high velocity particle against a target surface. To
address this, this chapter reports on a method to employ 3D FE modelling of an ultrahigh velocity particle impact on a target surface. The proposed methods take care of
accurate validation of the model by employing known shape and size of "abrasives"
upon which clear judgements on the real indentations caused by particles (not water
droplets) on the surface can be reached. Of course, once the model is fine-tuned in
this way, further research can be directed towards modelling the erosion generated by
sharp shape varying-size multiple particle impacts.

4.2

Generation of experimental data

The trials, aimed at generating experimental data for validating the FE model results,
were conducted on a 5-axis waterjet machine (Ormond) with an orifice diameter of
0.28 mm and nozzle diameter of 0.75 mm. Experiments were performed on a
rectangular (140mm x 70rnm x 3mm) plate of an aerospace Titanium based superalloy
(Ti-6Al-4V). Prior to the experiments, the surface of the workpiece was hand polished
so that no scratches or rnicropits would remain on the surface and clear judgements
would be made after the trials in distinguishing the craters produced from the waterdroplets and the impacting particles. To enable the generation of the well-defined
indentations on the workpiece surface, in order to allow the validation of the model,
spherical steel shots (grade S 110) instead of commonly employed abrasives, i.e.
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garnet, were used as the impacting particles. The steel shots in S 110 grade vary in size
(diameter) from 0.18 mm to 0.60 mm. In order to obtain a consistent size, the steel
shots were sieved and the average size selected for the trials was a 0.53 mm diameter
with a standard deviation of ±0.0214 mm.

To increase the chance that single particles would produce indentations on the
workpiece (Ti-6AI-4V) surface, high water pump pressures (P) of 345 MPa (50000
psi) and 276 MPa (40000 psi) were used in the trials. High water pressure results in
high energy (velocity) of the particles that increases the probability that each single
particle would significantly deform the workpiece surface. All the trials consisted of
only a single pass of A WJ across the target surface. Since the trials were directed to
enable the visualisation of indentations/craters generated by single particles, high jet
traverse speed (V f) of 20000 mmlmin was used to lessen the likelihood of overlapping
between the impacting particles. In addition, only a small number of steel balls (5 to
10) were manually fed into one of the abrasive inlets (while the other was blocked)
before each pass rather than using a continuous mass flow rate of steel balls.

In real A WJ milling, when the footprint is generated by multiple particles impact,

sloped/tilted surfaces are developed along the side of the milled kerf. This means that
the further incoming particles will impact at inclined surfaces as well. Therefore, to
address the long term goal of modelling the complete AWJ footprints, experimental
trials for single particle impacts were conducted at 90°, 70° and 50° jet impingement
angles from the workpiece surface. For each impact angle and pressure, ten repeated
jet passes were generated, out of which craters were examined for further study.

Once the singular particle indentations were generated, their analysis was carried out
by using a VHX digital microscope (Keyence) to obtain a magnified top view of the
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craters. For 3D scanning of the craters, a Fogale Photomap 3D (interferometer) was
used. From the scanned 3D craters, the 2D profiles were extracted and averaged for
comparison with the FE simulation results.

4.3

Finite Element Modelling

For modelling the single particle impact, the ABAQUS FE package (version 6.9-1)
was used in an explicit formulation to enable more efficient solving of the problem
involving a short term response i.e. high speed impact. The modelling procedure is
discussed below.

4.3.1

Material modelling

4.3.1.1 Target material model

In order to replicate the response of the target material (Ti-6AI-4V) under loading in

the FE model, correct material models are required. As explained in section 3.2.1,
high strain rates are expected during the particle impacts due to the small size and the
high velocity of the impacting particles. The 10hnson and Cook [111] plasticity model
was selected to calculate the flow stress in a target metal. The material constants
required in Eq. 3.7 for the Ti-6AI-4V have been taken from the experimental work of
Lesuer [147]. After the experimentation, the craters were analysed under an optical
microscope and it was found that plastic deformations were generated on the Ti-6AI4V surface along with some cracks, but no clear evidence of detached/eroded material
was found on the crater area. Hence, no failure criterion was included in the target
material definition at this stage.

No thermal effect such as adiabatic heating is included in the model due to the fact
that any heat generated on the target surface during the particle impact will be
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instantly absorbed by the enormous cooling effect of the water. The material constants
used for Ti-6AI-4V are listed in Table 4-1.

Table 4-1: Material constants for Ti-6AI-4V [147],

Density

4428 (Kg/m3)

Elastic modulus

113.8 (OPa)

Poisson ratio

0.34

A

1098 (MPa)

B

1092 (MPa)

n

0.93

C

0.014

m

1.1

Eo

5000 S-I

4.3.1.2 Impacting particle material model

It can be observed from Table 4-2 that Ti-6AI-4V is much stronger than steel, and the
steel ball material was modelled as elastic-plastic with a failure criterion. The lohnson
and Cook (lC) plasticity and failure models, as detailed in Eq. 3.7 and Eq. 3.8, were
used to model the plastic and failure response of the steel shots respectively. The
material constants for the steel ball are listed in

Table 4-3 and have been extracted from refs. [149], [150].

Table 4-2: Comparison of steel and Ti-6AI-4V strength properties [97], [151], [152],
[153]

Properties
Steel
Ti-6AI-4V

Tensile strength
(MPa)
615.4
993

Yield strength
(MPa)
375.8
924

Fracture toughness
(MPa~m)

50
80
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Table 4-3: Material constants used for the steel shots.

4.3.2

Density

7250 (Kg/mj)

Elastic Modulus

205 (GPa)

Poisson ratio

0.27

A

525 (MPa)

B

3.54 (GPa)

n

0.63

C

0.029

m

0.75

Eo

2500 S-l

dl

0.05

d2

3.44

d3

-2.12

d4

0.002

d5

0.61

Contact

The general-contact algorithm in ABAQUS was used to define the contact between
the impacting ball and the flat workpiece surface because it facilitates the removal of
the elements from the mesh. When the elements on the exterior of the steel ball fail
during the impact, the general-contact algorithm automatically defines the contact
between the newly exposed elements and the target surfaces.

4.3.3

Boundary conditions

In order to restrain the motion of the workpiece, its bottom plane was constrained in

the X, Y and Z directions (see Figure 4-2(a)). According to the experimental work of
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refs. [121], [122], the maximum number of the particles in the AWJ travel at 70% of
the pure waterjet velocity (Vw )· Therefore, in the FE model the velocity of the
impacting particle (Vimp ) was set at 0.7 x Vw ' The waterjet velocity behind the orifice
(Vw ) was calculated by Bemoulli's law, as presented in Eq. 3.7:

Eq.4.1

Vimp = 0.7 x Vw

Eq.4.2

In order to keep consistency with the experimental conditions in refs. [121], [122],

similar diameters of the orifice (0.28 mm) and the focussing nozzle 0.75mm were
used in during the experiments.

In order to minimize the boundary effect and to allow enough distance for the

propagations of stress waves during the impact, a relatively large size of the target
surface was used almost 3 times the particle diameter (0.53 mm) on either side of the
impact as shown in Figure 4-2(a).
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x~

(a)

z

Figure 4-2: Model geometry, a typical mesh and boundary condition used for the
workpiece and the ball : (a) a typical configuration used in simulations, and (b) model
with infinite elements at boundaries and base.

Although in real life the boundaries of the target are much farther from the impact
site, it was found that reducing the target dimensions to even 2x2xl mm 3 only had a
negligible influence on the crater geometry, stress/strain distribution, etc. This implies
that the effects of the high speed impact event are contained in a small zone.

Infinite elements (CIN3D8) are often used, see for example [117] , [154], [155], [156],
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to provide non-reflecting boundary conditions i.e. to prevent the reflection of the
shock waves. In order to further verify that no boundary effects are present in the
model, a separate model with same dimensions was developed with infinite elements
at the boundary and the base of the Ti-6AI-4V target as shown in Figure 4-2(b).
Negligible differences in stress/strain values were observed after running the model
with infinite elements compared to when these were not used. However, the
computational time was increased by -30%, when infinite elements were incorporated
in the model. Therefore, it was decided not to use infinite elements since no
noticeable difference was observed.

4.3.4

Meshing

For both the Ti-6AI-4V target and the steel ball, eight-noded linear brick elements
along with viscous hourglass control were used; the latter is particularly designed for
high strain rate problems [118], [157]. A more refined mesh was used in the vicinity
of the impact on the target while a relatively coarse mesh was employed away from
the impact area as shown in Figure 4-2. The element size used in the target fine mesh
area was 20x20xlO ~m3 (i.e. X x Z x Y directions) which is -1127 of the average
indentation size and is usually more refined or either equal to most of the published
FE models for particle impact cases, e.g. refs. [112], [117], [119], [158]. The global
element size used in the particle mesh was 20 ~m. Mesh sensitivity analysis was
carried out for the target mesh to assure that the used mesh (element) size was neither
time-consuming nor leading to discretization errors. Figure 4-3 shows the results of
the mesh sensitivity analysis for three different elements sizes. The values of both the
depth of the craters and the height of the piled-up material at the boundaries of the
craters are almost the same for all the mesh sizes, which represents a good
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convergence of the numerical solutions.

Table 4-4 summarizes the parameters used in the FE model
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Figure 4-3: Mesh convergence study, P=345MPa,

e= 90°.

Table 4-4: Parameters used in the FE model.

Water
pressure,
P (MPa)
345
276
345
276
345
276

4.4

Corresponding
velocity of
particle, Vimp
(m/s)
581
520
581
520
581
520

Impact angle
with target, 9

CO)
90
90
70
70
50
50

Results and discussion

Figure 4-4 shows examples of typical indentations produced by the steel shot impacts
by AWJ impingement on Ti-6AI-4V targets at various incidence angles and pressures.
It can be clearly seen that well defined single particle indentations have been achieved

and these indentations can be easily distinguished from the craters/pits generated by
water droplets (see Figure 4-4(b, f)).
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P=276MPa
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Figure 4-4: Images of steel ball indentations (impact direction is from left to right)

This is because of the fact that unlike garnet particles, no fragmentation has occurred
in the steel balls while passing through the focu ssing tube and relatively larger size
steel balls were used. In other words, it can be concluded that because of using the
high traverse speed of the jet and regular shape and size of the impacting particles,
clear and well defined indentations have been generated by the AWJ impirigement.
Furthermore, as mentioned in section 4.3.1.1 that craters are formed mainly due to the
plastic deformation only while some cracks lines can be observed within the craters.
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Figure 4-5 shows examples of the 30 contour of the scanned craters at various
impingement angles and out of these, 20 cross-sections i.e. profiles of the craters
were extracted as schematically shown by yellow highlighted lines. It can be seen in
Figure 4-5(a) that in case of 90° impingement the material has piled up uniformly
around the boundary of the crater, while in cases of angled incidences (70° and 50°),
the material has been displaced more along the direction of the impact of the particle.
Similar ploughing deformation behaviour was also reported by Hutchings [64]. These
shape trends of the experimentally generated craters were used as the qualitative
parameter for comparing the shapes of the FE simulated craters. For each
impingement angle and pressure ten 20 profiles were averaged and then compared
with the FE simulation results.
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Figure 4-S: Examples of 30 contours of the scanned craters with extracted 20 profiles
at P = 276MPa (Vimp = S20m/s). Impact direction of steel ball is from left to right.
Figure 4-6 illustrates both the qualitative (shape of the crater and material piling up
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tendency) and quantitative (dimensions of the craters) comparison of the FE model
results with the experimental data. For 90° impacts the FE simulated profile of the
crater is similar in shape to that obtained experimentally; the material is piled up at
the boundaries of the craters after the impact as the stress waves flow through the
material representing the ploughing phenomenon [64]. For the angled impingements,
the simulated profiles are steeper towards the trailing edge of the craters as generated
in the experiments and more material has piled up along the direction of the impact.
This is attributed to the fact that in angled impact, the particle transfers more energy
and hence, more plastic deformation to the trailing end of the crater. Afterwards,
under the effect of decreasing energy of the particle and reaction forces from the
target material, it slides and leaves through the other end of the crater generating
relatively less deformation and stresses there.

The depth of the craters from the FE simulations is within the same range (average
error :::; 8.5%) as that of the experimental results for all the cases. These differences
can be explained by: (i) even after sieving there was still a distribution of sizes of the
steel shots used during the experimentation which resulted in different depth of the
crater corresponding to different sizes at same impact angle and water pressure,
whereas in the FE model only one consistent size of the impacting particle was
employed; (ii) steel shots are not always perfectly spherical, this variation affects the
shape and the dimensions of the indentations generated in the experiments; (iii) the
velocities of the particles leaving the nozzle are not always at the value considered in
the FE model (i.e. 0.7 x V w), rather it could be slightly different due to the minor
fluctuations in water pressure. This implies that there were craters produced by the
particles which had the velocities both lower and higher than the velocity of the
particle (Vimp) in the FE model; so their depth will definitely vary; (iv) the impact
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angle of the steel ball in the model was assumed to be equal to the angle of the jet
(nozzle tilt angle), although in real life the particles hit the surface at slightly different
local impact angles as explained in ref. [18].
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MPa,

e = 90° (b) P = 276 MPa, e =90° (c) P = 345 MPa, e =70° (d) P = 276 MPa, e =

70° (e) P

= 345 MPa, e = 50° (t) P = 276 MPa, e = 50°. Impact direction is from left to

right.

Despite the good agreement in the depth of the craters, there are relatively larger
differences in the width of the simulated craters at all impact angles (average error :S
13% and maximum error :S 21 %); the reason for this is explained as follows. When
the particle impacts the target, initially the contact is established uniformly at the
periphery of the ball and the target surface and a smooth initial profile of the crater
can be seen in Figure 4-7(a). When these initial contacting elements at the center of
the ball fail, a temporary void of elements is created in this region above the target
surface and the contact is shifted to relatively less number of nodes of newly exposed
elements away from the center. This condition results in more load per node than in
real life and hence, more material is displaced towards the edges of the crater than it
would have been in reality as shown in Figure 4-7(b, c). After the elements at the
periphery of the ball fail, the contact is dominantly shifted back to the center of the
ball as shown in Figure 4-7(d). It should be noted that the stages shown in Figure 4-7,
i.e. the contact shifting away from the centre of the ball to its edges and then moving
back to its centre, are repeated multiple times until the ball finally starts to bounce
back, as presented in Figure 4-7(e). It is worth mentioning that the problem remains
even if the mesh size is further reduced due to the fact that load per node increases
instantly when the elements at the center of the ball are removed. The only difference
noted was that the stages presented in Figure 4-7 are repeated more frequently for a
finer mesh.

99

Chapter 4

y

x-1
Target
t = 0.1 ~s

More nodes contacting
at the center

Temporary void of
elements at center

(a)

More outward
material flow t = O.3~s
(b)

t= 0.5~s

More nodes at ball cent er
about to make contact

(c)

t=0.7~s

(d)

I
~

Fin~lprofile

shape at
mHf-cross section

Ball bouncing
back

t = 1.1~s

(e)

Figure 4-7: Stages of contact between ball and the target during the impact. P = 276
MPa,

e= 90°, t = simulation time.

This phenomenon of more displacement of material in the width direction due to the
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shifting of contact from the ball centre to the peripheral nodes can also be observed in
Figure 4-6 (c, d). It can be noticed that the profiles of the craters for the range -0.12 to
+0.12 mm in Figure 4-6( c) and for the range -0.05 to +0.13 mm in Figure 4-6( d), i.e.
in the central region where the ball makes the initial uniform contacts, are almost the
same as the experimental ones. However, when the contact is shifted to the peripheral
nodes, a sudden change in the slopes of the craters can be observed in Figure 4-6( c &
d) beyond ±0.12 mm and -0.05 to +0.13 mm respectively.

