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Abstract

This research work presents an optimisation of abrasive waterjet contour cutting process
parameters with the objectives of maximising material removal rate, whilst minimising taper
angle and surface roughness. This thesis contains an in-depth review of the systems behind
abrasive waterjet machining and recent progress trends regarding its applications. The impacts
of input parameters are investigated including traverse speed, waterjet pressure and abrasive
mass flow rate against selected responses in abrasive waterjet contour cutting of austenitic
stainless steel 304L. Experimental data is utilised to generate regression models in predicting
responses, where the results are statistically evaluated to assess the percentage contribution of
each parameter in the performance of contour cutting. Techniques, such as Taguchi and
Response Surface Methodology, are employed to perform a single and multi-objective
optimisation. Abrasive waterjets demonstrate similar responses in cutting curvature and
straight line profiles during contour cutting. The study reveals that an increasing level of
waterjet pressure and abrasive mass flow rate results in lower surface roughness, lower kerf
taper angle and higher rate of material removal. Similarly, a lower rate of traverse speed
achieves minimum surface roughness and kerf taper angle, whereas increasing its rate attains

the maximum value of material removal rate.
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Chapter 1 Introduction

1.1 Background

Non-traditional technologies are commonly utilised when available conventional machining
processes are unable to obtain required quality and productivity targets. Amongst advanced
non-conventional technologies, the abrasive waterjet machine is broadly applied for contour
cutting operations.

Abrasive waterjet machining, abbreviated to AWJM throughout this study, is an advanced
mechanical non-conventional technology that is widely applied in machining difficult-to-cut
materials such as metals, non-metals composites and natural materials [1]. The reason behind
AWJM’s broad utilisation is due to its competitive advantages, such as lack of heat formed on
the cutting area, capability in machining hard-to-cut materials of various thickness, better
surface integrity, proficiency in cutting complicated shapes, as well as its better dimensional
accuracy due to minor distortion [2]. Moreover, AWJM has become recognized as sustainable
and environmentally friendly, as it does not generate any hazardous chemical and vapour, that
are harmful to humans or the environment [3]. However, problems have emerged with the
AWJM technique, such as quality defects and low productivity, which have emerged since its
first applications. Kerf geometric inaccuracies, high occurrences of surface roughness and low
removal rate are common defects and issues that have been noted with abrasive waterjet
contour cutting, most specifically in ductile materials such as stainless steel [4-6]. In this work,
austenitic stainless steel 304L, abbreviated to AISI 304L throughout this study, has been used
to investigate abrasive waterjet machining material responses and behaviours. Austenitic
stainless steel 304L is difficult-to-cut due to its high machinability level and high alloying
content [7]. The machining of this material creates challenges such as geometric inaccuracies
and the requirement of cooling applications (steel reference). Abrasive waterjet machining is
considered an effective method for cutting stainless steel due to its absence of the heated
affected zone (HAZ).

Abrasive waterjet operations are integrated with several process parameters that directly
impact on the machine’s performances. Moreover, abrasive waterjet contour cutting with proper
process parameter settings remains a challenging procedure for manufacturers. Therefore, it is
essential to form a progressive and comprehensive study of these process parameters as a means
of determining its effective usage.

Providing a solution to these critical issues has been the main purpose of this research, where
proper utilisation of AWJM has resolved these aforementioned challenges. The fundamentals

of cutting performance are associated with quality and productivity, where the basis of quality



of cut relates to kerf geometric accuracy and surface roughness, while material removal rate is

a factor affecting productivity.

1.2 Significance of the research work

This research project creates an opportunity to provide manufacturing industries a process
control solution for precise cutting and improved productivity in machining. To date, AWJM
progress and improvements have been implemented primarily in relation to cutting straight
line profiles, with only limited knowledge regarding the machining of complex shapes, such as
curves with differing radii. Hence, contour cutting consisting of straight and curvature profiles
have been frequently applied in manufacturing industries. This work will support developments

and strategies for efficient utilisation of abrasive waterjet contour cutting.

1.3 Research work objectives

Low productivity and cutting defects such as kerf geometry inaccuracy, roughness in the cut
surface and poor material removal are some of the challenges that stainless steel fabrication
industries have recently faced. These issues directly affect product quality, productivity, and
production costs [8]. Accordingly, in order to ensure achievement of quality and productivity
targets, it is essential to select suitable values for influencing process parameters in abrasive

waterjet contour cutting. Therefore, following are the specific objectives of this research work:

1. To provide an in-depth comprehension of abrasive waterjet fundamental mechanisms
and a substantial understanding of its process parameters for machining of metallic and
difficult-to-cut materials, particularly AIST 304L.

2. To perform experimental analysis of abrasive waterjet contour cutting applied on AISI
304L. This research will investigate the effects of input process parameters, such as
traverse speed and material thickness, in cutting responses such as kerf taper angle and
material removal rate.

3. To conduct a single-objective optimisation in determining the optimal settings and input
parameters i.e., traverse speed, waterjet pressure and abrasive mass flow rate, resulting
in either minimum surface roughness or maximum material removal rate.

4. To generate a regression model and perform a multi-objective optimisation that
considers the following objectives: to minimise surface roughness and kerf taper angle

and maximise material removal rate.



1.4 Thesis outline

In order to achieve these set objectives, this research proposal has been organised into six

chapters, as detailed below.

Chapter 1 presents the significance, objectives and scope of this research work, highlighted

with a brief background of abrasive waterjet machining applications.

Chapter 2 outlines the working mechanisms, advantages, limitations, challenges and
applications of AWJM. First and foremost, in fulfiling the overall objectives of this work, an in-
depth knowledge of the systems behind abrasive waterjet machining is required. Process
parameters and their effects on the performance of abrasive waterjet machining are
extensively discussed. Previous optimisation works, experiments and modeling with AWJM
are also reviewed in this chapter. This review is a significant reference in analysing the
influences of the process parameters for attaining improvements in abrasive waterjet contour
cutting performance. This chapter has been published as a review paper in the “Applied

Science, in a special 1ssue’ Advanced Manufacturing of Metals”, an official journal of MDPI.

Chapter 3 details the experimental study performed after gaining proficient knowledge in
abrasive waterjet operations. This chapter details the impacts of traverse speed and material
thickness towards achieving lower kerf taper angle and higher material removal rate in
abrasive waterjet contouring of AISI 304L. It has been published as a research article in the
“Applied Science, in a special i1ssue’ Advanced Manufacturing of Metals”, an official journal of
MDPI. Aside from traverse speed and material thickness, other machining input parameters
such as waterjet pressure and abrasive mass flow rate, provide significant contributions

towards abrasive waterjet machining performance.

Chapter 4 illustrates further experimental analysis using the Taguchi method. Moreover, a
single-objective optimisation was performed with the objectives of either minimising surface
roughness or maximising material removal rate. Accordingly, Taguchi’s S/N ratio method was
applied in determining the optimum value of traverse speed, waterjet pressure and abrasive
mass flow rate in abrasive waterjet contour cutting of AISI 304L, with the aim of achieving high
surface integrity and efficiency, in terms of surface roughness and material removal rate. This
chapter has been published as a research article in the “Metals, in a special issue:

Optimisation and analysis of metal cutting processes”, an official journal of MDPI.


https://www.mdpi.com/journal/applsci/special_issues/AM_Metals
https://www.mdpi.com/journal/applsci/special_issues/AM_Metals

Chapter 5 demonstrates the multi-objective optimisation in AWJM of AISI 304L. The
experimental data obtained was subsequently used to generate regression models. These were
utilised for prediction of response values and multi-objective optimisation. In this chapter,
response surface methodology was employed to determine the optimum values of the process
parameters towards multi-objectives of minimising surface roughness, kerf taper angle and
maximising material removal rate. This chapter still under review for international journal

publication.

Finally, Chapter 6 summarises the key findings and conclusions and states the achievements
and contributions completed in this research work. This section also covers potential future

work regarding abrasive waterjet contour cutting of AIST 304L.