Another issue encountered during the impact is that mesh distortion on the target
surface is produced because of the tangling/dragging of the exposed internal elements
of the steel ball with the elements on the target surface. When the steel ball hits the
Ti-6AI-4V surface, the external elements of the ball start failing and new internal
elements with a sharp geometry are uncovered and make contact with the target
surface and cause distortion on it.

This problem becomes more prominent in the case of angled impingements where the
particle also has a horizontal component of the velocity that causes dragging over the
target surface as shown in Figure 4-8(a). Figure 4-8(b) shows the final shape of the
crater where some relatively more distorted elements exist. This problem is a result of
the physics of the problem (i.e. ball with failed toothed elements exerting pressure and
sliding over the target surface) and should not be thought of as a result of numerical
instabilities. This problem will be minimized when the current model will be extended
to simulate the erosion in the Ti-6AI-4V target from multiple particles impingement.
In this case, a failure criterion will be incorporated in the target material definition as

well, and this will remove the elements before they become excessively distorted. The
simulated profiles presented in Figure 4-6 have been extracted in such a way that the
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nodes of the excessively distorted elements were not selected

In

the path of the

profile.

Figure 4-8: P

= 345MPa, 8 = 70°, (a) Cross-section side view: New exposed elements

of the ball making contact with the target surface at time

= 0.4 !J.S. (b) Tilted top view

of the final shape of the crater at time = 2 !J.S with some distorted element.

The results of the model were further analysed by qualitative means as follows. It was
observed during the optical rnicroscopy of the craters that ring like cracks are formed
within the crater formed at 90° impacts. In some cases, such as in Figure 4-4(a, b), a
series of circular cracks are present throughout the indented area, and in some cases a
dominant ring crack can be observed either near the edge or near the centre of the
crater as highlighted by red arrows in Figure 4-9(a) and Figure 4-9(c) respectively.
These cracks are formed in the regions that experience the maximum loading during
102

Chapter 4
the impact and hence the maximum plastic deformation . The FE model also
successfull y captured this effect, as shown in the Figure 4-9(b) where the
accumulation of maximum plastic deformation has occurred in the form of rings.

0 .242
0.222
0.201
0.181
0.161
0 . 141
0.121
0.101
0 .081
0.060
0 .040
0.020
0.000

Figure 4-9: Generation of ring cracks in FE and experimental craters at P
8 = 90

0
,

= 345MPa,

(a, c) experimental craters, (b) contour plot of maximum principle plastic

strain produced in crater in the model.

Due to the high speed impingement of the steel ball on the target, residual stresses are
induced in the target material. As part of further qualitative validation of the model,
Figure 4-10 presents the pattern of the residual stresses induced in the target in the X
(Sxx) and Z (Szz) directions after the impact of the particle at 90 0 angle. The plot shows
that compressive residual stresses are induced in the target material. The magnitudes
of these stresses increase below the target surface and after reaching a maximum at a
certain depth, the stresses decrease as the depth increases further and gradually
transform into tensile stresses of lower magnitude which then reduce to zero as the
depth further increases. Similar patterns were reported for the residual stresses
induced in Ti-6AI-4V after multiple particles impact in [112],
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The agreement of the simulated results for all the impact velocities and impact angles
with the experimental data and the published literature is very encouraging, with an
average agreement of

~

91.5% in the depth of the simulated craters. This result

suggests that the developed FE model is capable of simulating the ultra-high velocity
particle impact scenario. Therefore, the model can be extended to multiple particles
impact situations.

4.5

Conclusions

This chapter presents an approach for modelling the indentation produced by a single
particle impact with an ultra-high velocity, a situation that occurs during abrasive
waterjet machining. Of critical importance for the acceptance of the FE model was the
development of a carefully designed experimental procedure to provide data on
singular particle indentations on the target, which enabled the validation of the
proposed model. From the presented work following main conclusions can be drawn:

•

The strategy employed for generating the experimental data successfully
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provided clear and well defined singular particle indentations from the AWl
impingement over the Ti-6Al-4V target surface at various AWl pressures and
incidence angles. These indentations could easily be distinguished from the
craters produced by the water droplets, unlike the case when garnet particles
are employed as abrasives.

•

In contrast to the previous studies reported for FE modelling of AWl

machining, the present study takes into account more real life conditions of the
AWl such as the high velocity of the impacting particle (up to 581m1s), and its
elastic-plastic and failure behavior was also considered rather than considering
it as rigid during the impact. The present study has also presented the full indepth analysis of the simulated craters involving 2D/3D contours of craters at
various impingement angles (90°, 70° & 50\
•

The FE simulated profiles of the craters were found to be in good agreement
with the experimentally generated data. The maximum depth of the predicted
craters was the same as the experimental ones with an average error of less
than 8% at any pressure and incidence angles used. The width of the
indentations were found to within an average agreement of ~ 87% when
compared with the experimental ones. The proposed model correctly captured
the material piling up and ploughing phenomenon during the particle impact.
The pattern of the residual stresses predicted by the model was also in line
with work reported by other researchers.

•

At a 90° impact angle, the FE model has predicted the maximum plastic
deformation zones in form of the circular rings which is in agreement with the
ring like cracks generated in the experimental craters.

The work presented in this chapter with its carefully considered approaches for model
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validation, provides the basis for further more realistic work involving multiple
particles impact with the effect of sharp shaped garnet particles to simulate the
complete A WJ footprint.
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Chapter 5 Finite element modelling of a multiple particles impact

This chapter provides a detailed description of the second stage of the FE modelling
where the single steel ball is replaced with multiple garnet abrasive particles; this is
to reflect the conditions occurring in real abrasive waterjet milling. A procedure has
been devised to select the damage material properties of the garnet abrasives and the
Ti-6AI-4V workpiece target material. A method is discussed for selecting the size
distribution of the garnet particles after fragmentation and for calculating the number
of particles required in the model corresponding to the total mass of the garnet used
in the experiments. The results from the multiple particles simulation at various
impact velocities are presented, respective erosion rates are calculated and the
velocity exponent for target material is determined followed by the conclusions.

5.1

Introduction

As mentioned earlier in section 2.4.1, little evidence exists
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the literature for

modelling multiple particles impact scenarios for conditions that fulfil the
requirements of AWJ machining. The approaches [123], [124] that have been reported
for multiple particles impact for AWJ machining are limited to employing only rigid
spherical abrasive particles which results in a totally different response as compared
to the real deforming sharp shaped particles [65]. Furthermore, the impact velocities
utilized in these models (e.g. 220 m1s [119]) are almost half of the experimentally
reported values. Knowing the deficiencies of the reported models and following the
validation of the FE model for the single particle impact situation, the next step
considered was to extend the FE model to a more real situation of multiple particles
impact while taking into account the effects of particles shapes and sizes.
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It should be noted that in the first stage of FE modelling (Chapter 4), as a starting

point to validate the FE model, a relatively simple situation was selected, i.e. steel
shots of known shape and size were used as the abrasives (impacting particles). After
gaining the confidence that the model was working correctly at this stage, the steel
shots were replaced with the garnet particles which are commonly employed
abrasives during the A WJ machining [43]. The challenges that were addressed for
developing the multiple particles impact model are detailed below.

5.2
5.2.1

Selecting the appropriate material properties
Material properties for the garnet particles

Garnet is classed as a brittle material and is known to fracture during impact loading
[159]. As mentioned in section 3.4.2.2 a tensile failure criterion is recommended for
modelling brittle materials during the impact. In order to utilize this criterion, the
value of the failure stress for the garnet is required. Various experimental studies have
been reported that demonstrate the fact that brittle particles such as silicon carbide
(SiC) and alumina (Ah03), silica (Si02) fracture completely upon impact at much
lower velocities (:S 100 m/s) compared to the range of velocities (368 m/s - 581 m/s)
used in the current study [126], [160], [161], [162]. This is true for both macro [126]
and micro [161] sized brittle particles.

It is also reported that the highest tensile stress occurs internally in the impacting

particle; however, the failure is caused by the lower tensile stresses developed on the
surface of the particle due to the flaws present on the surface of the particle [125].
This is the reason that the reported fracture velocities and the failure tensile stresses of
the brittle particles were found be quite low as highlighted in Table 5-1.
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Table 5-1: Fracture velocities and associated failure stresses for some irregular shaped
brittle particles [161]

Material

Fracture velocity, U

Failure stress,

(m/s)

(J1Il

(MPa)
Si0 2

62-83

70-99

Ah 0 3

68-81

131-159

SiC

90-100

160-180

Furthermore, it was demonstrated that the value of the failure tensile stress in the
abraded brittle particles of different materials was reduced by a factor of -2.4
compared to when there are no scratches or abrasion marks (surface flaws) on the
surface of the particles [162]. Therefore, a relatively lower value of the failure stress
could be expected for garnet particles due to the fact that they underwent an abrasion
phenomenon during their delivery through the abrasive hopper and developed surface
flaws while passing through the focusing nozzle due to the collisions among the
particles themselves and with the nozzle walls. The procedure, acquired from refs.
[159], [161], to calculate the failure stress for the garnet is detailed as follows.

The average failure load for garnet (mesh 80) during a uniaxial compression test is
reported as 5.66 N [159], which is similar to that reported for silica [161]. Silica
particles of size - 700 !lm are reported to fracture at an impact velocity of - 70 m/s
[161]. Since it is known that the fracture velocity of the particles increases as the
particles size decreases [126], in order to compensate for the size difference, fracture
velocity (U) for garnet (average diameter after fragmentation 190 !lm [16]) was
doubled, i.e. 140 m/s. Assuming that the entire kinetic energy (K.E) of the impacting
particle is converted into plastic work in the target to create the indentation and the
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contact pressure remains constant during the impact, the K.E and the plastic work can
be related as follows:

1
IlV = -mU 2
2

Eq.5.1

where 11 is the contact pressure, m is the mass of the impacting particle and V is the
volume of the indentation given by:

nh2(3R - h)
V=----3

Eq.5.2

where R is the radius of the impacting particle and h is the depth of the indentation
known from the experiments. It should be noticed that to make these calculations
possible, the impacting particle was assumed to have a spherical shape with a radius R
and the indentation was assumed as a spherical cap as shown in Figure 5-1 [161].

spherical cap

Figure 5-1: Schematic diagram of a spherical cap [159].

The contact radius (a c ) can be calculated as follows:

Eq.5.3
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Knowing a c, the force (Fo) acting on the impacting particle can be calculated as

F0--

2
IITIa
t"
C

Eq.5.4

In order to determine the value of Fo , the parameters required were; (i) U i.e. impact
velocity at which the particle fractures which was assumed to be 140 m/s, (ii) R i.e.
radius of the impacting particle 95 !lm, (iii) m i.e. the mass of the impacting particle
which was calculated as 0.0148 mg based on assuming the particle to be equivalent in
mass of a sphere of radius Rand (iv) h i.e. the value of the depth of the craters
produced in the target when the particle hit the target at the velocity U

= 140m/s. The

value of h was determined as - 14!lm from the experiments. This was done by
inserting a few (10 - 20) garnet particle in the abrasive inlet and setting the water
pressure at 20MPa which resulted in accelerating the particles to the velocity of 140m/s. Using the values, U

= 140 m/s, m = 0.0148 mg, R = 95 !lm and h = 14 !lm in

Eq. 5.1 to Eq. 5.4 gives ac/R = 0.53 and Fo = 20 N. Using the value of ac/R in
Figure 5-2 gives (Jl/JrrR 2 /F o = 0.22 from the curve of surface stress, and hence the
value of (JI/J is determined as -150 MPa. The material properties used for the garnet
are listed in Table 5-2.
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Figure 5-2: Variation of maximum tensile stress on the axis and on the surface of the
particle during impact [160].

Table 5-2: Material constants for garnet
Density
Young's Modulus
Poisson ratio
Tensile failure stress

5.2.2

(lTcutoff)

4120 (Kg/m3)
248 (GPa)
0.3
150 (MPa)

Material failure model for Ti-6AI-4V

In Chapter 4, while modelling a single particle impact, the Ti-6AI-4V target was

modeled only with the lohnson and Cook (lC) plasticity model based on the fact that
no significant material removal was observed in the experiments. However, for
multiple particles impact, a failure material model is required in the target material
definition to simulate the material removal. As mentioned in section 3.4.2, the lC
failure criterion was used to simulate the erosion in the target material. It was found in
the preliminary research that the material constants adapted for the lC damage model
from the work of Lesuer [147] produced excessive erosion in the target even for few
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particles impact. A similar problem was also observed in previous work [163], [164],
[165], [166], [167], where the as-is material constants adapted for the damage model
resulted in over-erosion in the target. This happened due to the difference between the
conditions (e.g. size, shape and velocity of impacting projectiles and resulting strain
rates) at which the simulations were run and the conditions when these material
constants were determined. It is further highlighted in these studies that due to
unavailability of experimental data at higher strain rates, it is necessary to calibrate
the damage parameters for a specific mesh size to attain a better agreement with the
experimental data. The reported research also demonstrated that in the erosive impact
simulations, simply refining the mesh size does not improve the simulation results. A
preliminary study carried within this research also showed that as the mesh was
refined in the fine mesh region, a continuous increase in the erosion rate (ER)
occurred, as shown in Figure 5-3. The mesh size shown in the Figure 2 refers to the
element size in the X direction in the fine mesh region, while the size of the element
in Y and Z-directions were changed accordingly keeping the element aspect ratio the
same in all the cases.
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Figure 5-3: Results for mesh convergence study at P=138MPa (Vimp=368m1s).
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Billon et al. [166] also found a similar behavior in their FE model, i.e. the ballistic
limit of their target decreased by refining the mesh i.e. the impacting projectiles
penetrated through the same thickness of the target at lower impact velocities when
the smaller mesh size was used in the target. This means that the target became more
erodible by reducing the element size in it. Therefore, in the current study an optimum
mesh size of X x Y x Z

= 20x7x22.5

!lm3 was selected after several trials. The

selected mesh size is considered small enough to capture the fine details of footprint
generated without consuming unnecessary computing resources. A relatively smaller
element size was selected along the direction of the impact aiming to ensure that a
sufficient number of elements were used to capture a smooth profile of the single
footprints where the maximum depth is in the range of 75 - 200 !lm.

Since no experimental data could be found in the open literature on the damage
constants for Ti-6AI-4V at strain rates above 104/s, and based on the highlighted
necessity of re-calibrating the damage constants in the FE model for a specific mesh
size for obtaining a good consistency with the experimental results [110], [164],
[165], the value of the JC damage parameter d j was increased from -0.09 as in ref.
[147] to 0.28 in the current study, i.e. it was assumed that no failure in the target will
occur for Et ::; 0.28. The damage constants used for the Ti-6AI-4V were d j

= 0.28, d2

=0.25 d3 = -0.5, d4 =0.014, ds = 3.87.
Since the value of the tensile failure stress

(Ocutoff

=

150MPa) for the impacting

particles and the damage parameter d j for the JC failure model for Ti-6AI-4V were
determined in the current research, it was attempted to analyze how much the erosion
rate in the target material is sensitive to these values. This was done by running the
FE model at 10% higher and 10% lower values of both

Ocutoff

and d j and comparing
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the erosion rate among the different cases. No significant differences were observed
in the erosion rates in the target at any combination of the values of acutoff and d J • This
is due to the fact that in the high velocity impact situation the deformations are mainly
governed by the K.E and momentum of the impacting particles [127] which remained
unchanged.

Furthermore, it should also be noticed that the values of the tensile failure stress
(acutoff)

for the garnets particles and the damage parameter d J for Ti-6Al-4V were kept

constant for all the simulations in the current research.

5.3

Selecting the sizes of the garnet abrasive particles

In the AWJ milling process, the jet footprint is mainly generated as a result of

cumulative erosion caused by the impact of the high velocity abrasive particles of
different sizes upon the target surface. It has been reported that during high velocity
(2:500mls) impact conditions, the response of the material (deformation/erosion) is
mainly dominated by inertia [127] which is the property of the mass (size) of the
impinging particles. Since the abrasive particles undergo fragmentation while passing
through the nozzle (focussing nozzle) [12], it is very important to carefully consider in
the model the real sizes of the abrasive particles that impact the surface. This aspect
was addressed by selecting the size distribution (SD) of the mesh 80 garnet particles
after enduring a fragmentation process as reported from the experimental work of
Babu and Chetty [16] (see Table 5-3). In this way, the particle sizes closer to the
reality were utilized in the FE model rather than just employing one single size for all
the particles [123], [124]. It should be noted that the SD acquired in the model
(column A in Table 5-3) did not consider the garnet particles in the range of 355400[!m, 315-355[!m, 63-90[!m and the pan (dust < 63[!m) which comprise -18% of
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the total mass of the garnet after the nozzle exit. The first two sizes were ignored
because they only add up to 1.8% of total mass and the last two were discounted as a
preliminary FE investigation indicated that the impact of the particles within these
size ranges had negligible contribution in the overall erosion process compared to the
larger sizes particles. This implies that whichever garnet mass is used in the
experiments, 82% of it will be used in the FE simulation.

Babu and Chetty [16] also reported the percentages of mass as mentioned in column C
in Table 5-3 for each size (column A) of the fragmented garnet abrasives. It was
required to convert these percentages of mass into the number of particles to be used
for each size in the FE model. To fulfill this task, a term "particles mix" was defined
which referred to a group of 19 garnet particles in the model which contains
approximately the same proportion of mass for each size of the particles as in real life
after fragmentation through the nozzle. The group of these 19 particles (particles mix)
was used repeatedly to attain the required total mass of the abrasives in the model.
While calculating the number of particles for each size in one particles mix, it was
aimed to match the corresponding values in column D (relative percentage of each
size among selected sizes in real life) and column G (relative percentage of each size
by mass in model) of Table 5-3. This was done by developing an excel file and
changing the value of Column E until the value of columns D and G closely matched.
This ensured that the amount of mass used in the FE model for a particular abrasive
size was as close to the AWJ experiments as possible.
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Table 5-3: Details of the abrasive particles mix used in the FE model
A (mm)

B (mg)

C(%)

D(%)

E

F (mg) G(%)

0.275
0.225
0.190
0.170
0.140
0.125
Total

0.041
0.029
0.014
0.010
0.006
0.004

0.14
0.24
0.10
0.13
0.12
0.09
0.82

0.17
0.29
0.13
0.16
0.14
0.11
1.00

1
2
2
3
5
6
19

0.041
0.057
0.028
0.031
0.029
0.025
0.211

0.19
0.27
0.13
0.15
0.14
0.12
1.00

Legend for Table 5-3
A
B
C

Approximated particle size used in model adapted from Babu and Chetty
[16] (mm)
Mass of each particle based on a sphere of same diameter (mg)
Percentage by mass of each size in the collected fragmented garnet abrasives

D

from experiments [16] (%)
Relative percentage of each size by mass among selected sizes in real life

(%)
E
F

G

Total number of particles used of this size in one particle mix
Total mass of each size in one "particles mix" (mg)
Relative percentage of each size by mass in model (%)

5.4 Selecting the shapes of the garnet abrasive particles

In the majority of the studies reported for the FE modelling of the AWJ machining

process (discussed in section 2.4.1), only a spherical shape of the garnet particle was
used, whereas in reality the garnet particles are of irregular shapes with sharp cutting
edges as shown in Figure 5-4. This difference significantly affects the accuracy of the
model by changing the erosion mechanism in the model since the spherical particles
create a ploughing deformation with lower erosion rates compared to sharp shaped
particles which are well-known for their cutting deformation behavior with higher
erosion rates [64], [168].
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Figure 5-4: Shapes of the garnet observed under the optical microscope. The colored
dots adjacent to the particles represent the category of the shapes they belong to.

In order to further elaborate the significance of the influence of the shape of the
impacting particle,

Figure 5-5 shows the comparison of the material removal in a ductile target after
multiple (50) impacts for each particle shape shown in the figure [128].
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Figure 5-5: The effect of the particles shape on erosion rate in the target material
under the impact of 50 particles [128].

The mass of the impacting particles for each of the shapes was the same. It can be
seen that each shape resulted in different amounts of material eroded from the target
with the highest erosion rate occurring in the case of sharp shaped (triangular)
particles and the lowest for the spherical particles. This is due to the facts that: (i)
sharp edges contact during the impact created very high shear stresses resulting in
more target surface damage and (ii) different amounts of energy were transferred to
the target surface per unit area due to the differences in the contact area in each case.
Due to the sharp edged contact in case of triangular particles, more kinetic energy is
transferred to a relatively smaller area which resulted in higher erosion rate as
compared to the rounded particles. This emphasized the importance of correctly
selecting the shape of the impacting particles during the model development.

To address this issue, three different shapes of the abrasive particles (triangular,
rhombic and trapezoidal) were employed in the current model. These shapes were
selected from the usually occurring shapes of the garnet particles as observed under
an optical microscope as depicted in Figure 5-4 and were in line with the generic
shapes of the garnet particles as presented in ref. [12]. The sizes allotted to various
shapes and numbers of particles used for each size in one particles mix are listed in
Table 5-4.
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Table 5-4: Sizes and number of particles assigned to different shapes . (Note: particles
shown in the table are not to scale

Shapes used
Assigned Sizes

1..",... ~i"l.n.."

5.5

275

225

190

170

140

125

2

2

3

5

6

mix

Contact

When an element is removed from the mesh, its nodes act as free-floating point
masses that are capable of transferring momentum either to the incoming particles by
striking them or to the target surface by bouncing back from the following impacting
particles. In order to avoid this situation, the "nodal erosion" capability of ABAQUS
was incorporated in the contact definition to eliminate the masses of these free flying
nodes from the simulation and thus making them ineffective. Figure 5-6 represents a
situation when the nodal erosion option was not included in the contact definition.
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Figure 5-6 : Free fl ying nodes from the eroded elements impacting the mcorrung
particles.
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It can be observed in Figure 5-6(a) how the nodes from the prevIOUS impacted
particles and the eroded target were dispersed in various directions under the
corresponding reaction forces, as highlighted by the black arrows. When these eroded
nodes collided with the new incoming particles, stresses were generated in the
particles prior to impact and their elements were removed as shown in Figure 5-6(b).
Furthermore, after hitting the incoming particles, these nodes were bounced back
towards the target and caused the stresses to be developed in the target away from the
particles impact site as depicted in Figure 5-6( c). Figure 5-7 shows the difference in
the stress pattern after the impact of 38 particles (i.e. 2 particles mix) when the nodal
erosion was included (Figure 5-7(a)) in the contact and when it was not active (Figure
5-7(b )). It can be seen in Figure 5-7(a) that the stresses were uniformly distributed
around the vicinity of the particles impact whereas the stress pattern is quite distorted
when the nodal erosion option is inactive, as shown in Figure 5-7(b). This is due to
the fact that in the latter case the eroded nodes were continuously hitting the
impacting particles and reflecting back to strike the target on random locations around
the main impact site and caused disturbances in the normal stress pattern. Therefore,
in order to correctly simulate the multiple particles impact situation, it is important to
remove the masses of the eroded nodes before these could affect the following
impacting particles or the target surface.
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Figure 5-7: Stress patterns developed after 38 particles impact: (a) with nodal erosion
option active and (b) without nodal erosion.

5.6

Results and discussions

Figure 5-8 shows the upgraded FE model after including the garnet particles of
various shapes and sizes and incorporating the damage material properties of Ti-6AI4V. The colour scheme used for the garnet particles is the same as presented in Table
5-4.
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Particles

Figure 5-8: Multiple particles FE model

It has been reported by a number of researchers [97], [138], [169] that the erosion rate
(ER) in a material is directly proportional to the exponent (n) of the impacting

velocity (Vimp ) of the particles as mentioned in Eq. 5.5. A value of n = 2 was reported
by Finnie [60] for ductile materials and a value of 2.5 was suggested by Hashish
[133]. An experimental value of 2.35 was found for the velocity exponent for Ti-6AI4V by Yerramareddy [170] .

ER oc

W:np

Eq . 5.5

In order to calculate the exponent "n" from the model and check its validity, the
subsequent procedure was followed. Particles impacting the workpiece at different
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impact velocities at 90° incidence angle were simulated using the FE model. A plot of
the mass lost (mg) in the target vs. the cumulative mass of the particles was
constructed. The steady state erosion rate (ER) for each impact velocity (Vimp) was
determined from the slope of the fitted straight line through the data points, given as
mass loss in target per gram of erodent (mg/g) as shown in Figure 5-9. The erosion
rate increased with the increase of the impact velocity due to the fact that the increase
in velocity resulted in an increase of the kinetic energy of the particles. This led to
more erosion in the target material at the same total mass of the impacting particles.
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Figure 5-9: Steady state erosion rates in Ti-6AI-4V determined for various velocities
form FE simulations. The particles impact velocities of 367m1s, 450mls, 520mls and
581m1s represent the water pressures of 138MPa, 207MPa, 276MPa and 345MPa
respectively.
Eq. 5.5 can also be written in the following form:
log(ER)

0(

nlog(Vimp )

Eq.5.6
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This means that the exponent .on" can be determined from the slope of the line by
plotting log(ER) vs. log(Vimp ). Using the values of the erosion rates (slopes) form
Figure 5-9, the data points in Figure 5-1O(a) were obtained. The slope of the straight
line fitted through these data points provided the exponent .on" equal to 2.25 for Ti6AI-4V. The above procedure was repeated to calculate the experimental value of the
velocity exponent as shown in Figure 5-1O(b). This value of .on" determined from FE
simulations falls within the ranges of the experimentally calculated value 2.55 and the
reported experimental value (2.35) for Ti-6AI-4V [133]. This is one of the
advantages of the FE modelling where, without doing experimentation, important
material constants could be determined. The good agreement between the simulated
and experimental data indicates the good reliability of the model.
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Figure 5-10: Variation of erosion rate with impact velocity; (a) FE simulation results,
(b) experimental resu lts .

5.7

Conclusions

This chapter presents an approach for modelling of impact of the mul tiple garnet
abrasives with ultra-high velocity; a situation that occurs during abrasive waterjet
machining. It was of much importance to carefully check the validity of the FE model
for a relatively few multiple particles impact before proceeding to the simulation of a
more complex situation, i.e. a complete jet pass containing hundreds of particles. The
following main conclusions can be drawn from the presented work:
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•

A large majority of published literature proves the fact that the brittle particles
fractures upon impact at relatively much lower impact velocities than those
expected in AWl machining. Therefore, unlike the previous AWJ FE modelling
approaches, the garnet particles were modelled as elastic with a tensile failure
criterion rather than considering them as rigid.

•

The damage properties were incorporated in the Ti-6Al-4V material definition to
simulate the erosion in the target and the Johnson-Cook damage constant "d( was
recalibrated for the mesh size that was used in this study.

•

Due to the critical importance of inertial affects during the impact problem, the FE
model takes into account the size distribution of the garnet particles after the
fragmentation from the focussing nozzle rather than assuming a single size for all
the particles. Thus, the FE model attempts to consider the sizes of the impacting
particles which is as close to reality as possible.

•

Considering the significant effect of the shape of the particle during the impact,
the garnet particles were modelled in three different shapes with sharp edges,
contrary to the usual approach of considering them as spherical shapes. The
selected shapes were in line with the shapes of garnet particles observed under an
optical microscope.

•

It was demonstrated that the free flying nodes left from the eroded elements in the

model collided with the following impacting particles and the target as well after
reflecting back from the particles and caused damage in them. It is therefore
necessary to remove the masses of these eroded nodes during the multiple particle
impact situations.
•

The model was run with 38 particles at four different impact velocities. By using
the calculated erosion rate in the target material at each impact velocity, the
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velocity exponent "n" was determined as 2.25 which is within the same range as
the calculated experimental value (2.55) for Ti-6AI-4V.

The agreement of the simulated results with the published literature is very
encouraging. This result suggests that the extended FE model is capable of simulating
the more real situation of multiple garnet particles impact. The model will now be
extended to simulate the single jet footprints at various pressures and traverse speeds.
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Chapter 6 Finite element modelling of a single jet pass
This chapter provides detailed description of the third stage of the FE modelling
where a single pass of the abrasive waterjet plume was considered in the model. The
model includes the effects of the mass flow rate of the abrasives and the traverse
speed, which are very important parameters while modelling the AWl milled
footprints. In the model, it is necessary to "assemble" the particles close to each
other in the form of layers to run the simulation efficiently. A procedure is devised to
arrange the garnet abrasive particles in the jet plume in such a way that they form a
Gaussian spatial distribution around the jet central axis. Results from the FE
simulations and the experiments are presented, compared and discussed, and
conclusions are drawn.

6.1

Introduction

It has been detailed in section 2.4.1 that very limited research has been reported in the
literature regarding the FE modelling of A WJ machining where the effects of traverse
speed and mass flow rate have been considered. Two studies [129], [131] were
reported for AWJ cutting; however, both these studies ignore the effects of the shapes
and sizes of the impacting garnet particles. The fracturing phenomenon of the
abrasive (garnet) particles was also neglected, leading to abrasion levels that cannot
be matched to the reality. Moreover, in these approaches, it was not highlighted how
the velocities of the impacting particles were assumed corresponding to the working
water pressures.

Realizing the deficiencies of the reported models and following the extension and
validation of the proposed FE model for multiple garnet particles impact, the model
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was further developed to simulate the single jet footprint while taking into account the
effects of traverse speed, mass flow rate and Gaussian distribution of the particles in
the jet plume. This chapter addresses the scientific challenges such that the AWJ
milled footprints can be predicted with good accuracy for a wide range of operating
parameters. The challenges that were addressed for developing the single AWJ pass
model are detailed below.

6.2

Finite element modelling

Owing to the symmetry of the A WJ milling at a 90° incidence angle, as illustrated in
Figure 6-1, and to save computational time, only a half model was developed and
evaluated at this stage. After completing the simulation, the half footprints were
mirrored and then compared with the experimental footprints. The modelling
procedure is discussed below.

Symmetry
plane

AWJPlume
Ti-6AI-4V
Target

considered in
the model

Figure 6-1: Symmetry of the A WJ milling process at 90° incidence angle.
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6.2.1

Calculating the required mass of abrasive particles

Since the model was now required to incorporate the effect of the mass flow rate of
the garnet particles, it was important to run the model with the same amount of mass
of abrasives impacting per unit length as in the experiments. The calculations for
obtaining the mass and number of the abrasive particles for a given length (L FE ) in the
FE model are presented as follows.