1.5 List of publications included as part of the thesis

The following list of published and submitted articles are embedded as part or chapters of this

thesis:

1. Llanto, J. M., Tolouei-Rad, M., Vafadar, A., & Aamir, M. (2021). Recent Progress Trend
on Abrasive Waterjet Cutting of Metallic Materials: A Review. Applied Sciences, 11(8),
3344. Link: https'//www.mdpi.com/2076-3417/11/8/3344

2. Llanto, J. M., Tolouei-Rad, M., Vafadar, A., & Aamir, M. (2021). Impacts of Traverse

Speed and Material Thickness on Abrasive Waterjet Contour Cutting of Austenitic
Stainless  Steel  AISI  304L. Applied  Sciences, 11(11),  4925.  Link:
https://www.mdpi.com/2076-3417/11/11/4925

3. Llanto, J. M., Vafadar, A., Aamir, M., & Tolouei-Rad, M. (2021). Analysis and

Optimisation of Process Parameters in Abrasive Waterjet Contour Cutting of AISI
304L. Metals, 11(9), 1362. Link: https!//www.mdpi.com/2075-4701/11/9/1362
4. Llanto, dJ. M., Vafadar, A., & Tolouei-Rad, M. Multi-objective optimisation in abrasive

waterjet contour cutting of AISI 304L. This is under review for publication in an

international journal.


https://www.mdpi.com/2076-3417/11/8/3344
https://www.mdpi.com/2076-3417/11/11/4925
https://www.mdpi.com/2075-4701/11/9/1362

Chapter 2 Literature review

This chapter has been published as a review paper in the “Applied Science, in a special
Issue’ Advanced Manufacturing of Metals”, an official journal of MDPI, as listed in section 1.5.
In order to maintain uniformity in the presentation of the thesis, the format was changed but
the contents are the same. This chapter provides a comprehensive review of recent
developments, mechanisms, process parameter functions and improvements in abrasive
waterjet machine applications, particularly with cutting operations in fabrication industries. It
presents the overall stance of the recent trends and progress in abrasive waterjet machining
which is significant to the thesis. This chapter facilitates in identifying the research gaps and
opportunities for development as considered by this research work. This aids as an appropriate

reference to the thesis relating with the abrasive waterjet cutting process parameters.


https://www.mdpi.com/journal/applsci/special_issues/AM_Metals

Sections 2.1 to 2.5.2 of Thesis have been published
as the following article.
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Abstract: Abrasive water jet machining has been extensively used for cutting various materials.
In particular, it has been applied for difficult-to-cut materials, mostly metals, which are used in
various manufacturing processes in the fabrication industry. Due to its vast applications, in-depth
comprehension of the systems behind its cutting process is required to determine its effective usage.
This paper presents a review of the progress in the recent trends regarding abrasive waterjet cutting
application to extend the understanding of the significance of cutting process parameters. This
review aims to append a substantial understanding of the recent improvement of abrasive waterjet
machine process applications, and its future research and development regarding precise cutting
operations in metal fabrication sectors. To date, abrasive waterjet fundamental mechanisms, process
parameter improvements and optimization reports have all been highlighted. This review can be a
relevant reference for future researchers in investigating the precise machining of metallic materials
or characteristic developments in the identification of the significant process parameters for achieving
better results in abrasive waterjet cutting operations.

Keywords: abrasive waterjet; machining; metal cutting; process parameters; optimization

1. Introduction

Cutting is the process of applying a force to penetrate or separate a workpiece [1].
With current advances in technologies, there has been a rapidly increasing demand for
quality cut parts with complex geometries in the fabrication industry. Abrasive waterjet
machining (AWJM) is an advanced technology that can be used for cutting processes.
AW]JM was developed from plain waterjet machines, wherein in 1980 abrasives were first
added to plain waterjets to cut industrial material [2]. AW]JM allows for versatility in
machining an extensive range of materials, from the easiest to the most strenuous to cut.
AW]M is recognized as an implicit solution for machining metallic and heat-sensitive
materials without leaving a heat-affected zone (HAZ) or any residual stresses during the
machining process [3]. Among the various advanced machining technologies, AWJM has
exhibited significant emergence in manufacturing industries due to its extensive operations
and exceptional quality of cut of intricate profiles with a minimum cutting force on the
workpiece and yield of better dimensional accuracy due to insignificant distortion [4].
However, AWJM with proper process parameter settings remains a challenging procedure
for manufacturers. Therefore, an enhanced understanding of AWJM mechanisms and
modelling is needed to ensure more effective applications.

This review aims to address gaps in existing studies by foregrounding the leading
features of the abrasive waterjet (AW]) cutting of metallic materials and providing signif-
icant, up-to-date research from the theoretical and experimental analysis. This paper is
structured to present AWJM mechanism advantages and applications, and identifies limita-
tions and current challenges faced by AW] cutting, as well its process parameter functions
and influences. Accordingly, recent process parameter improvements and optimizations
are reviewed.

Appl. Sci. 2021, 11, 3344. https:/ /doi.org/10.3390/app11083344

https:/ /www.mdpi.com/journal/applsci


https://www.mdpi.com/journal/applsci
https://www.mdpi.com
https://orcid.org/0000-0002-5703-7563
https://orcid.org/0000-0002-7697-6443
https://orcid.org/0000-0003-0733-919X
https://doi.org/10.3390/app11083344
https://doi.org/10.3390/app11083344
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/app11083344
https://www.mdpi.com/journal/applsci
https://www.mdpi.com/article/10.3390/app11083344?type=check_update&version=2

Appl. Sci. 2021, 11, 3344 2 of 24

1.1. Abrasive Waterjet Machining System

In the AWJM system, materials are removed using erosion processes. Erosion is a type
of wear with the manifestation of accelerating and the continuous collision of abrasive
particles in a high velocity in liquid form [4]. An example of a typical AW]JM is shown in
Figure 1 [5]. The underlying operating structure of AWJM includes a high-pressure pump
system, a cutting head, a table and a computer-based controller [6].

Computer - based

controller is a system X-Y motion system makes headway to the
Abrasive Hooper and flow control

controlling the activity of nozzle system to execute the machining,

AWM.

High pressure =——__,_

pump generates

system is part of the nozzle system. It
supplies the scaled course of metered

abrasive to the nozzle.

a flow of

pressurized

water.
Nozzle systems process and release the
abrasive water jet as the cutting stream.

Cutting table is a water-filled tank that disseminates energy

of abrasive waterjet after machining the workpiece.
Figure 1. AWJM mechanism and components [5].

The computer-based controller is incorporated into the AWJM system, functioning
independently, which enables to download varied types of diagram programs. This com-
prises tools that are distinct to AWJM, such as manual or automatic cut in/out tools, tools
for the generation of cutting paths, collision prediction and resolution, tool assignment for
surface quality, etc. [7]. Mixing the granular abrasive with a high-pressure waterjet stream
makes the AWJM capable of machining. A high-pressure pump drives the pressurized
water in the nozzle system. This system includes an abrasive hopper, orifice, mixing
chamber and focusing tube. The water travels with a high level of velocity and is forced
out of the orifice in a very thin stream structure [8]. A hopper that includes a plastic
tube holds abrasive particles and dispenses them to the cutting head, where particles are
then drawn into a waterjet stream in the mixing chamber. The high-speed waterjet, set
alongside abrasive particles, is compounded and accelerated to create an abrasive waterjet.
The focusing tube directs the abrasive waterjet to its focal point when cutting a working
piece [9].

1.2. Abrasive Waterjet Erosion Mechanism

The AWJM process of removing material from a target workpiece emerges through
an erosive venture of abrasive particles travelling with high velocity [10]. Material re-
moval rates in AWJM transpire across two primary models, such as cutting and deforma-
tion/ploughing deformation wear mechanism [4]. Erosion mechanisms vary depending
on workpiece material and properties [11]. A workpiece can be categorized as ductile,
brittle or composite. In ductile materials, erosion can occur using two procedures, i.e.,
repeated plastic deformation and cutting action. In general, ductile erosion is applicable
to metals and other similar materials that are capable of a significant plastic deformation
process [12]. For the brittle materials erosion process, removal of material occurs through
crack propagation and chipping, resulting in contact stresses caused during the impact
of abrasive particles, which is then defined as the cracking method [13]. In the case of
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composite materials, abrasives penetrate the material and produce breakages that initiate
the formation of cracks, which in turn results in delamination [14].