Let Vf (mm1min) be the jet traverse speed and rha (kg/min) be the abrasive mass flow
rate used in the experiments. The mass of particles impinged per unit length in the
experiments, mL (kg/mm) is therefore given by:

Eq.6.1

Since only a symmetrical half model was employed in the FE model and 82% of the
total mass was used in the experiments (as explained in section 5.3), the mass of the
particles required in the FE model (mFE) can be calculated as follows:

mFE = 0.5 X 0.82 x mL x LFE

Eq.6.2

where LFE is the length to be traversed in the FE model, 0.5 comes from the fact that
only half model was used and 0.82 compensates the neglected particles sizes as
explained in Table 5-3. Let mpM be the mass of one particles mix, i.e. 19 particles
(0.21lmg) from Table 5-3. The number of particles mixes required in the FE model
(npM) is therefore given by:

Eq.6.3
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Hence, the total number of particles required in the FE model (np) can be obtained as:

np
For example, for Vf

= 19· npM

Eq.6.4

= 2000 mm/min and IDa = 0.02kg/rnin, the mass of the abrasive

particles impinged per unit length, mL

= 10mg/mm.

If LFE

= 1.5mm then

mFE

=

6.15mg. This means 29 (npM) particles mix will be required in the model i.e. 551
particles (np) of various selected shapes and sizes will need to be simulated.

6.2.2

Assembling the abrasive particles in the model

Mter knowing the total number of particles to be used in the model for a set of
process parameters (e.g.Vf' ID a), the next task was to "assemble" the particles in the
model. It was reported that the abrasive particles form a Gaussian spatial distribution
around the jet central axis and possess almost a constant velocity at the nozzle exit
throughout the jet diameter [121], [122] as shown in Figure 6-2. The vertical red lines
in Figure 6-2(a) represent the nozzle diameter on a dimensionless scale, and in Figure
6-2(b) the axial velocity of the abrasive particles is expressed as the ratio of the
particles velocity to the pure water jet velocity (Bernoulli's Equation Eq. 4.1). This
means that the shape of the eroded footprint is controlled by the distribution of the
particles in the AWl plume. In the current study, the experimental parameters used
such as water pressure, mass flow rate and orifice diameter are similar to the one used
in ref. [122], the Gaussian spatial distribution of particles reported in this reference
was adopted for assembling the garnet particles in layers above the target. This was
done by dividing the jet diameter into smaller sub-circles and the number of particles
to be placed in each sub-circle were derived proportionally from the spatial
distribution of particles given in ref.[ 122].

133

Chapter 6

,
~ 250

~
t:

R:wo
":-

I ~--~----~,--,----.---~

O.Q

O.R1-~~:;-:::--c:;t--c;;+;;--t=---,:;:--+-+-1

§ 150
'"
-0

.D

0.7

~ 100

0.6
0.5

E:l
C

O.~

50

-I
raoi.J1

0
rl\~ lt i on

I
R [-]

(a)

2

- I -0.8 -0.6 -O . ~ -0.2 0 O..'! O . ~ 06 0.8
r.JJ ial p'"ilio n RI -I

I

(b)

Figure 6-2: (a) Gaussian spatial distribution [122] and (b) velocity of the abrasive
particles after nozzle exit [122].

Figure 6-3 shows examples of two layers containing abrasive particles distributed
within a jet diameter (d). It can be seen that the particles were arranged in various
orientations along the Y -direction to cover the maximum area within the jet diameter
and to keep the particles within the jet boundary. However, no particular initial
orientations were set for particles along X or Z-directions because of their negligible
effects on the results. This was also demonstrated by Chen and Li [128] who stated
that in the case of multiple impacts of sharp edged particles, setting the initial
orientations of the particles only had a negligible effect on the erosion rate. This is
due to the fact that after the target surface was eroded and it formed a slope, some
particles (e.g. quadrilateral) which were initially oriented with flat faces towards the
target surface might be impacting at their corners (sharp edges) on the eroded surface,
and those particles (e.g. triangular) which were initially facing with their sharp edges
towards the target surface, might land with their flat faces on the eroded surface.
Since in the current study hundreds of particles impacted the target surface, setting
particular orientations for particles along the X and Z-directions were not considered.
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Figure 6-3: Top and sides views of two layers of abrasives illustrating the particles
distributed within the jet diameter.

Fifteen different layers of abrasive particles comprising of particles mixes (npM) were
utilized in the FE model which were randomly patterned over each other in the ydirection to achieve the required total mass of the abrasive particles (mFE) for one jet
pass. While assembling the first 15 layers of the particles, particles of different sizes
and shapes were arranged such that they occur all around the half jet area. Care was
also taken to ensure that there was no concentration of any size or shape at one
location in the jet (e.g. periphery or centre). In order to visualize the FE model, Figure
6-4 shows various views of the model with and without the mesh after the particles
were assembled in layers above the target. It can be noticed in Figure 6-4(e) that the
mesh size along the Z-direction in the target fine region was increased from 20[!m (in
Chapter 4) to 22.5[!m. It was found that this difference had a negligible effect on the
erosion rate; however it resulted in reducing -17000 elements in the target which
helped in reducing the computational time further.
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Figure 6-4: (a) 3D view of the model. (b) Meshing of the target and the particles. (c)
Zoomed-in view of the elements used in the fine mesh area and the particles. (d) Gaps
among the layers of the particles; in between these gaps the jet was traversed by fixed
percentage of total distance (L FE ) to be covered across the target. (e) Tilted top view
of the model showing the length of the jet plume.

6.2.3

Boundary conditions

The motion of the workpiece was constrained at the bottom plane in the X, Y and Z
directions and at the symmetry plane in the Z-direction. The diameter of the half-jet in
the model was the same as the focusing nozzle diameter (d) used in the experiments.
The jet was traversed 1.5 x d mm in the X-direction in all the simulations to generate
an area marked as BCFE (see Figure 6-5) which received the complete impact of the
jet diameter. In the following, all the results related to the jet footprint will be referred
to the eroded profile of this region. All the garnet particles were assigned the same
velocity (Vimp = 0.7 x Vw (see Eq. 4.2)) corresponding to the selected water pump
pressure. The process parameters used in the FE model are summarized in Table 3.
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Figure 6-5 : Movement of the jet across the target in the model - top view. Points A
and B show the initial position of the jet and points C and D show the final position.
Hatched area "BCFE" illustrates the region where the jet footprints were measured.

It should be noted that water was not included in the FE model due the fact that within
the selected range of traverse speeds and pressures, water does not have the capability
to erode Ti-6AI-4V. Figure 6-6(a) shows a photograph of the target after three 100%
overlapping passes of a plain waterjet (PWJ) i.e. a mixture of water droplets and air at
345MPa (the highest pressure used in current study) and 1000mrnlmin (lowest TRS
used in the current study), the most aggressive parameters employed in the current
research. It can be seen that no considerable erosion was produced in the Ti-6AI-4V
target and most of the surface was left un-eroded. Figure 6-6(b) shows an example of
a single scanned profile across the surface of the target after three PWJ passes to show
the magnitude of the micropits produced. It can be seen that the maximum depth
produced in some local micropits after three PWJ passes was only a few microns
compared to the footprint depth of 430~m for three jet passes at the same parameters
when the garnets particles were included.

The parameters at which the FE simulations were run are listed in Table 4-4.
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Table 6-1: Process parameters used in the FE model.

Water
pressure
(MPa)

TRS
(mmlmin)

Mass flow
rate of
garnet, ilia
(Kg/min)

Mass of
garnet used
in model,
mFE(mg)

Velocity of
particles
used in the
model (m1s)

Angle of
incidence
of AWJ
(degrees)
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368
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368

90

207

2000

0.02

6.15

450

90

207

1000

0.02

12.3

450

90

276

2000

0.02

6.15

520

90

276

1000

0.02

12.3

520

90

_

~
.s

10 ~
MicrOPits
g
JG
~
-5

~ - 10
Q - 15 +-_--,-_

o

0.2

(b)

0.4
0.6
0 .8
Scanned length (mm)

1

1.2

Figure 6-6: Negligible erosion produced in Ti6Al4V target after multiple PWJ passes
at P=345MPa, Vr = 1000mmJmin (a) Zoomed in view of three 100% overlapping
passes (b) Single scanned profile across the PWJ surface.

6.2.4

Including the process kinematics into the model

It was quite challenging to incorporate the exposure time of the target to the jet into
the FE model which is controlled by the jet traverse speed across the target. In real
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life, the abrasive particles are spaced quite apart from each other particularly along the
direction of the impact (Y -direction in the model). This can be observed in Figure 6-7
which shows a CCD camera snap shot of the laser reflecting fluorescent dyed garnet
particles travelling at random and relatively larger distances from each other along the
direction of impact velocity [122] .

.. .. ....................... ) .... ........... . .

Figure 6-7: CCD camera image showing detected abrasive particles after nozzle exit
which are widely spaced apart [122].

Furthermore, the impacting velocity of the particles is very high as compared to the
jet traverse velocity across the target (V imp

» V f). This means that the experimental

values of the traverse speeds could not be used in the model because these would
result in prohibitively long simulation times. In order to save computational time, the
particles in the FE model were arranged in layers and these layers are spaced close to
each other (50Ilm) as shown in Figure 6-4(a & d), hence significantly reducing the
length of the jet plume for the same amount of mass of impacting particles as used in
the experiments. Figure 6-8 shows the schematic illustration of the difference in how
the abrasive particles are spaced in the real jet and in the FE model.
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Figure 6-8: Schematic representation of the differences between the particles spatial
density in the jet in reality and FE model. (a) Experimental jet with particles far apart
from each other (b) Jet in the FE model with closely spaced particles.

In order to have the same number of particles impacting per unit area in the FE model
and the real A WJ process after arranging the particles in closely spaced layers, the jet
was required to be traversed much faster in the model compared to the experiments.
However, if a higher traverse velocity was applied to the jet, the resultant angle of
impact will deviate from 90°, whereas it is well-known that for ductile materials, the
erosion rate changes considerably due to a change in the angle of impact [60]. This is
explained as follows.

Let Lj be the length of the jet plume in the FE model. The total time (t) required by all
the particles to hit the target surface is given by:

t

Let

Vf

= L/~
) Vimp

Eq.6.5

be the traverse velocity that could be used in the FE model such that all the

particles in the jet plume will make impact upon a target length "L FE " over the span of
simulation time (t).

Vf

can be determined as follows:
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Vf, -- LFE/ t
Eq.6.6
The resultant angle of impact (eR) can be obtained as:

Eq.6.7

As an example, the calculations for eR at Vf = 2000mmlmin and Vimp = 368m1s (i.e.
P=138MPa) are presented as follows. From the FE model

Lj

= 13.7mm. Therefore,

from Eq. 6.5 and Eq. 6.6, t = 37.6 IlS and V[ = 40 m1s. Substituting the values of V[
and Vimp in Eq. 6.7, eR is obtained as 83.7°. This means that the footprint obtained
from the FE simulation at this traverse speed (V[ = 40 m1s) will be equivalent to that
obtained at 83.7° in the experiments. To overcome this issue, i.e. keeping the normal
angle of impact between the particles and the target, an alternative way of modelling
the traverse speed was suggested. Rather than employing a continuously moving jet,
the jet was moved across the target in small equal increments along the X-direction
and it was only moved in between the gaps (see Figure 6-4(d)) between two adjacent
layers of the abrasive particles. Each increment was a fixed proportion of the total
length (LFE) to be traversed in the model. This was accomplished in the FE model by
applying a displacement boundary condition to the jet in the X-direction with an
amplitude which divides the total displacement (LFE) over the time (t) into a number
of equal smaller segments. Hence, it was avoided to generate a second component of
velocity of the particles along the X-direction which can affect the erosion rate
because

In

reality the particles only have one component of velocity along Y-

direction.
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6.3

Generation of experimental data

AWJ milling trials for validating the FE model results were conducted by using the
process parameters mentioned in Table 3-4. The mass flow rate (rria) of the garnet
abrasive was kept constant at 0.02kg/min. To ensure repeatability and accuracy of the
abrasive mass flow rate during the whole experiment, the abrasive was delivered by
an analogue controlled mechanical abrasive metering system (FEED LINE IV) which

was calibrated before each start of the test. All the trials consisted of a single pass of
A WJ over the target surface at 90° incidence angle. In order to measure the mass

removed per A WJ pass, the weight of the workpiece was measured before and after
each A WJ pass. This measurement was used to calculate the erosion rate (ER) in the
target material, which was defined in Eq. 3.1. Once the A WJ milled trenches were
generated, 3D surface scanning of the footprints was performed using a Talysurf laser
scanner. In each scan, an area of 1.8 x 30 mm2 (width x length) was evaluated along
the jet traverse direction. Then, a mean surface profile line was extracted out of each
3D scanned surface to enable the validation of the FE model results. A brief
illustration of the scanning process is presented in Figure 6-9.
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Figure 6-9: Procedure for extracting 2D profiles from an experimentally generated
kerf

6.4

Results and discussion

It is evident from the images of the 3D scanned surfaces in Figure 6-9 and Figure 6-10
that the surfaces of the milled footprints are not very uniform; rather they are uneven
and have some pits. This is attributed to the facts that: (i) erosion was mainly caused
in the target by the impact of a number of particles which differ in their masses
(kinetic energy), i.e. their capability to erode, hence causing a non-uniform erosion at
micro levels; (ii) although the abrasive particles were supplied by an analogue feeder
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which can accurately control the amount of abrasive supplied to the cutting head,
there was a degree of variation of this parameter as the particles were entrained into
the cutting head and streamed in the focusing tube.

That is the reason that the

individually scanned 20 profiles differ from each other, as shown by the cluster of the
20 profiles around the mean 2D red profile in Figure 6-9. This is due to the variation
of the milled surface along the jet traverse direction. In order to overcome these
issues, a longer length of footprint (30mm) was scanned along the jet traverse
direction, so that a better overall picture of the eroded footprint could be captured by
averaging all the individually scanned profiles. In the following the jet footprints will
be referred to their mean surface profiles.
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Figure 6-10: (a) A typical scanned 30mm long milled trench with some surface nonuniformities; (b & c) Zoomed in regions within the scanned trench with yellow circles
highlighting some relatively deep eroded regions . Process parameters used P

=
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207MPa, V f = 1000mmlmin.

Figure 6-11 presents a typical eroded surface from the FE simulations. Points A and B
show the initial position of the jet while points C and D correspond to the jet final
positions.

Figure 6-11: Stress contour generated in the simulated half kerf; P

= 276Mpa,

Vf

=

1000rnrnJrnin.

The dotted rectangle BCFE represents the same area BCFE as shown in the Figure 6-5
which received one complete pass of the jet diameter in the X-direction. All the half
2D FE footprints were measured within this area by selecting a path of the nodes in
the Z-direction and then the Y -coordinates of these nodes were recorded across the
path. An average of the Y-coordinates for 10 such nodal paths (half footprints) was
taken for each of the eroded trench from the FE model and then mirrored (by using
M atl ab ) as complete 2D footprints to be compared with the corresponding scanned
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experimental footprints. The simulation time varies from 40 -

50 min for

2000mm/min traverse speed (i.e. for 551 particles) and 1.16 - 1.5 hours for
1000mm/min traverse speed (i.e. for 1102 particles) on a cluster of eight nodes (3GHz
Intel quad-core each node) with 16GB total RAM depending on the pressure (velocity
of the impacting particles) used in the FE model. It was noticed that keeping the same
number of elements in the target and doubling the number of particles in the FE
model, the simulation time was increased by more than -2 times, hence a
considerable amount of computational time was saved by using the half model.

In Figure 6-12(a) to Figure 6-12(e), the evolutions of the erosion due to the impact of
the abrasive particles on the Ti-6AI-V4 target and the formation of the eroded
footprint are illustrated. The different stages in Figure 6-12 are expressed in terms of
the percentage of the total mass of the abrasive particles in the FE model (mFE) that
has impinged the target surface. Figure 6-12(a) represents the initial stage before the
particles started impinging the target surface. In Figure 6-12(b) to (d), the particles
impacted the target at various locations and both the target and the particles undergo
erosion. Figure 6-12( e) corresponds to the final eroded kerf after all the particles have
impacted and the jet has traversed the total distance LFE . It can be seen that the depth
of cut increases with time as more and more particles impact the surface, and
stabilizes only in the red highlighted region which has received one complete pass of
the jet diameter i.e. the region BCFE in Figure 6-5 and Figure 6-11. This means that it
is necessary to traverse the jet by a distance larger than the jet diameter, because only
after one full jet pass the eroded kerf depth gets stable.
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Figure 6-12 : Stages of erosion of the target during the impact of abrasive particles.
*Fifteen different layers of particles were used which were then patterned over each
other in the Z-direction to achieve the mass of abrasive particles (mFE) required in
each simulation.

Figure 6-13 shows the simulated averaged jet footprints compared with the
corresponding experimental footprints .
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The results of the FE model are quite encouraging both qualitatively (shape of
footprints) and quantitatively (depth and width of footprints). The shape of the
footprint was controlled by the distribution of the particles in the jet while the depth
and the width were controlled by both the impacting velocity of the abrasive particles
and traverse speed of the target across the jet. The shapes of the simulated kerfs at
different pressures and traverse speeds are similar to the corresponding experimental
ones, confirming that the particles were correctly distributed while assembling them
into layers over the target surface.

The depth and the width of the simulated kerfs are also in good agreement (maximum
error < 10%) with the experimental ones. Like the experiments, the FE model also
predicted different depths of penetrations when the traverse speed was changed
keeping the same water pressure. The depth reduced when the traverse speed was
increased. This is due to the fact that when the traverse speed is increased, less
particles impact per unit area on the target surface, thus reducing the exposure time of
the target to the impacting particles leading to less erosion in the target. Figure
6-14(a) shows that a linear relationship exists between the pressure (in the used range
138MPa-276MPa) and the depth of the footprint at both traverse speeds used.
Moreover, it can be observed that the depth of the footprint is more sensitive to the
change in pressure compared to the width of the footprint. Similar experimental
results were also found by Srinivasu et al. [18]. The width of the footprint (w) was
increased only by 1.04% when the water pump pressure (P) was doubled (see Figure
6-14(b )). This implies that most of the particles in the AWJ plume travel close to the
central axis of the jet and only fewer particles are travelling near the jet periphery.
Furthermore, keeping the same mass flow rate (m a )., the spatial distribution of the
abrasive particles in AWJ column is not affected by changing the water pressure,
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based on the fact that a single spatial distribution of the particles in the FE model
predicted the correct shapes of the footprints for all the cases.
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Figure 6-14: (a) Variation in depth of the footprint by changing the water pump
pressure. (b) Variation in width of the footprint (w) by changing the water pump
pressure.

It can be observed in Figure 6-13 that the height of the piled-up material at the
boundaries of the simulated footprints is the same as the corresponding experimental
ones, whereas there are differences in the length (Lp) of the piled up material in the Zdirection. In the simulated footprint, the target material was piled-up over a smaller
length compared to the experiment footprints. The reason for this difference can be
explained by closely observing the boundaries (edges) of the scanned footprint within
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the dotted rectangles as shown in Figure 6-15(a). During the experiments, the abrasive
particles on the boundaries of the jet plume were not always impacting the target
surface at the jet diameter (d); rather they hit the surface both inside and outside of the
jet boundary as well. This means that the width of the experimental footprint was
varying across the jet traverse direction. Therefore, when the average of all the
scanned footprints was calculated over the entire trench length, the length of the piled
up region (Lp) also increased (see Figure 13(b )). However, in the FE model all the
particles impact at a constant diameter (d). On the other hand, the height of the lip
remains the same in both the simulated and experimental footprints due to fact that the
numbers of particles impacting per unit area are identical in both cases.
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Figure 6-15: Details of piled-up material at the edges of the jet footprint at P =
276MPa, V f

= 2000mrnlmin:

(a) Scanned footprint; (b) Averaged 2D profile of the
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footprint.

In order to further validate the model, the erosion rates (ER) were calculated from the
FE model and compared with the corresponding experimental values, as shown in
Figure 6-16. It should be noticed that only the abrasive particles impacted the target in
the FE model, whereas in the experiments both water and the abrasive particles
impacted the target. The good agreement between the experimental and the simu lated
ER shows that the erosion produced in the Ti-6AI-4V target by the water droplets
present in the A WJ plume is negligible at the pressures and traverse speeds used in
the current study. Thus, the current model can be used to reliably predict the single
A WJ milled footprints up to an operating pressure of 276MPa.
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Figure 6-16: Erosion rates obtained from FE simulations vs. experimental results.
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6.S

Conclusions

In this chapter, a new FE model is developed to predict the abrasive waterjet milled
footprints. In comparison with the previously reported AWJ FE models, this model is
much closer to the experimental conditions by considering more real life challenges
such as the effects of mass flow rate, particles spatial distribution, water pump
pressures and traverse speeds along with the correctly selected shapes and sizes of the
abrasive particles. A method has been identified that facilitate including the mass flow
rate of the abrasive particles in the FE model such that the model can be run for the
same amount of the mass of abrasive particles as in the· experiments. Abrasive
particles were arranged in layers in the jet plume to form a Gaussian spatial
distribution which was essential for controlling the shape of the footprints. The layers
of the particles were placed very close to each other as compared to the distances
among the particles in the real jet; thus saving a considerable amount of the
computational time. The effect of exposure time, i.e. the traverse speed, was also
included in the model by moving the target in an incremental fashion in such a
manner that it resulted in the same particles impact density as in the experiments
without disturbing the erosion rate in the target.
The simulated jet footprints and the erosion rates generated by the presented FE
model were consistent (maximum errors S 10%) with the experimental results. The
good agreement confirms the validity of the model. In addition, the model provides
further understanding of the AWJ process by revealing the fact that the spatial
distribution of the abrasive particles in the jet plume is not affected by the changing
the water pump pressure. This is demonstrated by the fact that a good agreement with
the experimental data is exhibited at various pressures by employing only a single
particles spatial distribution.
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Due to the stochastic nature of the AWl milling process, a model is required that can
reliably predict the depth of the cut and the profile of the footprints at a given pressure
and traverse speeds. The presented FE modelling approach, by closely simulating the
AWl milling process, enables the prediction of accurate jet footprints, and this leads

to the possibility for further developments of the model to simulate the generation of
3D surfaces as a result of overlapping passes of the abrasive waterjet.
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Chapter 7 Finite element modelling of overlapping jet passes
This chapter provides the detailed description of the final stage of the FE modelling
where the footprints generated as a result of overlapping abrasive waterjet pass were
considered. A method has been proposed by which multiple overlapped A WJ milling
passes can be simulated without being computationally extremely expensive. The
importance of the mass distribution of the abrasive particles around the jet central
axis is explained and the mechanism of the overlapping of the footprints is discussed.
Results from the FE simulations and the experiments at various process parameters
are presented, compared and discussed. Finally, conclusions are drawn.

7.1

Introduction

The development of models to reliably predict the jet footprints is of principal
importance in AWJ milling for the generation of desirable geometries, because
several single footprints overlap to produce the end shape. After developing and
validating the half jet model, it was decided to extend the model to predict the
footprints generated as a result of several overlapping jet passes. Up to this stage,
being a half model based on the symmetry of the process, the model can only predict
the jet footprints for a single pass of the AWl However, in real life milled 3D
surfaces are generated as a result of an overlap of several single footprints. This
implies that in order to simulate the overlapping footprints, the existing model will
need to be upgraded to a full scale model, i.e. including the complete jet diameter,
because without having the full jet, overlapping footprints cannot be simulated.

In this chapter a new FE model for AWJ milling of overlapping jet footprints is

presented. A new approach is discussed which makes it possible to predict the
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footprints for different numbers of jet passes (n). The aim of this chapter is to build
and validate an FE model that will simulate the overlapping A W J milled footprints
after multiple passes of the jet. The modelling procedure is explained below.

7.2

Finite Element modelling

The key modelling challenge for simulating the overlapping A WJ footprints is that by
including the multiple jet passes and the target in the simulation, the size of the
problem (total number of nodes and elements) becomes prohibitively large. To
provide an estimation of problem size, the total number of nodes in a three jet pass to
be traversed over a length of 1.5mm at a traverse speed of 2000rnmJrnin is 1,683,000
and an additional 674,966 nodes in the target. Consequently, a methodology was
required to make the simulation runs possible which is discussed later in this section.

Figure 7-1 represents the examples of the top and side views of the individual layers
of the garnet abrasive particles after they were arranged in the full jet diameter (d).

Layer-l

Jet
.. . . .;r" boundary

Layer-2
....

Top
views
\

\

y

Lx
Side
views

Figure 7-1: Top and sides views of two layers of abrasives illustrating the particles
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distributed within the jet diameter.
Figure 7-2 depicts typical views of the FE model for overlapping footprints after the
abrasive particles were assembled in the form of a complete jet above the target. The
positions for the three jet passes and the step-over distance (SO) between the adjacent
passes are shown in Figure 7-2(a) and a meshed view of the target and the particles is
shown in Figure 7-2(b) . In the current work, only three jet passes were simulated,
firstly because three passes were enough to obtain a good picture of the overlapping
behavior of the footprints, and secondly to save computational time.
Il~' t'innO f//ll ..............

p; .',' ,)[ I'"

;"'-" L_.~-

C
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I
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1-

to.3mm
(a)

Figure 7-2: (a) 3D view of the FE model explaining the SO distance between adjacent

157

Chapter 7
overlapping jet passes. (b) Meshing of the target and the particles.

The jet was traversed 1.5 x d mm in the X-direction in all the simulations to generate
an area marked as BCFG (see Figure 6-5) which received the complete impact of the
jet diameter where later the simulated footprints were measured. It should be noted
the width of the area BCFG varied in the Z-direction depending on the step-over
distance used in between the successive jet passes.

Jet traverse direction

•

Target

>

'.J et final
osition

Figure 7-3: Movement of the jet across the target in the model- top view.

7.2.1

Analysis procedure

When all the jet passes and the target were included in one single simulation, either
the run time became prohibitively large or sometimes the FE solver failed due to
memory errors owing to the larger size of the problem. Moreover, even if the
simulation was completed, viewing and extracting results from such large output files
would be cumbersome processes. In order to make the simulations possible and
efficient, the analysis was run in stages. Each stage contained only one jet pass and
the target. This was the reason that the second and the third jet passes were presented
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hypothetically by dotted cylinders in the Figure 7-2(a). When the first pass simulation
was completed on the target, the stresses and deformations from it were mapped at the
beginning of the second pass simulation on a new (non-eroded) target containing the
same dimensions and geometric features as the previous one. Once the initial state
was mapped on the new target, i.e. it acquired the same eroded shape as after the first
jet pass, the second jet pass was then traversed over the target at the selected step-over
distance (SO). The same process was repeated for the next stage, i.e. the third pass
simulation. By using this procedure, the simulation for the overlapping footprints
became possible and the total simulation time for three jet passes at traverse speed of
2000mmlmin (i.e. 3106 particles

= 1156626 elements) was reduced from about 36-40

hrs to only 6 hrs on a cluster of 16 processors (3 GHz Intel quad-core each) with 16
GB ram.

The parameters at which the FE simulations were run are listed in Table 4-4.

Table 7-1: Process parameters used in the FE model.

Water
pressure,
P (MPa)
207
207
276
276
345
345

7.3

Corresponding
Traverse
velocity of particles, speed,
Vf (mm1min)
Vimp (rnJs)
450
450
520
520
581
581

2000
1000
2000
1000
2000
1000

Mass of one
jet pass,
mFE (mg)
12.3
24.6
12.3
24.6
12.3
24.6

Generation of experimental data

AWJ milling trials for validating the FE model results were conducted by using the
process parameters mentioned in Table 3-5. All the trials consisted of two and three
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overlapping passes of the A WJ over the target surface at a 90° impact angle. The
weight of the target sample was measured before and after each AWJ pass to
determine the erosion rate (ER) in the target material, which was defined in Eq. 3.1.
After the A WJ milled trenches were generated, 3D surface scanning of the footprints
was accomplished by using a Talysurf laser scanner. In each scan, a 60mm length was
scanned along the jet traverse direction while the scanned width of the footprint
varied between 1.5 to 3mm depending on the step-over distance (SO) at which the
trench was milled. Then, a mean surface profile of the footprint was determined by
averaging all the scanned single profiles which together form the 3D scanned surface.
Figure 6-9 illustrates the experimental setup and the scanning process.
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Figure 7-4: Procedure for extracting 2D profiles from an experimentally generated
kerf. Kerf milled at P=34SMPa, V f = 2000rnmlmin, SO=O.Smm, number of jet passes,
n = 3.

7.4

Results and discussion

Figure 7-5 explains the simulation process for one set of parameters (SO=O .Smm,
P=207MPa, V f = lOOOrnmlmin). Figure 7 -Sea) illustrates the starting state of the first
pass simulation and no erosion is produced in the target. Figure 7-S(b) represents the
beginning stage of second pass simulation and it can be seen that at simulation time of
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Osec, the deformed state of the target from the first pass simulation has been mapped
on a new target and the jet has been displaced along the Z-axis by the required stepover distance which in the presented case is 0.5mrn. The dotted rectangle BCFG in
Figure 7-5(b) shows the same area BCFG as in Figure 7-3 which has received one
complete pass of the jet. Figure 7 -5( c) represents the starting position for the third
pass simulation with the initial state mapped on the target from the second pass
simulation. Figure 7-5(d) shows the sectioned view of the final state of the target after
three jet passes. In Figure 7-5(b-d), the red highlighted nodal paths show the examples
of single footprints in the target after each pass. It can be seen that after every jet pass,
the shape of the footprint changes. Later, the average of 10 such nodal paths
(footprints) from the target after each pass was used for comparison with the
experimental data.
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Figure 7-5: Explanation of the simulation process for three jet passes at P = 207MPa,
V f = lOOOmmJrnin, SO=O.5mm. (a) First jet pass simulation; (b) second jet pass
simulation; (c) third jet pass simulation; (d) cross-sectioned view of final target
surface after three jet passes.
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Figure 7-5: Continued

As mentioned in section 6.2.2, the spatial distribution of the abrasive particles within
the jet plume was acquired from the work of Balz and Heiniger [122] . This
distribution was based on the number of particles observed at various positions within
the jet diameter. When the model was run for the overlapping jet passes based on this
particles

number

based

Gaussian

distribution,

the

erosion

behavior

was
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underestimated in the simulated footprints around the jet central axis for all the cases.
These differences were minor and could not be spotted easily for the footprints
generated as a result of single jet pass when compared with the experimental results.
However, these variations became more noticeable after two and three passes of the
jet. Figure 7-6 shows an example of the comparison of a simulated footprint with the
corresponding experimental one for two jet passes at SO=0.5mm. It can be seen in
Figure 7-6 that the simulated footprint agrees well with the experimental one away
from the jet center as indicated by encircled region "a". The main differences, i.e.
lower depths (low erosion), are within a jet radius of 0.3mm. Zone "b" represents the
less eroded region on the kerf during the first jet pass, whereas circle "c" shows the
same location as region "b" around jet central axis during the second pass.