1.3. AWJM Process and Advantages

The cutting process is a core method in the manufacturing industry. AWJM is highly
capable of machining from hard to soft materials at a very low machining force, which
avoids the destruction of the target workpiece’s properties [3]. Abrasive waterjet machin-
ing is a non-conventional cold processing technology used for material processing with
significant advantages [1,15], which has been the reasoning behind the rapidly progressing
application of AW]JM, particularly in metallic materials [6]. The reduction of temperature is
carried through the presence of cooling water due to the presence of cooling water, which
renders AWJM [6].

Table 1 illustrates AWJM’s superiority compared to other non-conventional machines
based on experimental studies on various workpieces [8-10,16-21]. It substantiates AWJM
compared to other technologies, indicating versatility in cutting diverse material with a
wide range of thickness, absence of tool wear and flexibility in cutting intricate geometries.
Other machines such as EDM and ECDM involve the use of high-intensity energy to cut
hard metals and materials that are difficult to machine [8-10]. However, the usage of
high thermal heating sources causes craters, cracks, thermal damages, and destructively
tensile residual stresses; hence, materials that are low conductors of heat are very appli-
cable [10]. In AWJM applications, the absence of thermal distortion is achieved due to
its cold cutting process since the material temperature will not exceed 70 °C [22]. EDM
and ECDM generate hazardous solid, liquid, and gaseous products resulting in sludge
containing metal ions, acids, nitrate, oils and even traces of heavy metal ions due to anodic
electrochemical dissolution, which are very harmful to humans and the environment [17].
AW]M is also considered environmentally friendly and sustainable as it does not omit any
hazardous vapor; hence, AWJM generates waste such as abrasives that adversely affect the
environment. Sustainable manufacturing aims to achieve an efficient operation at the same
time, reducing the environmental effect [17]. Recycling and reusing these abrasives make
AW]JM more economical, effective, and environmentally friendly [22-24]. The discussed
competitive advantages of AWJM have been the rational reason behind its expanding
utilization and continuous progression.

Table 1. Comparison of non-conventional cutting technologies [8-10,16-21].

Cutting Activity AWM LBM EDM ECDM
Heated affected
zone (HAZ) No Yes Yes Yes
Material Distortion No Yes No Yes
Tool Wear No No Yes Yes

Material Removal
Rate (mm?3/s)

Type of material

Material thickness
(mm)

Type of shapes

Burr formation
Hazardous vapour

Medium-slow
(approx. <2)

metals, composites,
natural, electrically,
non-conductive,
non-reflective

Ranging < 304.8

Complex and
complicated shapes
Minimal
None

Fast (approx. 2-3) for
non-reflective
materials only

metals, composites,
natural, electrically,
non-conductive,
non-reflective surface

Ranging < 20

Complex and
complicated shapes
High
fumes, gases

Medium (approx.1-2)

Only electrically
conductive such as
metals and composites

Ranging < 304.8

Simple

High
CO & CH,

Medium (approx.1-2)

Only electrically
conductive such as
metals and composites

Ranging < 304.8

Simple

Minimal
NaOH/NaNOs3
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1.4. Abrasive Waterjet Machining Application

In the past and recent years, AWJM has gained high interest amongst researchers, as it
is a versatile tool that is used in almost all manufacturing processes and materials. Figure 2
presents the statistics of various workpieces utilized in AWJM applications, as established
from several reviewed publications [25-66]. The first chart (a) shows a generated summary
of various workpieces that have been employed in AWJM applications, while the second
chart (b) represents created synopsis material types for enhanced analysis based on several
research studies used from the year 2017 to 2020.

Statistics of various materials employed in 2017-2020 Types of materials employed in 2017-

Rock
Magnesium alloy
Kevlar
Hastealloy C276
Green composite
Granite

Glass

Gemstone
Ceramic

Brass

Metal Matrix Composites — mss
Marble s
GRFP  wmars
Rk
Ti6Al4V amsmcmans
Austenitic stainless steel —smuEa=

Alumina ceramics

CFRP s

Inconel

studies 2020 studies

Aluminium alloy sk s s

0

5 10 15

# Number of researches m Composite = Metal = Natural

(a) (b)

Figure 2. Statistics of (a) various workpieces employed in AWJM applications and (b) material type from 2017 to 2020

publications reviewed in this work.

A number of studies in metal, composite, and natural materials discovered similar
quality defects such as surface roughness, striation marks and kerf geometry inaccura-
cies [25-66]. As shown in Figure 2a, aluminum alloy, which is a metallic material, has
captured the highest value of twelve (12) research studies, whilst natural material, rock, has
gained the least attention amongst these selected recent researches in AWJM application.
As illustrated in Figure 2b, metal materials have received the highest attention, attaining
58% of the population of these selected latest studies in AWJM performance. These are
difficult-to-cut materials that possess drawbacks related to their high alloying content (i.e.,
chromium and nickel), low thermal conductivity, high ductility, and low machinability
level [67]. It was noted that the mentioned quality issues and defects are highly influenced
by their material properties [68,69].

Varied types of materials possess divergent machinability due to their different me-
chanical and chemical properties, and a number of metallic materials identified as one of
the most hard-to-cut materials [28]. Figure 3 illustrates the typical machinability of several
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Material type

employed materials in abrasive waterjet (AW]) cutting applications [69]. The machinability
index indicates the speed of the machining process.

Machinability of commonly used materials

Stone: Limestone (Wyoming) 6156
Wood: Hardwood (Red Oak)
Plactic: Acrylic
Plastic: Nylon
Stone: Marble
Glass (Generic)
Glass: Extra Brittle
Metal: Aluminium alloy (6061)
Metal: Titanium (Ti6Al4V)
Metal: Copper (C110)
Metal: Inconel (625)
Metal: Mild Steel (A36)
Metal: Stainless steel (304)
Metal: Tool Steel (AISI O1)
Ceramics:Alumina (FG995)
Carbide: Tungsten carbide (C2)

0 1000 2000 3000 4000 5000 6000 7000

Machinability Index, M

Figure 3. Machinability of frequently employed materials in AW] cutting applications [69].

Cutting machinability can be estimated by several indices such as the forces merging
while cutting, cutting speed, surface quality of cut material, etc. [69]. Moreover, a higher
machinability index denotes a faster cutting speed which has been established based on
extensive cutting tests [69]. Figure 3 also demonstrates that tungsten carbide denotes
the lowest level of machinability, subsequently followed by ceramics and metals such
as stainless steel, Inconel and titanium; in this regard, these workpieces are the most
difficult-to-machine materials.

AW]JM has also been recognized to be an effective technology in cutting non-conducting
material with a low machinability index. Research to date has explored differing operat-
ing mechanisms of AWJM for various industrial conditions and applications. Table 2
enumerates AWJM applications in different industry sectors with regards to specific
material usage [49,70-72], which shows that AWJM applications cover a vast range of
industrial domains.
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Table 2. AWJM materials and areas of application [49,70-72].
Materials Industrial Application
Type Workpiece
Natural Concrete, cement, ceramics, graphite, stone Mining, manufacturing and processing of ceramics and
or rock. graphite, building, construction, housing, and tile industry.
. . .. . Aut tive, ine, , hitect d civil,
Metals Titanium, aluminium, stainless steel, and alloys. u c?mo ve rr}arme aerospace .arc 1ec ure.an. cvi
medical, food industry, automotive, electronics industry.
. . . Aerospace, automotive, electronics industry, Glass,
. Wire glass, laminated glass, optic glass, . . . .
Composites decorations, promotional, optical fiber, and the

composites, and magnetic materials.

medical industry.