It can be seen that the disagreement between the simulated and experimental
footprints increases in region "c". This is due to the fact that during AWl machining,
the surfaces anomalies (e.g. craters/pits) once developed are further amplified during
the successive passes of the jet [17]. Since it is known that the shape of the AWl
footprints depends on the kinetic energy distribution of the jet [18], [171]. Given that
the velocity of the particles is almost constant across the jet [121], the shape of the
footprint depends on the mass distribution of the abrasive particles around the jet
central axis. This suggested that more mass was needed to be added to the layers of
abrasive particles within the radius 0 to 0.3mm of the jet. It should be noted that this
problem did not occur due to the material failure criterion, because otherwise a
uniformly under- or over-erosion would be observed throughout the footprint. One of
the reasons why the particles number based distribution model resulted in a deviation
from the experimental results, was that the garnet abrasives mesh size used in ref
[122] was 120, i.e. the average particle size 0.125mm, whereas in the current study
165

Chapter 7
the garnet particles mesh size used was 80 with an average particle size of 0.180mm.
This difference in abrasive mesh sizes affected the number and SIzes
'
.
0 f th e ab raSIve
particles travelling at various radii within the jet plume. This was the reason why
more particles were required to be added in the as-is distribution from ref [122] inside
the jet radius of 0 .3mm.
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Figure 7-6: Preliminary comparison of FE and experimental (Exp) footprints at
P=276MPa, V f = 2000rnmJmin, SO = 0.5mm, n = 2.

FE modelling provided the opportunity to present the mass distribution of the particles
within the jet plume which is more accurate for modelling and studying the AWJ
structure rather than a number-based spatial distribution of particles. Figure 7-7
presents the comparison of the mass distributions in the jet when the particles were
arranged according to the number based spatial distribution in the model from the
results of ref [122] and the improved particles mass distribution.
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Figure 7-7 : Comparison of mass distribution of particles in the jet plume.
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distribution is calculated when particles are arranged based on ref [122] number based
spatial distribution.

After improving the mass distribution of particles in the jet plume, the simulations
were run at various parameters. Figure 7-8 shows an example of FE simulations
results compared with the experimental results at given parameters. The simulated
footprints now show a more realistic behavior when compared with the experimental
data, i.e. the depths of some footprints match with the experimental ones, some show
more depths, while some show lower depths. On the contrary, all the overlapped
simulated footprints showed less depths compared to the experimental kerfs when the
simulations were run based on the as-is (from ref [122]) particles distribution. For the
ease of comparison among the results at various process parameters, the scale of the
Y-axis on all the plots in the same row was kept equal. The simulated footprints were
in good agreement with the experimental data both in terms of depth and shape of the
profiles. The FE model correctly predicted the depth of the footprints at different
pressures (P) and number of passes (n) of the jet with a maximum error of 15%.
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Keeping the process variation in consideration, e.g. particles fragmentation and
shapes etc, the simulation results are very encouraging.

168

(a)

L -I
FE ----- Exp

SO

E

P=207MPa

-SO
-ISO
-2S0
-3S0
-4S0

-SO
-ISO
-2S0
-3S0
-4S0

n=1

-0.6 -0.4 -0 .2

::i.
'--'

SO

0

0.2

0.4

0.6

P=276MPa
n=1

-0.6 -0.4 -0.2

~ -SO
SO ~
=2
SO
.§
-SO
fr -ISO
-------ISO

g

-2S0
-3S0
o -4S0
...c:

0..

0.2

-0.6 -0.4 -0.2

SO

0

0 .2

0.4

0.6

_
n-3

0.4

0

0 .2

0.4

0 .6

0.4

SO
-SO
-1S0
-2S0
-3S0
-4S0
0.6
-0.6 -0.4 -0.2

0

0.2

0.4

0.6

0.2

0.4

0.6

n-2

-

-SO
-1S0
2S0
-3S0
-4S0

-0.6 -0.4 -0.2

0

-0.6 -0.4 -0.2
SO

.....---

0.2

_
n-3

-SO
-1S0
-2S0
-3S0
-4S0

0.2 0.4 .9.6

0

SO

0\
\0

I-

_

-SO .-- "
-1S0

n-3

~SO

-3S0
-4S0

-0.6 -0.4 -0.2
--

0

0.2

0.4

-

Width of footprints (mm)

-

~

-ISO
-2S0
-3S0
-4S0
0.6
-0.6 -0.4 -0 .2

-2S0
-3S0
-4S0

~

Q

0

P=345MPa

SO ,--------.:..--=-..:....,.
-SO
n=1

0.6

-12..6
.....

-0.4 -0.2

0

(b)
FE ---- - Exp

~

8

50
0
-50
-1 00
-150
-200
-250

:::i.

-I

'-'
rJl
.....
c

n=2

-0.8 -0.6 -0.4 -0 .2

0

0.2 0.4 0.6 0.8

0

0

-100

-100

4-;
4-;

-200

-200

..s::
..... -300

-300

0
0

0

0..

-1

(!)

-0 .8 -0.6 -0.4 -0.2

0

-1
-..J

0

0J

11

0..

-0.8 -0 .6 -0.4 -0.2

0

0.2

0.4

0.6 0.8
(Ij

0..

~
r\D

0J

"

0..

-0.8 -0.6 -0.4 -0.2

0

0.2 0.4 0.6 0.8

0
-100
-200
-300
-400

0
-100
-200
-300
-400

-

~

r-

0

-1

0.2 0.4 0.6 0.8

Cl

(Ij

0..

-I

.-.........

0..

n=3

50
0
-50
-100
-150
-200
-250

-0.8 -0.6 -0.4 -0.2

0

0.2 0.4 0.6 0.8

...

(Ij

0...

~

tr)

"'1'

t:<')

"

0...

-1

-0.8 -0.6 -0.4 -0.2

Width of footprints (mm)

~

0

0.2 0.4

0.6

0.8

(c)

- - FE ----. Exp

n=2

a
~

o

o

- \00

- \00

c::

~

ro
11

1-200

.-fr I
......

~

01

-\ .2 -\

'-""
Vl

n=3

-O.R -0.0 -0.4 -0.2 0

0.2 0.4 0.0 O.R

\

50

-200 ~--------------------------------------~, ~
\ .2
- \ .2 -\ -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8
1.2
50
~

~

o

-50

~

-50

~

~

o

::::: 1- \ 50

o

r-

-150

01

-250

~------------------------------------~, ~

11

250
-51~
- 1,.2

-1

-O.R -0.0 -0.4 -0.2 0

- 1.2 - 1 -0.8 -0.6 -0.4 -0.2 0

1.2

0.2 0.4 0.0 O.R

o

0

-\00

-100

-200

-200

-300
-1.2 -\

-0.8 -0.6 -0.4 -0.2 0

0.2 0.4 0.6 0.8
~

1

0.2 0.4 0.6 0.8

1

1.2
~

~

tr)

-.::t

rfJ

.

11

-300 ~------------------------------------~, ~
-1 .2 - 1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1 1.2
1.2

Width of footprints (mm)

Figure 7-8: Comparison of simulated and experimental footprints at V f = 2000mrnlmin (a) SO=O (b) SO=O.3mm (c) SO=O.5mm.

--J

Chapter 7

Despite the good agreement with experimental data, there were some differences
between the depths of the simulated and experimental footprints when it came to stepover distances of 0.3mm and O.Smm. For example, in Figure 7-8, at SO=0.5mm and
n=3 for all the pressures, the midpoint (x = 0) of all the experimental footprints was
deeper than the predicted ones. These differences were there due to the secondary
erosion resulting from the reflected jet. Figure 7-9 presents three experimental
footprints on top of each other for one, two and three passes of the jet as an example
to explain this effect. The dotted circle "a" shows the difference between the eroded
area for footprints for first and second jet pass. The profile of the footprint for two jet
passes (n=2) shows more steepness i.e. more erosion compared to the footprint for
one jet pass (n= I) . This is due to the fact that when the AWJ impinged the target at
point "c" during the second pass, the jet got reflected and hit the already eroded area
"a" on the first footprint (n= 1) and erode it further. Similarly, point "d" on the
footprint after two jet passes underwent secondary erosion by the reflected jet during
the third jet pass (n=3) and eventually settled at point "e". The current FE model was
unable to simulate the effect of the reflected jet because water was not included in the
simulation. However, the effect of secondary erosion was not serious and the model
predictions were still in good agreement with the experimental data.

100~------------------------------------~

c

E 0
-= -100
::l

'-'

0..

~ -200

n=1
----- n=2
- - n=3

'-

::.::~ -300

-400+-~--~--~~~~--~--~~--~~~~--~
-I

-0 .8 -0 .6 -0.4 -0.2

o

0.2

0.4

0.6

0.8

1.2

1.4

Kerf width (mm)

Figure 7-9: Effect of secondary (reflected) jet on the footprints; P = 345MPa, Vr =
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2000mmlmin, SO = 0.5mm

It can also be observed in Figure 7-9 that point "d" is deeper than point "b". This is
accounted for the facts that: (i) point "b" is created when the first jet pass impacts the
flat (horizontal) target surface, whereas point "d" is generated on the kerf when the jet
hits the surface of the target with a slope resulting in higher erosion rate compared to
the former [60]; (ii) the region around point "c" has more tendency to erode as
compared to the initial flat surface due to the stored residual stresses. Moreover, it can
be noticed that the footprint after the second pass is not symmetric. This is attributed
to the fact that when the second jet pass impinges the target with its central axis at
point "c", half of the jet on the left hand side impacts on the non-flat surface of an
already eroded footprint, while the right half is incident on a flat surface. This results
in a different erosion rate on both sides of jet central axis on the target, and hence
generating an asymmetric profile.

As a result, it can be concluded that the overlapping footprints cannot be generated by
simple linear summation of two or more single footprints at a given step-over
distance. Instead it is a non-linear process where the effects of previously generated
stresses and slopes of the eroded surfaces need to be taken into account. These effects
were also captured by the FE model and the simulated footprints for non-zero stepover distances were not symmetric. This can easily be observed for example in the
predicted footprints at SO=0.5 and n = 2 in Figure 7-8(c).

The FE model was validated further by considering the erosion rates generated during
the simulations and the experiments. Figure 7-10 gives an example of the assessment
of the erosion rates (ER) calculated from the FE model for three overlapping jet
passes (n=3) and compared with the corresponding experimental values. The values of
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ER presented in the graph are the average of erosion rates calcul a te d d unng
' th e tree
h
jet passes at each pressure .
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Once agam , the good agreement between the FE and experimental erosion rates
justifies the appropriateness of the assumption of not including the water in the
current model. It proves that the erosion produced within the target by the water
droplets in the A WJ plume is insignificant at the traverse speeds and pressures
considered in the current study. Therefore, the current FE model provides an accurate
and reliable method for predicting the overlapping milled footprints at various
operating parameters, which is a first necessary step towards automating the A WJ
milling process. Furthermore, the model can be used as a tool for studying the mass
distribution of the abrasive particles in the A WJ plume which is crucial to
understanding the process of kerf generation.

7.5

Conclusions

A new full scale 3D FE model for A WJ milling of overlapping footprints is
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demonstrated in this chapter while considering the real
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such as size distribution and sharp edged shape of abrasive particles, experimental
impacting velocities, etc. The FE simulation results are presented and compared with
the experimental data over a range of operating parameters such as water pressures,
step-over distances and number of jet passes. The following main conclusions can be
drawn from the current work.

•

The FE model is able to predict the jet footprints and the erosion rates at various
operating parameters, and the simulated results are in good agreement with the
experimental data both qualitatively, i.e. with respect to shapes of footprints, and
quantitatively, i.e. depths of the footprints (maximum errors < 15%) and
magnitudes of the erosion rates (errors < 8%). The consistency between the
predicted and experimental results confirms the validity of the FE model and the
assumptions considered during the modelling process.

•

The model enables the study of the interaction phenomena between the jet
footprints when they are overlapped. This is in line with the observation that the
overlapped footprints are not a linear summation of the single footprints; rather
the effects of the slope of the eroded surfaces and the residual stresses stored in
the target due to the earlier passes need to be taken into account.

•

The FE model provides an opportunity to study and improve the mass distribution
of abrasive particles within the jet plume which plays a significant role in the
controlling the profiles of the overlapped footprints.

•

A method is devised that can successfully include multiple passes of the jet in the
FE model as sequential events to simulate the overlapping trenches without
becoming extremely computationally expensive or not being able to run due to
memory problems.
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Although further challenges exist in the modelling of jet footprints, e.g. defining an
automatic way of assembling the particles into the jet plume according to a Gaussian
distribution, the proposed model enables accurate prediction of overlapping jet
footprints and provides an opportunity for further enhancements of the models to be
able to simulate the generation of 3D freeform surfaces as a result of an arbitrarily
moving jet.
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:Chapter 8 Mathematical modelling of A W J footprints

This chapter provides a detailed description of the mathematical modelling of the
A WJ milled footprints at various nozzle tilt angles and jet path directions. The
presented work is an extension of the work done by Axinte et al. [107] on the
mathematical modelling of the A WJ milled footprints where the developed model was
able to predict footprints at 90° incidence only. A procedure is provided to generate
the test-pieces which can be used to generate the data for the calibration and
validation of the mathematical model. A comparison of the predicted results from the
model and the experiments is exhibited and discussed together with the plots of mean
of residuals between the experimental and the predicted data. This is followed by an
example of the application of the mathematical model and a brief comparison of the
mathematical and FE modelling with conclusions.

8.1

Introduction

One of the reasons for undertaking mathematical modelling of AWJ milled footprints
is that, in addition to the FE model for the AWJ milling, there is still a need for an
analytical (mathematical) model that can be employed to predict the footprints in the
real time to enable efficient control of the jet paths on CNC machines. Furthermore, a
mathematical model is also required such that it can be used along with the CAM
packages to generate CNC files for the surfaces to be milled. Although some
analytical methods of predicting jet footprint profiles in abrasive waterjet technology
have been proposed, these are limited to statistical and artificial intelligence
approaches with their inherent disadvantages that they require a great deal of raw data
for model construction [52], [134], [135]. In addition, most of these models are
actually related to a larger jet penetration or a larger width variation of the cut, which
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are not suitable for milling conditions. Another set of approaches reported for
predicting footprint profiles are those based on geometric (mathematical) modelling
[140], [141], [172]. However, these approaches are limited to predict footprints only
in a masked or stationary target during air powder-blasted jets. Moreover, the
execution times (about 16-150 min) were considered not fast enough to cater for the
needs of actual CNC machining.