After expounding the machining mechanism and benchmarking performance against
other non-conventional technologies, in addition to enumerating the advantages and
applications of AW]M, it is essential to discern the technology’s current conditions, limita-
tions and process drawbacks that affect its technological effectiveness. A very high noise
(approximately 80 to 100 Db) is produced by AWJM during the machining process, and
acquisition costs are driven by the high-pressure pump, high volume of required water
quality, and purity [3,6,15,24]. Therefore, recent states of AWJM applications, boundaries,
and challenges, particularly in cutting operations, are further discussed in the succeeding
sections of this review.

2. Abrasive Waterjet Cutting Application Limitations and Challenges

AW]M is extensively used for cutting operations; hence, there is a necessity for
enhancing its performance. AW] cutting processes still face challenges in quality and
productivity performance, mostly metallic material identified as one of the hard—to—cut
material due to its low machinability. There have been reported cutting defects when
using an abrasive waterjet machine. Damage may also vary depending on the material
to be machined [73]. The issue of material response to AWJM in terms of its behavior,
i.e.,, burr formation, high surface roughness, striation marks, distorted kerf geometry,
and delamination, has been studied since the beginning of AWJM applications in the
1980s [74,75]. Table 3 shows common AW] cutting issues that have been restudied by
researchers, particularly metallic materials.

Table 3 details that previous works have encountered similar customary defects
inherent in this machine’s application for difficult-to-cut materials, particularly met-
als [15,62,76-78]. Several studies have shown that AW] cutting has been broadly applied to
metallic materials with varied thicknesses. The AW] cutting process has also been revealed
to contain similar defects, such as kerf taper, roughness and cracking of cutting metals
regardless of the thickness. A summary of recent studies applying AWJ cutting of metals
with varied thicknesses is itemized in Table 4.

As shown in Table 4, the kerf taper angle and surface roughness are major quality
issues identified in the AW] cutting of metallic materials with varied thickness. Accordingly,
a machinability study performed by Khan et al. [79] detailed the AWJM performance in
cutting low alloy steel of different thicknesses (5, 10, 15, 20 mm). Their experiments revealed
that the material thickness impacts machine performance, such as the material removal
rate, surface roughness, and kerf wall inclination. Hence, it is necessary to investigate the
influence of material thickness for precise AWJM, as cutting operations involve various
thicknesses of product formation in fabrication industries.

The aforementioned issues are challenges to AW]J cutting performance. However,
these issues have been recently reinvestigated and it was concluded that AWJM perfor-
mance relies on its process parameters. Therefore, it is necessary to have a continuous
comprehensive study of process parameters to improve AWJ cutting performance, which
is discussed in the succeeding section.
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Table 3. AW] cutting defects amongst various metallic materials [15,62,76-78].

Defects Material Images Key Findings and References

Miao et al. [76] have found quality
defects such as cutting residue, kerf
taper and striation in cutting AISI 304
using abrasive waterjet machine. These
defects are caused by the decreasing
energy of the jet.

Mohamad et.al. [62] have identified the
kerf taper angle as an intrinsic
characteristic of AW] cutting of AISI
1090 mild steel. They determined that
variation in the kerf top width wider
and kerf bottom geometries resulted in
a higher kerf taper angle.

Gnanavelbabu et al. [77] applied AW]
cutting of Ti-6Al-4V and observed
roughness and striations marks in cut
surfaces. They discovered that the cut
surface finish differs depending in the
depth from surface entry of the
abrasive jet.

Cutting residue,

striation and roughness AISI 304

Kerf taper angle AISI 1090

Surface Roughness Ti-6Al-4V

Uthayakumar et al. [78] have known
quality defects, such as kerf geometric
inaccuracy and a low material removal
rate in cutting super nickel alloy using
abrasive waterjet machine. They
established a high occurrence of
inaccurate kerf geometries using a high
level of water pressure and increasing
the traverse speed.

Material removal rate, Kerf

Inconel 600
taper angle

Supriya et al. [15] have determined that
one of the challenges faced with cutting
stainless steel is achieving a high depth
of cut due to its low machinability.
They concluded that using abrasive
waterjet machine with a high level of
pressure settings have increased the
depth of cut.

Depth of Cut 55304

Table 4. Quality defects in AW] cutting of metallic with different thickness [18,61,77,80].

Year & Author Maetallic Material Thickness Defects
Gnanavelbabu et al. 2018 [77] Ti6Al4V 5 mm KTA, MRR, Ra
Wang et al. 2019 [61] AA 6061-T6 5,10, 25, 50 mm KTA
Yuvaraj et al. 2017 [80] AISI D2 Steel 60 mm Ra
Akkurt et al. 2018 [18] SS 304 20 mm Ra

3. Abrasive Waterjet Cutting Process Parameters and Influences

The abrasive waterjet (AW]) cutting process incorporates several independent process
parameters that directly affect the machine’s performances. As illustrated in the cause-
and-effect diagram of the AWJM process parameters given in Figure 4, the input process
parameters are categorized as follows (1) hydraulic, (2) nozzle, (3) material, (4) abrasive, and
(5) cutting. The input process parameters primarily affect the machining performance or
output parameters of AWJM application. Learning the specific functions of these influential



Appl. Sci. 2021, 11, 3344

8 of 24

variables will be fundamental towards development and improvement initiatives of quality
and efficiency of the entire cutting process.

Hydraulic parameters Nozzle parameters Material
Waterjet pressure (MPa Nozzle type & Material
or PSI) Material Thickness (mm)
Water orifice diameter Focusing diameter & Matertal
1) length (mm) Compeosition
(min) Surface roughness (um)
. Kerf taper angle (%}
Abrasive mass flow rate Traverse speed (mm/min)

(g/min)

Abrasive size (#)

Abrasive type

Material removal rate (mm?/min}

Jet Impact angle {Degree % Depth of cut (mm)

Standoff distance (mm)

Abrasive parameters Cutting parameters

Figure 4. Cause-and-effect diagram of AWJM process parameters [9,81].

3.1. Abrasive Waterjet Cutting Input Process Parameters Functions and Influences

The AW]J cutting input process parameters are comprised of specific functions govern-
ing the execution of various machining operations.

3.1.1. Hydraulic System

The hydraulic system is the waterjet pressure denoted by (P) and measured in MPa
or PSI. A continuous flow of pressurized water generated from the AWJM water pressure
pump drives the cutting head controlled by an accumulator and pressure tubing [3,6].

Impacts of waterjet pressure: Waterjet pressure affects the distribution of water and
jet abrasive particles during material erosion processes. Naresh Babu, M. et al. [82] have
recommended that high-level pressure, with a value of 399 MPa, can acquire superior
surface quality in cutting brass-360. Additionally, Akkurt et al. [83] have utilized an ultra-
high-pressure (UHP) waterjet cutting system in evaluating deformation on materials with
the same composition but different thicknesses such as Al-6061 aluminum alloy, brass-
353, AISI 1030, and AISI 304 steel materials. Their experiment showed that a very high
waterjet pressure negatively affects the surface roughness as the thickness of the material
decreases. A high-level water pressure produces high velocity, resulting in a stronger
impact of abrasive particles [49]. Ultra-high-pressure (UHP) AWJM pumps provide water
pressure to the cutting head at continued pressures from 40,000 psi (276 MPa) to 87,000 psi
(600 MPa) and have progressed its industrial application since its commercialization due to
its wide range of application, i.e., 2D shape cutting, surface grounding, weight reduction
of space-borne mirrors, and various machining tasks tasks [84]. Pashmforoush et al. [85]
have observed that geometrical tolerances were obtained by increasing waterjet pressure
to a value of 300 MPa when cutting Hardox 400 steel. The achieved results denote that by
the increase of jet pressure, the surface quality improves and the geometrical errors are
reduced. This is similar to Khan et al. [79] as they have concluded that a jet pressure of
240 MPa can yield a high material removal rate for AW] cutting of EN24 Steel 14. These
previous works established that waterjet pressure is directly proportional to the depth of
jet penetration and the material removal rate.