In order to address these issues, this chapter focuses on extending a previously

reported model [107] a step further by making the model capable of predicting the
AWJ milled footprints when the jet impinges the target surface at different nozzle tilt
angles (8) and follows trajectories Get paths) of various directions (~) in the plane of
the workpiece while travelling with variable traverse speeds (Vf), i.e. jet exposure
times. The developed model is a generic mathematical model with the benefit of
simplicity of having fewer variables for predicting maskless waterjetted footprints for
arbitrarily moving jet-paths. The novelty of the proposed model is that the jet
footprint can be predicted for a truly arbitrarily moving jet for a specific process or
machine parameters referred to as fixed parameters in Figure 8-1, i.e. the target
material and the jet energy parameters. Once the model is calibrated for a set of fixed
parameters by using a shallow scanned footprint, it can be used to predict the
footprints for various combinations of the variable parameters. For a new set of
materials or machine configurations, only a single calibration will be required to
predict footprint profiles at various tilt angles (8), traverse speeds (Vf) and path
directions (~). This footprint modelling approach is generally applicable and can
effectively support the development of advanced jet path strategies to enable the
controlled generation of complex workpiece geometries, i.e. freeform surface.
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Variable parameters--]
Traverse speed, V f
Nozzle tilt angle, e
Jet path direction, /3

Fixed parameters
, - - - - _1 Water pressure, P

Orifice diameter, 0",
Abrasive mass flow rate
(#80 garnet), ma
Nozzle diameter, N",
14-- -1 SOD

Target material

Figure 8-1: Variable and fixed parameters used

In

the footprint models for AWJ

machining.

8.2

Footprint prediction model for an arbitrarily moving jet

The mathematical model for AWJ footprints reported by Axinte et al. [107] was cable
of predicting footprint s for a straight moving jet path at normal jet incidence only for
the brittle material s. The present model is being developed further to cover the jetpath strategy for A WJ milling and takes into account the effect of the nozzle tilt
angles (8) and jet path directions (p) while moving at different traverse speeds (V f) .

8.2.1

Model Definitions

Consider a 3-dimensional Cartesian coordinate system with the Z-axis directed along
the axis of the cylindrical jet, pointing towards the nozzle, and the Y-axis pointing in
the direction in which the jet moves, i.e. along the jet traverse direction as shown in
Figure 8-2(a). It was assumed that an abrasive waterjet jet, with radius a, impacts at
an angle

e on a flat workpiece surface while moving with a constant traverse speed V f

(V=Vj) at an angle of fJ with the steepest descent line on the surface in the Y-direction
as depicted in Figure 8-2(b). The jet footprint is a function z

=

t (x, y, t), where x is the
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. t moves an d t IS
. t he
distance from the jet central axis, y is the direction in whl'ch th e Je
jet dwell time, i.e. how fast or slow the J'et moves ovel' the wo rkpIece
.
surf ace.

Jetaxis isjixed
vertically
2a

I
I

Jet circumference

Jet

x'

(a) Cross-sectional view

(b) Top view

Figure 8-2: Schematic diagram of the jet footprint: (a) cross-sectional view and (b)
top view .

Assume that the axis of the jet is at x

= 0,

y

= -a

when t

= -a/V f,

so that the jet

Impmges on the line of intersection of the surface and the plane y=O when
-a < V f t < a.

The unit inward normal to the eroded (etched) surface ( z = Z(x, y, t»

n=

. denotes a partJa
. Id
' .
CI.e.
'
-Z x
where a su bscnpt
envatIve

Z . : ,Z ),-1

~1+Z/ +Z /

is given as

dX

'

-Z ) =dZ
-)
dy

Consider the unit normal vectOf 11

dZ
=-,

Eq.8.1

l:

~ J

to the initial plane surface to be milled. The
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equation of the initial surface Z(x, y,O) can be obtained by defining a plane (
!l. (x,)" z) = 0) by specifying a point and a normal vector to the plane as:

Z(x, y,O) =x tanaco sJ3 + ytanasinJ3

Eq.8.2

If the surface is etched away at velocity U(x,y,t) in the normal direction, then

az =U(x,y,t)n.e. = U(x,y,t)
at
'~1+Zx2 +z/

Eq.8.3

where ez is a unit vector along the z-axis

The model assumes that the etching rate of the surface depends on the component of
the impact velocity (V imp

= V) of the particles in the jet normal to the free surface with

power q (2.55 from experiments) of the impingement velocity in the direction of the
inwards unit normal n of the surface being etched (V • n)q [138], [169].
C(V . n)q
az = --;========::::::::::==,
where C is a positive constant
at J1+Z/ +Z/

Eq.8.4

az
at

Eq.8.5

Cvq(-ez ·n)q

~l+Z/ +Z/

_

I

vl+Z/+Z/

q+l

Knowing that the energy of the jet transmitted to the workpiece surface is a function
of the radial position in the jet [122], [171]

Eq.8.6

and defining EoE(r) == CV q , where Eo quantifies the typical etching rate, such that
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E(r) is a dimensionless function with a unit maximum value and let k

= q + 1, this

gIves

az

-=-

at

EoE(~X2 +(y-vt)2
Eq.8.7

k

(1+Z/+Z/)2

Now concentrate on the etched surface in the plane y=O only i.e. Z(x, y,t) =Z(x,O,t)
Eq.8.8

Since the jet moves with constant velocity V f in the y-direction according to the jet
path with an angle

~,

we have

az
. 1 az
-=tanasmfJ--ay
v

Eq.8.9

at

Substituting Eq. 8.8 and Eq. 8.9 into Eq. 8.7, we get,

az

at

=

Eq.8.1O

to be solved subject to the initial condition in Eq. 8.2

Z(x,O,O) = xtanacosfi

Eq.8.11

In order to be able to assess the relative sizes of the various terms in Eq. 8.10 & 8.11,
the problem can be made dimensionless by defining the following dimensionless
parameters:
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The dimensionless model is given as:

Eq.8.12

and

Z(x,O,O) = xtanacosfJ

Eq.8.13

Eq. 8.12 is a nonlinear partial differential equation, and there is no obvious analytical
solution. However, if E is small, i.e. the traverse speed is very high as compared to the
rate of etching of the surface, the slope of the eroded surface is also small and the
equation can be linearised. Furthermore, it can be assumed that:

i = xtanacosfJ + do

Eq.8.14

i.e. adding a small change (Eio ) as a result of the jet pass on the surface to its initial
condition to determine the final state of

the surface (footprint

i = if (x)).

Differentiating Eq. 8.14 with respect to

X and t

and substituting the values in Eq. 8.12 gives:
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Eq.8.15
Now set E = 0 to obtain the leading order problem

E(-Jx2+i2)
k

= -cos

k

a

(l + tan 2 a) 2"

o

for

Eq.8.16

This linear equation can now be integrated to give the integral equation as

Z f (x)

= i = x tan a

cos

fJ -

~

2£ cos k a

f

E(.J.x 2 + [2 )dt

Eq.8.17

Zj (x), i.e. the profile of the footprint, can be determined by scanning a shallow (B
« 1) experimentally milled trench, and the etching rate function E(r) can be found if
the integral equation can be inverted. After some manipulation, the inverted integral
equation can be obtained as follows:

Eq.8.18

Once the etching function E(r) is calibrated, it will be used in Eq. 8.17 to predict the
footprints at other variable parameters as mentioned in Figure 8-1.

8.3

Generation of experimental data

As mentioned in the model operating conditions, the jet energy was set as constant
during the trials; hence, the following operating parameters were considered fixed:
P=138MPa,

ma= O.04kg/min, SOD = 3mm. The varying kinematic parameters were:
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no zzle tilt angle

e (90

0

0

,

80

,

70

0
),

jet path direction ~ (0-315 0 ) and traverse speed V f

( 1000 and 2000 mm/min) .

With these constant and variable operating parameters, the experimental trials were
conducted to generate the footprints used first for model calibration and then to check
the prediction accuracy of the proposed model. For this purpose, special testpiece and
part programs for the machining were designed which include various beta

W) angles

_90°, _45 °, 0°, 45 °, 90°, 135°, 180° and _135 ° and were named a, b, c, d ,e ,f, g and h
respectively. Figure 8-3(a) schematically illustrates the tilt angle and the jet path
directions (~) in the experiments, and Figure 8-3(b) shows a typical test specimen
after the jet passes. For each test the jet started inside the hole in the middle of the
specimen (see Figure 8-3(b)) and was stationed for 3-4 seconds to obtain the steady
abrasive flow within the jet. For each set of process parameters, two specimens were
generated to ensure that the scanned footprints were good representations of the
average response of the process. In this way, a significant number of jet footprints
were generated as per the specifications in Table 3-6.

c
b

(a)

(b)

Figure 8-3: Test specimen designed for the model validation: (a) schematic
illustration of the jet paths on the testpiece; (b) a testpiece after machining.

To summarize, the successive steps to predict the surface profiles of an arbitrarily185
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moving jet path are as follows:

•

Generate a shallow trench (c«l) ideally with depth of cut < 0.15mm for
1mm wide trench as a candidate for calibrating the model with the jet energy
parameters (such as pump pressure, abrasive mass flow, etc) set to constant at
a tilt angle (e.g. 8=90°), path direction (e.g. p= 0°) and a high jet speed (e.g.
Vf =2000 mm/min);

•

Using the coordinates of the scanned shallow trench, deduce the material
specific etching rate function E(r) from Eq. 8.18;

•

Knowing the E(r), Eq. 8.17 can be fully exploited and solved numerically
when c is not small i.e. for predicting relatively deeper trenches as well.

8.4

Results and discussion

The model presented in Section 8.2 was implemented in MATLAB 7.11 and the
resulting predicted footprint profiles were compared to the experimental ones as
presented in Figure 8-4. On a 2.6 GHz Quad-core Intel CPU with 4 GB of RAM, the
execution times for the prediction of a single footprint at various levels of 8 and p
angles and jet traverse speeds (V f), varied between 0.5-1.5 seconds which is 3-100
times faster compared to the other footprint models such as reported in [12, 13]. With
such short execution times, the proposed prediction model makes it possible to embed
the model into the CAD/CAM software for real industrial applications.

Since a linear theory i.e.

E«

1 was proposed for determining the etching rate

function E(r), a shallow footprint (mean surface profile) generated at a traverse speed
of V f = 2000 mm/min, 8 = 90°, and p = 0 was used for the calibration of the model.
Once the model was calibrated, i.e. the etching rate function for the specific material
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and machine configuration was found, the model was run at various combinations of
nozzle tilt angles (9), jet path directions (~) and traverse speeds (V f). Figure 8-4 shows
examples of the comparison of the predicted and the experimental results when
performing AWJ milling with variable kinematic parameters (9=70°,90°; ~ =-90°,45°,0°,45°,90°,135°,180°,-135°; V f = 500, 1000 mm/min) at constant energetic
parameters of the jet (P = 138MPa;

ma

= 0.04kg/min; SOD = 3mm). It should be

noted that jet impingement angles smaller than 9=70° were not employed due to their
impracticality in real AWJ milling operations owing to the potential hazards of the
reflected jets.
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It can be seen in Figure 8-4 that once the calibration of th
=2000mmlmin 8=90° and
,

r:t

V
d I' d
e mo e IS one at f

=0° the surf
f'l
.
.
ace pro I es of abrasive waterJet footprints

1-',

can be predicted for arbitrarily-moving jet-paths. Observing the results presented in
Figure 8-4 while taking into consideration the variations of the process, the predicted
footprints are in a good agreement with the experimental ones in terms of their depth
and geometry of the surface profiles. However, it can be noted that the prediction
accuracy slightly decreases with the decrease of jet tilting angle and the traverse
speed, e.g. in Figure 8-4(d). This is attributed to the facts that: (i) during the nonnormal AWJ impact, the differences between the local slopes of the impacting
particles and the nozzle tilt angle (8) are higher as compared to the normal jet
impingement [18]; (ii) with deeper footprints the secondary effects i.e. erosions made
by jet reflections within the kerf become relatively more important.

As the errors between the real and predicted jet footprints are of non-constant
distribution along their profiles, an indicator of the modelling accuracy can be
provided by the residual plots (actual data - predicted data) of the two curves. In order
to quantitatively evaluate the accuracy of the developed model, as shown in Figure 8-

5, the mean of residuals (RM) and root-mean-square of residuals (RRMS) for the
predicted depth and the actual (experimental) depth at different combinations of jet
feed speeds (V f = 2000,1 OOOmmlmin), jet tilt angles (8 = 90°, 70°) and milling paths

(B

= a,b,c,d,e,f,g,h) are considered. In this way, a better overview of the phenomena
occurring during the machining process can be revealed. For example, the mean value
of residuals (RM ) provides a quick overview of the variations in depth at different jet
path directions (B) because of the process characteristics. On the other hand, the rootmean-square error combines the magnitudes of the errors in predicted footprints with
respect to the experimental data and provides a measure of the predictive power of the
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model. The

RRMS

value is considered here instead of th

residuals as the latter considers the variatio

t d d
..
e s an ar devIatIon of the

b
h
n a out t e mean rather than about the

theoretical zero (expected value).
- ' - theta=70 -

theta=90

c

c

g

(b)

g

(d)

g

c

( c)

g

Figure 8-5 : Mean of residuals,

RM

at jet impingement angle 8 =70°, 90° when: (a) V f =

2000 mmlmin and (b) V f = 1000 mmlmin; root-mean-square error of residuals,

RRMS

at 8 =70°, 90° when: (c) V f =2000 mmlmin and (d) V f = 1000 mmlmin . [Note: the unit
is in "mm"]

If the mean value of the residuals is larger than zero (+ve), it implies that the average
penetration depth of the actual trench is larger than the predicted one. When
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comparing the mean of residuals at different jet path directions (~) as shown in Figure
8-5(a), it can be noted that the variations among the different J·et

th d· t·
(.
pa
trec IOns I.e. a,

b, c, d, e, f, g, h) at normal jet impact (i.e. 8=90°) are small, but in the case of tilting
AWJ impact (i.e. 8=70°) there is relatively more deviation in the depth of penetration.
This also happens at a higher erosion penetration (V f =1000mmlmin) as well as shown
in Figure 8-5 (b), but the variation among the jet path directions is relatively larger.
When evaluating all the cases, the maximum range of the mean value of residuals is
found to be less than 22~m
4.5~m

« 13%) and the overall mean in any case is less than

« 3%).

It can be noticed that higher differences are present between the jet path direction 'a'
and 'e', which refer to forward and backward milling respectively, as mentioned in
Figure 8-4 which only occurs when the jet is tilted. The residual mean (RM ) is closer
to the positive side for the jet path direction 'a' (i.e. backward AWJ milling) and
closer to the negative side for the forward milling i.e. path 'e'. This is due to the fact
that when the jet is tilted relatively to the workpiece surface, the particles local impact
angles are different between backward and forward milling. As illustrated in Figure 86, in the case of forward motion, due to the high local impact angles of the abrasive
particles, there is more tendency for the particles to fracture and lose their
momentums readily or embed into the workpiece surface and the overall abrasives
erosion effect is less effective. That is why the crater morphology and higher
percentage of grit embedment were found in relatively ductile material such as Ti6Al-4V during the forward AWJ milling [24]. This can also explain the higher surface
roughness of the A WJ milled surface found in the jet path direction 'a' (forward
milling). In contrast, in the case of backward motion there is more likelihood that the
grit particles impact the surface at lower impact angles. Hence, the 'cutting action' (as
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shown in Figure 2-6 and Figure 2-1 O(b)) of the '
.
.
Impactmg particles on the cutting front
wall is more significant and the overall abrasive erosl'on IS more effective in the
backward milling. In addition, because of the backward motion , the A WJ is
'channeled ' along the generated trench which results in further grooving (scratching)
of the trench. This results in further increasing the depth of the trench and lowering
the surface roughness, e.g. for the same parameters, Ra=4.19~m in backward milling;
Ra=5.38~m

in forward milling.

/
z

~x

(

I Backward milling I

IForward millingl

0.'
Q.28

0.15

"
"

05.

0."

, -_

_ _ __ _ __

_

L----,

::. Lower particle impact angle
0.'
(due to backward motion)
."
." ~ scratching, grooved morphology
0.2>

.,
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0.0<

0. 15

''-02

Figure 8-6: Illustration of different depth of cut and surface roughness in backward
and forward milling resulting from different jet traverse directions.