3.1.2. Abrasive System

The abrasive system is composed of abrasive material type, size, shape, and flow rate.
The abrasive mass flow rate is the stream of its particles alongside waterjet pressure, which
is typically measured in g/min [6].
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Impacts of abrasive type: Abrasives are categorized into natural, zirconia alumina,
glass, steel, and copper. These types have inherent diverse characteristics such as the level
of hardness and grit shape. In particular, Perec et al. [64] have conducted an experiment in
cutting titanium using different abrasives, i.e., garnet, olivine, and crushed glass abrasives.
Based on his experiments, garnet gave the highest material removal or cut penetration.
Later, they carried out a comparative investigation between garnet and corundum abrasive.
They concluded that corundum abrasive applications could be suggested within certain
economic circumstances due to the decreased lifespan of focusing tubes [86]. Furthermore,
it has been established that AW] cutting performance is vastly affected by the density,
shape, and hardness of abrasives. Table 5 exhibits categories of abrasive materials utilized
in various industries, in conjunction with their details and properties.

Table 5. Abrasive material categories along with their properties and industrial applications [1,68,87,88].

Category Details A. Glass B. Natural

Abrasive types
Glass beads Garnet Ceramic beads Black corundum
Hardness MOHS 5-6 MOHS 7-8 MOHS 9
Shape Round Irregular sharp—edged
Application Grinding, polishing, drilling, cutting, tumbling media, sharpening, and metal cleaning
Industrial use Automotive, metal fabrication, machinery, electronic, construction, metallurgy, petrochemical
Category Details C. Zirconia Alumina
Abrasive types
Black Silicon carbide Green Silicon carbide White fused alumina Brown fused alumina
Hardness MOHS 9
Shape Round Irregular sharp—edged
Application Drilling, lapping, grinding, or polishing
Industrial use Automotive, metal fabrication, optics, household applications, construction, metallurgy
Category Details D. Steel Grit, Shot, Cut Wire and Copper Slag
Abrasive types
Steel grit Steel shot SS Cut wire Copper slag
Hardness MOHS 7-9 or HRC (Hardness Rockwell C) 40-60
Shape Irregular rounded
Application Cleaning, surface preparation, stone cutting, shot peening

Industrial use Automotive, construction, metallurgy, petrochemical industry
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AW]M has capabilities in machining hard-to-cut materials because of its abrasive
particles. Table 5 showed a representation of each abrasive category characteristic, such as
particle shape, hardness, application, and industrial usage. The zirconia alumina group of
abrasives indicates dominance in hardness.

Hlavacova et al. [89] have linearly machined high-carbon steel DIN norm No.1.2436
(CSN EN 19437) plate 61-mm-thick using seven different abrasives: Australian garnet,
Ukraine garnet, olivine, corundum, chromite, and zirconium sized from 200 to 300 pm, and
unsorted Australian garnet. They discovered that corundum, which was approximately
equal to garnet, increased cutting speed at 20%. Garnet has a comparatively low wear of
focusing tubes when utilized [90]. A survey reported that 90% of users employ garnet as
an abrasive type during AWJM applications [4]. Other reasons behind the high usage of
garnet are attributed to its competitive price of approximately 0.48 €/Kg [24]. However, the
economic concern should be weighed against abrasive performance. Hence, the abrasive
type is governed by the hardness of the workpiece [17]. Therefore, a harder workpiece
requires a harder abrasive particle. In general, abrasive hardness directly exerts MRR and
the depth of cut on the material; accordingly, a harder abrasive indicates higher MRR and
DOC, leading to a higher machining efficiency.

Impacts of abrasive size: Abrasives come with varied sizes or mesh corresponding to
their specific conditions or grades. The particle grain mass and volume directly impinge
on kinetic energy, which influences AWJM output parameters [91]. Various mesh numbers
with the corresponding mesh size and grade are summarized in Table 6.

Table 6. Abrasive mesh size and grade [1,68,88,92].

Mesh Number # Mesh in Microns pm Grade
40-60 250-400 Coarse
80-100 180-210 Medium coarse
120-150 90-105 Medium fine
180220 70-88 Fine
240 upwards <60 Very fine

The selection of an appropriate abrasive size and type depends on the hardness of the
workpiece [92]. Thamizhvalavan et al. [93] have investigated the machining hybrid metal
matrix which consists of Al 6063 reinforced with boron carbide (B4C) and zirconium silicate
(ZxSi0Oy) in the form of particulates in the proportion of 5% B4C and 5% ZrSiOy4 using
different type and mesh size of abrasives. They used aluminum oxide (Al,O3) and garnet
with varied mesh size numbers of 60, 80 and 100. They concluded that a higher rate of
material removal was achieved by using an abrasive type aluminum oxide (Al,O3) with a
mesh size number of 80. Abrasives with all varied sizes showed the formation of striations
in cut surfaces [93]. Moreover, Yuvaraj et al. [35] have analysed the effects of applying
varying mesh sizes of garnet, including size 80, 100, and 120 in cutting AA5083—H32,
where garnet with size number 80 produced a higher depth of cut, low kerf taper angle and
surface roughness. Notwithstanding these studies, the abrasive mesh number is directly
proportional to MRR, and a higher mesh size leads to higher roughness which results in a
lower quality of cut surface.

Impacts of abrasive mass flow rate: In AWJ cutting operation, increasing the abrasive
mass flow rate increases the erosion efficiency, containing a higher number of abrasives
which relatively increases the depth of cut and decreases surface roughness value [36].
An increased rate of waterjet pressure denotes a parallel performance with abrasive flow
rate [92]. Babu et al. [94] have presented a study of AW] cutting process parameters
performance in minimizing the surface roughness and kerf angle of AISI 1018 mild steel.
They have observed that increasing the level of waterjet pressure, alongside with abrasive
mass flow rate reduced the kerf taper angle and surface roughness. This achieved the
minimum kerf geometries and less striation surface. Pawar et al. [44] have applied a
moderate rate of abrasive mass flow. Mainly, a higher AFR directly leads to a higher
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MRR and DOC of machined material; however, it provides a conditional opposite effect in
surface roughness and kerf taper angle, depending on the type of material.

3.1.3. Nozzle System

The nozzle system comprises the material type, nozzle diameter (ND), and orifice
diameter (OD). The orifice ranges from 0.13 to 0.76 mm [95]. It is accountable for trans-
forming water pressure into velocity; moreover, potential energy is converted into kinetic
that is being transmitted to abrasive particles. The nozzle focuses the abrasive waterjet and
leads it to the workpiece [6]. An illustration of a nozzle system working scheme is shown
in Figure 5.

Pressure water

Abrasive inlet

Jewel orifice

Venturi

Mixing tube

Figure 5. Nozzle system [92].

As illustrated in Figure 5, the waterjet pressure water travels at a high velocity and
generates a Venturi effect or vacuum in the mixing chamber located beneath the orifice. A
metered portion of abrasive particles enters through the abrasive inlet and is forced down
with the waterjet stream in the mixing chamber [96]. The abrasive particles are mixed with
the waterjet, creating an abrasive water jet. The nozzle is a vulnerable component of an
abrasive waterjet machine and is commonly composed of silicon carbide, tungsten carbide
cobalt, boron carbide, composite, and ceramic materials. Varied materials possess diverse
properties that enable a nozzle to lengthen its utilization and wear [96]. In comparison
to metals, ceramic nozzles (5iC, Al,O3 ZrO,, B4C and SipNy) are universally used in
line with mechanical properties, maximum hardness, a high melting point, and lesser
resistance to heat shock. Furthermore, they can work 30 times longer than other carbon
steel nozzles [91].

Impacts of nozzle and orifice diameter: Variation in the nozzle diameter and orifice
leads to machining inconsistency due to the ascending airflow rate, jet deviating, and
path size, hence impacting the material removal rate, surface roughness, and geometric
accuracy in the broad-spectrum [6]. Furthermore, Kmec et al. [36] have investigated
cutting austenitic steel AISI 304, which has recently been the most prevalent type of anti-
corrosion material in various industrial applications. They used different abrasive nozzle
diameter sizes including 0.76 mm and 1.02 mm. They conclude that the minimum surface
roughness was achieved by using the smallest nozzle diameter of 0.76 mm. Additionally,
Mogul et al. [27] have studied surface roughness in cutting Titanium Ti6AL4V using an
abrasive waterjet machine, where variations in the diameter ratio of the focusing nozzle
and orifice were adopted. A different approach of ratio 3:1 nozzle and orifice diameter were
employed in their experiments. The results indicate that increasing the waterjet orifice and
focusing the nozzle diameter can minimize the surface roughness of the cut material. Later,
Nandakumar, et al. [97] has examined the nozzle head oscillating method in AW] cutting
of aluminum hybrid composites. They concluded that a lower degree level of oscillation
angle decreased the Kerf taper angle and surface roughness. Substantially, these previous
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researches indicate that the nozzle diameter and orifice influences the material removal
rate, surface roughness, and geometric accuracy in a broad-spectrum.