Figure 8-5(c) and Figure 8-5(d) show RRMS values based on the residuals at different
combinations of jet traverse speeds (V f = 2000, I OOOmmlmin), jet tilt angles (8 = 90°,
700) and arbitrarily-moving jet-paths Ca' - 'h'; 6.~=45°). The plots for the RRMS error
indicate that the model accuracy is slightly better at 8=90° at both traverse speeds (Va
as compared to 8=70°. The average RRMS error at 8=90° was found to be 7~m ±2~m
195

Chapter 8

« 6%) and l1!lm ±4!lm « 9%) for 8=70° in the proposed model.

It can be observed

that, in general, for both the means of residuals (RM) and RRMS errors plots at 8 = 70°,
the errors tend to be larger on the right hand side of the plots at both traverse speeds,
i.e. for the jet paths 'a', 'b' and 'h' while a random distribution of the errors could be
seen at 8= 90°. This is due to the fact that all these paths (a, b, h) contain the jet
channeling effect at 8 = 70° which results in comparatively deeper trenches, and
conversely there is no backward milling effect at 8 = 90°. Like the means of residuals
(RM), the largest RRMS errors can be observed in jet paths 'a' where the effect of the

jet channeling and grooving is maximum. This is also the reason that in order to
determine the erosion rate function E(r) in Eq. 8.18, the calibration trench was
selected from those milled at normal jet incidence where no backward milling effect
was present.

Despite the discussed issues of the jet channeling and secondary erosion by the
reflected jet, the accuracy of the proposed model is quite good (max. error < 15%)
within the range of employed jet traverse speeds which are often used in the practical
AWJ milling applications [46].

8.5

Application of the mathematical model

It was mentioned in Chapter I that the current work has been undertaken as a part of
the ConforM2Jet project in which one of the aims is to develop an automatic way to
generate the G-Codes for the unmanned CNC machining of the desired parts. This
task is accomplished by two partners, Tekniker Spain [174] and Zeeko Ltd, UK
[175] by developing a CAD/CAM software where the key input for controlling the
depth of the cut per AWJ pass is calculated from the current mathematical model. The
software generates the CNC (G-codes) files that are run directly on the machine
196

Chapter 8
.
without further manual editing. Figure 8-7 shows a logo of th e C on f orM 2 Jet project
milled in a Ti-6AI-4V plate by using this software [40].

2

Figure 8-7 : ConforM -Jet logo milled in Ti-6AI-4V based on the traverse speeds
computed by the developed mathematical model [40].

8.6

Comparison of the mathematical and FE modelling

Both the FE and mathematical modelling approaches have their own distinct
advantages and some limitations as well. A brief comparison of the FE and
mathematical models is discussed below.

Figure 8-8 shows an example of comparison of the footprint predicted by the FE and
mathematical model with the experimental ones for a single set of energy parameters
i.e. at P= 138MPa, ma = 0.04kg/min.
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Figure 8-8: Comparison of footprint prediction from FE and mathematical models at
P=138MPa,

ma= O.04kg/min: (a) V f=2000mmlmin ; (b) Vf=1000mmlmin .

It can be seen from Figure 8-8 that both the FE and the mathematical models can
equally be used for the accurate prediction of the A WJ milled footprints . However,
the mathematical model is fast and can be used for real time simulations and can be
embedded in CAD/CAM softwares for industrial applications, whereas the longer
computational times involved in the FE model prevent it from being directly used in
real time machining .

On the other hand, the mathematical model needs to be calibrated and it can predict
the footprints as long as the jet energy parameters (water pressure, abrasive mass flow
rate) remain constant. In contrast, the FE model , once validated, can predict the jet
footprints for other combinations of the jet energy parameters as well. This capability
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of the FE model can also be utilized to generate the sh 11
+,
.
.
.
a ow lootpnnts for calIbratIng
the mathematical model at various jet energy para

t
h
.
me ers, ence replacing the need for

the experimentation. Figure 8-9 shows an exam I f
·
P e 0 a scenano where a shallow
footprint generated by the FE model has been utilized to calibrate the analytical model
and after calibration, footprints are simulated further for variable parameters (e.g.
traverse speeds) .
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Figure 8-9: Footprints predicted by the mathematical model after being calibrated
form the data generated by the FE model at P=207MPa,

ma=

O.02kg/min: (a) V f

=2000mmlmin; (b) Vf=lOOOmmlmin .

The FE model can be employed to obtain an insight into the A WJ process such as
studying the jet plume structure, the behaviour of the overlapping footprints, the effect
of the abrasive particles shapes and sizes, stresses generated in the target material, etc.
Moreover, along with the 2D footprint, the 3D view of the milled trenches can also be
extracted from the FE model, whereas the mathematical model cannot be used for
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these purposes.

8.7

Conclusions

This chapter presents a modelling approach to predict the footprint of an unrestrained
(i.e. no surface masking) high velocity abrasive waterjet impact upon a target surface.
The model is capable of taking into consideration different jet impingement angles (8)
while the jet paths (~) within the target surface are of truly arbitrary directions. To
account for new working conditions (e.g. jet energetic parameters - water pressure,
abrasive mass flow - and workpiece material) the model needs a single shallow jet
footprint generated at a high value of jet feed speed from where the erosion rate
function is obtained. Once this is found, the footprint of the arbitrary-moving jet at
any feed speed can be obtained with a high degree of accuracy. The modelling
approach is powerful since it is computationally inexpensive.

When comparing the experimental results with the predictions over the entire 2D
footprint profile, small values of root-mean-square errors of the residuals (RRMS)
between 6% and 9% have been found at 8=90° and 8=70° respectively. The errors
were mostly contributed from the deviations in depth of penetration arising due to the
jet channeling effect and secondary erosion from the reflected jet. The mathematical
model yielded accurate footprints even when it was calibrated by a simulated footprint
from the FE model.
The proposed model is general in its approach as it can be applicable to other energy
beam (dwell time dependant) material removal processes such as pulsed laser ablation
and focus ion beam. For all these processes, only the kinematics of the
continuous/discontinuous beam movements have to be incorporated into the model

200

Chapter 8
while the material response to the process can be

evaluated via the calibration

procedure to enable prediction of the geometry of the resulting processed trenches.

Although further challenges in the modelling of the jet footprint exist (e.g. modelling
of overlapping between individual trenches and inclusion of dynamics of the machine
acceleration/deceleration), the proposed model is regarded as an enabling step for the
development of jet path strategies for the generation of complex geometry surfaces by
controlled-depth abrasive waterjet milling where the jet plume follows multi-axis
movements while its footprint needs to be controlled/predicted at any time.
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Chapter 9 Final Conclusions and Future work
9.1

Conclusions

The overall aim behind the work presented in this thesis as described in Chapter 1 was
to develop reliable models to predict the abrasive waterjet milled footprints and
enhance the process understanding. The objectives of the study have been fully
achieved as presented in this thesis. Two modelling approaches; finite element (FE)
modelling and mathematical modelling have been presented in this work. The
developed models can accurately simulate the AWJ milling process and have been
validated with a substantial amount of experimental data.

A comprehensive literature review of AWJ machining was first conducted in Chapter
2 in order to fully understand this technology, and it was recognized that abrasive
water jet machining is one of the most promising environmental friendly nonconventional machining processes that has the capability to machine difficult-to-cut
materials (e.g. Ti-6AI-4V). However, it was realized from the state-of-the-art in the
modelling of the AWJ machining that although some models exist for simulating
eroded footprints, they were limited either in terms of their relevance to AWJ
machining conditions or the modelling approaches selected. The majority of the
reported models were not capable of predicting footprints as a

r~sult

of AWJ milling,

which is one of the essential prerequisites to be able to employ AWJ machining for
controlled depth cutting applications. It was further established from the literature
survey (Chapter 2) that valuable studies have been reported regarding the analytical
modelling of eroded footprints during attrition based processes (e.g. powder blasting).
However, from the standpoint of FE modelling, the majority of the reported models
were limited to a single or a few rigid multiple particles impact. This is the reason that
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more focus was given in the current study to devel op FE based models for AWJ
milling (Chapter 4 to Chapter 7) where a significant room ~.
lor Improvement was
present and an existing analytical model was used as a base for further mathematical
modelling work (Chapter 8).

The development and the validation of the FE models progressed in logical stages
starting from the basic event of the footprint generation process leading to higher
levels as: (i) single particle impact modelling during AWJ machining (Chapter 4); (ii)
multiple particles impact modelling during AWJ machining (Chapter 5); (iii) single
AWJ pass modelling (Chapter 6); and (iv) modelling of overlapping AWJ passes
(Chapter 7). At each stage, the models were validated by a significant amount of
experimental results conducted within this research.

The main original contributions of this thesis are summarized as follows.

9.1.1
•

FE modelling

In contrast to previous studies reported for the FE modelling of AWJ machining,

the present study takes into account more real life conditions of the AWJ such as:
(i) utilizing the high velocity of the impacting particle (up to 581m1s) obtained
from the experimental data; (ii) modelling the abrasive particles as elastic with a
tensile failure criteria rather than considering them as rigid during the impact. This
was based on a large majority of published literature which state that the brittle
particles fracture upon impact at relatively much lower impact velocities than
those encountered in AWJ machining; (iii) keeping in view the critical importance
of inertial affects during the impact problem, the FE model takes into account the
size distribution of the abrasive particles after the fragmentation from the
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. for all
focussing nozzle rather than the usual approach of assuml·ng one smg
the particles; and (iv) considering the significant effect of the shape of the particle
during the impact, the garnet particles were modelled in three different shapes
with sharp edges (triangular, rhombic and trapezoidal), contrary to the commonly
reported approach of considering them spherical shaped.

•

It was demonstrated that in order to validate the single particle AWJ FE model,

garnet abrasive particles should not be employed due to the issues of their
fragmentation and irregular shapes; rather particles with regular shapes and sizes
(such as steel shots) should be used. A procedure was established to successfully
obtain clear and well defined single particle indentations from steel shots during
the AWJ impingement over the Ti-6AI-4V target surface. These indentations
could easily be distinguished from the craters produced by the water droplets,
unlike the case when garnet particles are employed as abrasives. The depth and
width of the profiles of the indentations generated by the FE model were in close
agreement (average error

:s 13%) with the scanned profiles of the experimentally

generated indentations by steel shots (Chapter 4).
•

A method was devised that incorporated the abrasive particles of various sizes in
the FE model in the same proportions as reported after fragmentation through the
focusing nozzle. Thus, the FE model attempted to consider the total mass of each
size of the impacting particles in the proportions as close to the reality as possible.
The predicted velocity exponent, n (2.25) for Ti-6AI-4V was in close agreement
with the experimentally determined velocity exponent 2.55 (Chapter 5).

•

A procedure was established to include the effects of the mass flow rate of the
abrasive particles and the exposure time, i.e. the traverse speed in the FE model in
such a manner that the model can be run for the same amount of the mass of

204

Chapter 9
abrasive particles impacting per unit length of the target as'

In

th

.
e expenments,

without becoming computationalIy expensive. Furthermore, the abrasive particles
were arranged in layers in the jet plume to form a Gaussian spatial distribution
which was an essential parameter for controlling the shape of the footprints. The
model also provided further understanding of the AWJ process by uncovering the
fact that the spatial distribution of the abrasive particles in the jet plume is not
affected by the changing the water pump pressure. The simulated single jet
footprints from the FE model were consistent (maximum errors

:s 10%) with the

experimental results (Chapter 6).
•

The FE model was extended to allow including the multiple passes of the jet in the
model to simulate the overlapping trenches without becoming extremely
computationally expensive or not being able to run due to memory problems. The
simulation of the interaction process between the jet footprints revealed that the
footprints overlapping was not a linear summation of the single footprints; rather
the slope of the eroded surfaces and the residual stresses stored in the target due to
earlier jet passes affect the overlapping phenomenon. The overlapping footprints
predicted by the FE model at various operating parameters were in good
agreement with the experimental data both qualitatively, i.e. with respect to shapes
of footprints, and quantitatively, i.e. depths of the footprints (maximum errors <
15%) (Chapter 7).
The consistency between the simulated and the experimental results throughout
the FE modelling confirms the validity of the modelling procedure and the
appropriateness of the assumptions considered during the modelling process.
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9.1.2

Mathematical modelling

A generic mathematical model was developed to predict AWJ milled footprints while
taking into consideration the jet impingement angles (8) and the arbitrary jet paths (~)
within the target surface. The model, being computationally inexpensive, is powerful
and can be used for real time predictions of traverse speeds for controlling the depth
of the cuts during CNC machining. The model only needs one shallow footprint to
calibrate itself for a set of given fixed parameters (e.g. water pressure, abrasive mass
flow and workpiece material) to determine the erosion rate function. Once this is
found, the footprint of an arbitrary-moving jet at any traverse speed can be obtained
with a high degree of accuracy. The model can also be calibrated by using the shallow
footprints generated by the FE model. The predicted footprints from the model were
in good agreement with the experimentally generated footprints with

RRMS

< 9%. The

causes of the errors were mostly related to the effects of jet channeling and reflections
within the eroded trench (Chapter 8).

9.2

Future work

From the research carried out and reported in this thesis, various possible future
avenues of research, derived from this work, are suggested as follows.

•

Garnet is one of the most commonly employed abrasives during the AWJ
machining. However, very limited work is reported in the literature regarding
experimental determination of the properties of garnet at conditions occurring
during abrasive waterjetting. Future work can focus on quantifying how much
abrasion is caused on garnet particles during entrainment process and carefully
designing experiments to calculate the fracture velocity of the garnet particles for.
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the sizes generated after fragmentation through the nozzle. This knowledge will be
of high importance for calculating the failure stresses in the garnet particles and
will introduce more accuracy in the FE models.

•

In the presented FE modelling work, the tasks of generating the particles mix, i.e .
selecting the sizes of the abrasive particles in required proportions (Chapter 5) and
the assignment of different shapes to these sizes, were manually accomplished
within ABAQUS. In order to make this process simpler and be readily applicable
to different abrasive mesh (sieve) sizes (e.g. 80, 100, 230 etc) and shapes of
abrasive particles used during the experiments, an algorithm should be developed
that can take the input of required sizes of the particles to be generated and then
randomly transform those sizes into different selected shapes with the necessary
proportion of each size. This means that the abrasive particles with different
shapes following the sizes distribution after fragmentation can be achieved
automatic all y.
Similarly, the garnet particles were manually assembled in the FE model to form a
Gaussian spatial distribution within the jet plume diameter. A program may be
developed that can automatically arrange the abrasive particles in any given jet
diameter according to a required spatial arrangement of the particles. By
incorporating these two previous mentioned features in the FE model, the model
can readily be used for both macro and micro AWJ machining setups which differ
in terms of applied particles and jet sizes.

•

At the moment, when the surfaces are milled by using the AWJ milling approach,
relatively deeper depths are produced near the walls or edges of the surface. This
happens due to the confinement of the jet plume due to the presence of the
edges/walls next to the area being milled. A comprehensive investigation is
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required to study this effect and transform it into mathematical or empirical
relations, and combine them into the analytical model developed within the
current study. This should be done in such a way that the new formulation should
be able extract the required information to offset the deeper depth of cuts around
the edges of the milled surface from a single shallow footprint, in order that the
simplicity of the mathematical model will still be maintained, i.e. being able to be
calibrated from a single footprint.
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