3.1.4. Cutting System

These are the traverse speed, stand-off distance and jet impact angle. The traverse
speed corresponds to the turning of a tank during machining, measured in mm/min. The
standoff distance is the height from the endpoint of the nozzle up to the top surface of
the target material, where it is indicated in mm. The jet impact angle is the angling of the
jet towards a cutting level surface [6]. Recently, a relevant increase in productivity was
obtained by utilizing AWJM with multiple cutting heads. There are two traverse systems
that can be utilized simultaneously and independently to machine larger and multiple
parts [5].

Impacts of traverse speed: Traverse speed variation has a significant effect on AWJM
output parameters. Sasikumar et al. [98] reported that minimizing the kerf angle and
surface roughness in AW] cutting of hybrid aluminum 7075 metal matrix composites can
be obtained by applying a low level of traverse speed and a high level of pressure. Their
results are consistent with Gnanavelbabu et al. [77], who explored minimizing the kerf
taper angle in cutting AA6061 using a low level of traverse speed. Ishfaq et al. [99] have
distinguished that traverse speed was the most significant and impacting parameter for
the material removal rate in AW]J cutting of stainless-clad steel workpieces. Additionally,
the feed rate was revealed to be the most influential parameter in controlling the responses
on surface roughness and kerf-angle in abrasive waterjet cutting of AISI 1018 with 5 mm
thickness [94]. Moreover, Karmiris-Obratariski et al. [100] explored AW]JM multiple passes
and achieved a higher depth of cut by utilizing a higher number of passes and higher-level
traverse speed; hence, under particular conditions, the application of multiple passes
can provide better results as compared with single pass machining. On the basis of these
studies, the traverse speed is directly proportional to the material removal rate but inversely
relative to the depth of cut, surface roughness, and kerf taper.

Impacts of stand-off distance: A higher distance from the nozzle exit and workpiece
top surface results in decreasing velocity of the particles, which denotes a lower material
removal rate, roughness, and kerf taper angle [92]. Kechagias et al. [81] have examined
that decreased kerf width and roughness of cut parts can be obtained by applying a near
standoff distance, a lower rate of traverse speed, and a smaller nozzle diameter at a higher
material thickness when cutting steel sheets using an abrasive waterjet machine (TRIP
800 HR-FH and TRIP 700 CR-FH). In summary, it has been found that a combination of
a high-level standoff distance and high-rate traverse speed lowers the contact time of
abrasive particles within the cutting process.

Impacts of jet impact angle: Varying the jet impingement angle leads to different im-
pacts in AWJM output parameters depending on the hardness scale of a a workpiece [101].
For instance, Yuvaraj et al. [35] have proposed the importance of managing the jet impact
angle to intensify AW] cutting output responses. They reported that varying the impinge-
ment of the jet angle, along with using a different abrasive mesh size can affect the kerf
width, taper ratio, and cut surface roughness when cutting AA5083-H32. An oblique jet
angle of 70° was shown to lead to lesser kerf taper ratio, roughness and striations. Further-
more, Kumar et al. [80] have conducted an experiment using a different metal, D2 Steel,
and concluded that a jet impact angle of 70° sustained better cut surface integrity. A larger
degree of jet impingement angle results in a higher material removal rate, particularly in
hard-to-cut materials; thus, an acute jet impact angle provides a precise cutting perfor-
mance predominantly in soft materials [91]. In this paper, Figure 6 illustrates the statistics
of the identified influential AWJM input process parameters within a range of publications
from 2017-2020 [25-66]. Figure 6 illustrates the weighted distribution of the AW] cutting
input process parameters identified to be significant in AW] cutting performance.
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Most influential input process parameters
3%

MW Abrasive mass flow rate 3%
W Abrasibe material

Abrasive size
1%
Jet impact angle 4%
W Traverse speed
1%
M Standoff sidtance

W Waterjet pressure

W Nozzle diameter

M Orifice Diameter

Figure 6. Survey of identified most influential AW] cutting input process parameters reviewed
publications from 2017 to 2020 [25-66].

Among these research findings, 27% proved that traverse speed is the most influential
input parameter in the AW]J cutting process, followed by waterjet pressure, abrasive
mass flow rate and standoff distance with a percentage contribution of 22, 20, and 19%,
respectively. There is a limited number of studies that considered the abrasive size, nozzle
and orifice diameter, abrasive material and jet impact angle; hence, the impacts of these
input parameters cannot be justified because of gaining less attention from researchers
and having low usage in several experimental investigations. This can be considered as a
potential area for future development and studies.

3.2. Abrasive Waterjet Cutting Output Process Parameters

The output process parameters of the AWJM include the material removal rate, depth
of cut, kerf taper angle, kerf width, and surface roughness. These output parameters have
been identified as quality attributes and are correlated with quality performance [102]. The
depth of cut refers to the level of penetration of the workpiece. The material removal rate
is determined by the quantity of removed material from a workpiece per unit time and is
computed by the volume of removed material or from the difference in weight prior to and
after machining. Furthermore, the material removal rate is a denotation of the machining
rate performance. The kerf taper is the tapering angle resulting from AWJM and is the
measurement by the ratio of the sum of kerf top width and kerf bottom and thickness of
the workpiece. The taper width is the measurement of the top and bottom cut width of the
target workpiece. The surface roughness is the scale of smoothness of the machined surface,
denoting the precision of executed cutting processes. AW] cutting processes involve several
types of parametric variables that can impact machining performance. For this reason,
it is necessary to use comprehensive equations or formulas when governing machining
performance. Table 7 enumerates equations for determining output parameters.

Suitable values for the proper selection of process parameters must be determined
and should be optimized for further development, which is discussed in the next section.
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Table 7. Output process parameters analytic equation.

Output Process

Equation Number

Parameter Analytic Equations Unit of Measurement and Reference
Depth of cut (ht) ht = Lsin 25° Linclined length mm Equation (1) [103]
P of workpiece 9
ht is depth of cut,
Material removal o vt is traverse speed, 3 .
rate (MRR) MRR = ht.W.ovt W is kerf width mm-/min Equation (2) [77]
(Wr — Wp)

Kerf taper angle (KTA)

Surface roughness (R,)

W; is top kerf width
and W, is bottom kerf

KTA 6 = arctan thhwb Width, h is thickness Degree (O) Equation (3) [77]
of material
; I is sampling length, y
_17 is profile height in a pm Equation (4) [104]
Ro=1 g y(x)dx defined point of x -axis

4. Abrasive Waterjet Cutting Process Parameters Improvements and Optimization

Manufacturing industries are becoming more technically and economically attentive
with advancements in the worldwide economy [105]. This demand produces a need for
process parameter improvements and optimization.

4.1. AW] Cutting Process Parameters Improvements

Abrasive waterjet cutting process parameters are factors that impact the effectiveness
of machining performance. Defects such as the surface quality, kerf geometric inaccuracies
and low material removal rate are directly correlated to transverse speed, standoff distance,
waterjet pressure, and abrasive mass flow rate as well as material properties and material
thickness. Therefore, nominating suitable values for these factors should be managed
appropriately. Functional relations between these responses and input parameters of AW]
cutting were obtained and studied by many experimental results of numerous authors.
Table 8 details a number of experimental investigations from recently published research,
providing evaluations of correlations between input and output process parameters of
AW]M, particularly in cutting operations. Based on the studies summarized in Table 8,
water pressure at a high level provided a higher depth of cut and higher material removal
rate [33,58]. A lower value of traverse speed ranging from 60 to 90 mm/min was favorable
in achieving a lower surface roughness, and a higher material removal rate and depth of
cut [30,33,78,106].
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Table 8. Impacts of the most influencing process parameters in AW] cutting output parameters.

Output Parameters
and Materials

Input Parameters

Water Pressure, MPa

Traverse Speed, mm/min Stand of Distance, mm  Abrasive Mass Flow Rate, g/min

Range

Key Findings and References

100-200

201-300

301-400

60-90 91-120  121-150 1-3 4-6 7-9 100-250  251-400 401-550

AA2014

DOC

v

4 4 4

They obtained a high value of DOC at 29.70
mm by increasing the value of p, which is
recognised as the most influencing factor in
AWT cutting [58].

AZ91

They found that increasing water pressure
and decreasing traverse speed values can
achieve a maximum value of 12.57 mm DOC
in AW] cutting of magnesium alloy [33]

Ti-6Al-4V
MRR

They determined that high-level of AFR at
340 g/min, TS at 120 mm/min and moderate
P at 275 MPa obtained a maximum MRR
with a value 345.8 mm3/min in abrasive
waterjet machining [77].

Inconel 600

They achieved a maximum value 350

mm? /min of MRR by utilizing a moderate
value of parameters i.e., P at 280 MPa and TS
at 40-60 mm /min [78].

Inconel 617

MRR

They discovered that a lower or near SOD
with an increasing value of AFR and TR was
favourable in achieving a maximum value of
MRR [107].

Brass

They concluded that P provides the utmost
impact in minimizing R,. A low rate of P at
200 MPa with a medium rate of TS at 100
mm /min obtained a minimum R, value of
1.45 um [30].

KTA AISI 1018

They attained a minimum value of KTA by
decreasing feed rate and it has been
identified to be the most significant
parameter controlling the AWT] cutting
responses [94].
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As presented in Table 8, a value of abrasive mass flow rate ranging to 100 to 250 g/min
achieved the minimum value of surface roughness and kerf taper angle [30,106]. Thus,
it has been found that a nearer standoff distance provides a better AW] cutting perfor-
mance [58,106].

4.2. AW] Cutting Process Parameters Optimisation

Generally, optimization is utilized to achieve the minimum probable costs of cutting
operations with a proper combination of process parameters considering indexes such as
quality, productivity, and cost. Recently, an effective optimization technique, the Taguchi
method, has become increasingly successful in optimizing some AWJM applications [108].
Several studies using the Taguchi method in their experimental work are shown in Table 9,
mitigating the effectiveness of this technique.

Table 9. Several studies (2018 to 2020) in AW] cutting carried out through the Taguchi method.

Material

Input Parameter Output Parameter Key Findings and References

Metal Matrix Composites

Maneiah et al. [25] used Taguchi-L9
orthogonal array in their experimental

SOD, TS, AFR Ra investigations. The results showed that
the essential parameters in reducing R,
were TS and AFR.

Ti6AL4V

Mogul et al. [27] worked in the
prediction of cutting depth by using the

P, TS, AFR, ND, OD R,, DOC Taguchi method. It was proven that TS
was the most influencing parameter for
a higher depth of cut.

Inconel 625

Jeykrishnan et al. [29] employed

Taguchi’s technique in this study, and it
P, AFR, SOD KTA was observed that P played a

significant role in lower

kerf taper angle.

Brass

By utilizing Taguchi’s L9 orthogonal
array, Marichamy et al. [30] proved the
feasibility of utilising an abrasive

P, TS, AFR Ra, MRR waterjet machine in cutting brass
material. They concluded that
increasing P, TS, and AFR can minimise
R, and maximise MRR.

AZ91 Magnesium alloy

Niranjan et al. [33] examined influence
of process parameters in the depth of
cut through the Taguchi experimental
design of the L9 orthogonal array. The
result showed that a higher DOC could
be obtained with high P and low TS.

P, TS DOC

Ti-6Al-4V and Inconel 825

Rajamanickam et al. [34] achieved a
higher MRR for Ti-6Al-4V at a value of
P, SOD, AFR Ra 3.132 gm/min and 3.246 gm/min for
Inconel 825 by utilising an
experimental Taguchi approach.

Taguchi is a technique applied for improving quality performance depending merely
on process parameters. Taguchi’s orthogonal array is useful in establishing impacts created
by these cutting parameters with two or more mixed levels, which lessens the number of
required experimental trials [109]. Aside from the Taguchi methodology, there are several
other tools applied to quantify the correlation between AWJM input and output parameters.
Table 10 enlisted several noteworthy research studies that have been published, which
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focused on different experimental and simulation studies to achieve the optimum degree
of these process parameters.

Table 10. A list of several studies (2017 to 2020) with a diverse optimization technique in AWJ cutting process.

Material

Input Parameter Output Parameter Optimisation Techniques Key Findings and References

AA5083-H32

Yuvaraj et al. [35] employed an

optimisation technique to select optimal

values of input parameters, specifically, P
P JIA, AS Ra, KTA, KTW, KBW Fuzzy TOPSIS method of 150 MPa, AS of #80, and JIA of 70°. They

concluded that oblique JIA improved the

cutting performance of abrasive

waterjet machine.

Inconel 718

Samson et al. [37] distinguished the
VlseKriterijumska optimised parameter combinations of 180
Optimizacija I MPa P, 0.42 kg /min of AFR and 2 mm SOD.
Kompromisno Resenjein  They concluded that the lower standoff
Serbian (VIKOR) method distance was favourable, as it increased the
material removal rate.

P, SOD, AFR Ra, MRR, KTA

Inconel 718

Kumar et al. [42] obtained a surface
roughness within the range of 2.75 to
Response surface 4.94 um with the optimal level of P at
methodology—Box 40,757 psi, AFR at 1.251b/min, SOD at
P TS, AFR, AM Ra Behnken ﬁ}éthod 0.6 mm and TS at 20 mm/min. They
(RSM-BBM) discovered that TS and AFR were the most
important parameters in the machining of
Inconel 718.

Al7075/TiB2

Manoj et al. [43] discovered that waterjet
Taguchi DEAR (Data pressure has the highest influence in AW]
Envelopment Analysis cutting responses such as MRR, Ra and
Ra, MRR, KTA Based Ranking) KTA. The optimal process parameters
Methodology combination achieved are P of (280 MPa),
TS of 345 mm/min and SOD of 4 mm.

P, TS, AFR, AS,
SOD, OD

AA631-T6

Rao et al. [110] utilised single-objective
(SAO) and multi-objective (MOJA) to
achieve better cutting performance. The
TS, SOD, AFR Ri, MRR, KTA Jaya algorithm (JA) maximum value of MRR obtained by the
MO-Jaya algorithm was 6769.6 um3/ us,
and the minimum value of Ra obtained by
the MO-Jaya algorithm was 2.7002 pum.

Inconel 617

Nair et al. [107] studied MRR and
geometric accuracy considering SOD, P, TS,
Weighted principal AFR as input parameters. They determined
SOD, P, TS, AFR MRR, Geometric accuracy components analysis optimal factors and observed that waterjet
(WPCA) pressure was a less significant factor as the
minimum setting was adequate enough to
execute the machining process.

AA 6061

Chakraborty et al. [47] attained the
optimum parametric settings, which were
P, TS, AFR, SOD, R. MRR. KTA Grey wolf P of 310 MPa, TS of 0.05mm/s, AFR of
ND as . optimizer (GWO) 11.5 g/s, and nozzle tilted in 115°, by using
the GWO method. This combination
resulted in an MRR of 6769.597 um3/ s.

Ti-6Al-4V

DOC Acrtificial Neural Selvan et al. [72] concluded that SOD and

P, TS, SOD, AFR Network (ANN) TS are inversely proportional to DOC.

Yuvaraj and Kumar [35] applied the fuzzy TOPSIS (Technique for Order Preference by
Similarities to Ideal Solution) method as an optimization technique to attain better AW]
cutting performance with AA5083-H32. They considered the pressure, jet impact angle, and
abrasive size as input parameters to achieve minimum values of surface roughness, kerf
taper angle, and kerf width. Furthermore, they also used an additional algorithm method,
the Grey-fuzzy method, to optimize AWJM process parameters for different materials like
glass fiber reinforced polymer [35].

Samson et al. [37] have obtained optimal values of AWJM process parameters for
machining Inconel 718, utilizing the VlseKriterijjumska Optimizacija Kompromisno Resenje
in Serbian (VIKOR) method. The researchers advanced the VIKOR method by employing
an analytic hierarchy process (AHP) to convey the weight of the comparative significance
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of the aspects. This involved a multi-criterion decision-making (MCDM) system suitable
for selecting feasible or almost ideal solutions from a set of presented alternatives [111].
The results showed that low pressure, abrasive mass flow rate, and standoff distance can
minimize the kerf taper angle and roughness and maximize the material removal rate.

A hybrid response surface and Box-Behnken methodology (RSM-BBD), Kumar et al. [42]
have shown the influence of pressure, traverse speed, abrasive mass flow rate, and abra-
sive particle in determining a tolerable level of roughness for cutting Inconel 718 and in
formulating a mathematical model for predicting results. Confirmation experiments have
validated the precision of these developed models.

Manoj et al. [43] have employed a Taguchi-DEAR methodology to evaluate AW] cut-
ting process parameters—i.e., waterjet pressure, transverse speed and standoff distance for
TiB, particles in reinforced Al7075 composite materials. They anticipated higher levels of
material removal rate and lower levels of surface roughness and taper angle. A customary
of results of investigation were plotted to determine combinations of suitable process
parameters based on a multi-response performance index (MRPI).

Rao et al. [110] considered the traverse speed, standoff distance, and abrasive mass
flow rate as input parameters of an AW] cutting process of AA631-T6. The results of
material removal, roughness, and taper angle were considered against the application
of the Jaya algorithm (JO). This optimization algorithm can be used to solve constrained
and unconstrained conditions, to achieve an optimum alternative and avoid the worst
ones [112].

Nair and Kumanan [107] used weighted principal components analysis (WPCA) to
optimize AWJM process parameters in machining Inconel 617. The measured performance
indicators included the material removal rate (MRR) and geometric accuracy. The WPCA
method uses internal test and training samples to calculate the ‘weighted” covariance
matrix. The theoretical basis of WPCA is determined through a ‘weighted” covariance
matrix. Moreover, WPCA highlights training samples similar to the test sample and lessens
the impact of other training samples [113].

Chakraborty and Mitra [47] have carried out the grey wolf optimizer (GWO) technique
for AW]J cutting of AA6061, considering multiple objectives including material removal
rate, surface roughness, overcut and taper. The GWO algorithm is a non-dominated set
of Pareto solutions whose optimization imitates the hunting activities of grey wolves. A
distinct advantage of GWO is that it identifies the best possible solution and stores this
through the aid of social hierarchy.

Selvan et al. [72] developed mathematical equations using the regression investiga-
tion method (RIM) artificial neural network (ANN) procedures to select the optimum
parameters. ANN is a computer-aided program mimicking the way the human brain
manages information, collecting information by identifying outlines and interactions in
data, acquired through experience other than from programming [39]. They observed
that the developed model using ANN can predict AW] cutting responses with at least
90% accuracy. This can be further used in predicting the output for different parameter
conditions such as waterjet pressure, traverse speed, standoff distance, and abrasive mass
flow rate for AW]J cutting of various materials.

This review section outlined several optimization techniques of AW] cutting opera-
tions in diverse experimental conditions with the objective of attaining higher productivity
and better quality.

5. Conclusions and Potential Future Scope of Study

There has been an exponential increase in the demand for AWJM in various manufac-
turing industries, which is why further study of performance enhancement is necessary.
This review presents an overview of recent developments and progress made in applica-
tions of AW] cutting, which are valuable for future studies. Based on the above-mentioned
reviews and discussions, the following conclusion and potential future scopes of study
have been identified:
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5.1. Conclusions

The intensive review of the trend of recently published research studies has revealed
that aluminium and other metal workpieces gained 53% of the attention in exploring
AW]JM application improvements. A total of 27% of recent studies have proved that
traverse speed greatly impacts abrasive waterjet (AW]) cutting performance, followed
by abrasive mass flow rate and waterjet pressure with statistics of 22% and 20%,
respectively. Garnet with a hardness scale of MOHS 7-8 and a mesh size of #80 at
180 um gained 90% utilisation in AWJM applications due to its better performance
and competitive price.

AWT cutting of hard-to-cut workpieces such as metallic materials including tung-
sten carbide, tool steel, and Inconel alloys have demonstrated distinct characteristics
such as the fast speed at a rate of 2 to 3 mm?3/s, versatility in cutting with thickness
ranging from <304.8 mm, the ability to machine complicated shapes, and environmen-
tally sustainable qualities. These characteristics explain their wide range of current
applications across various industries.

Cutting metallic materials with low machinability, i.e., stainless steel, Inconel and
titanium, can attain lower surface roughness, higher depth of cut and material removal
rate at a waterjet pressure ranging from 201 to 300 MPa. A traverse speed ranging from
60 to 90 mm/min, abrasive mass flow rate of 401 to 500 g/min, and stand-off distance
ranging from 1.0 to 3.0 mm were established to achieve a lower surface roughness,
lower kerf taper angle, and higher material removal rate applicable to various metals.
Different optimisation techniques such as weighted principal components analysis
(WPCA), surface and Box-Behnken methodology (RSM-BBD) and grey wolf optimiser
(GWO) were employed and proved to be notably efficient in defining the optimum
values of process parameters.

5.2. Potential Further Study

AW] cutting has acquired high interest in improving process performance at specific
input parameter conditions. Hence, limited studies considered other parameters such
as the jet impact angle, abrasive, and nozzle sizes. A further study on the impacts of
these mentioned input parameters in AW] cutting of various materials with different
thicknesses can be considered for future improvements.

Based on a review of past literature, numerous research studies and experiments
have been conducted to evaluate the difference between the straight-slit and linear
cutting process of AW]JMs. Nonetheless, limited reports present AWJM performance
in contour cutting. Thus, the cuttings of complex and complicated geometries are
more regularly applied in manufacturing industries rather than straight-slit or linear
cutting. Undertaking an empirical and analytical study of the effects of the process
parameters in AW] contour cutting would be important to various manufacturing
processes in the fabrication industry.

A prolific number of works have been fulfilled in predicting and monitoring AW]J cut-
ting performance and responses in terms of quality and productivity. Its effectiveness
in machining cost and intelligent process controlling are two areas that can be studied
further to determine future developments.
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Abbreviations

The following abbreviations and nomenclatures are used in this paper:
DOC Depth of cut

ECDM Electro chemical discharge machine
EDM Electro discharge machine
HAZ Heat affected zone

JIA Jet impact angle

KBW Kerf bottom width

KTA Kerf taper angle

KTW Kerf top width

KW Kerf width

MRR Material removal rate

LBM Laser beam machine

MMC Metal matrix composite

ND Nozzle diameter

OD Orifice diameter

p Waterjet pressure

SOD Standoff distance

Ti6AL-4V  Titanium alloy

TS Traverse speed

h Thickness of the material

l inclined length of workpiece

ht Depth of cut

ot Traverse speed

y profile height in a defined point
w Kerf width

Wi Kerf top width

Wy Kerf bottom width.

Ra Thickness of the material

y profile height in a defined point
AA Aluminum alloy

AFR Abrasive mass flow rate

AL Aluminum

AM Abrasive material type

AS Abrasive size

AW] Abrasive waterjet

AWM Abrasive waterjet machining
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Chapter 3 Impacts of traverse speed and material thickness on AWJ
contour cutting of AISI 304L

This chapter has been published as a research article in the “Applied Science, in a special
1ssue’ Advanced Manufacturing of Metals”, an official journal of MDPI. The details embedded
in this chapter are the same, except for formatting changes to maintain uniformity in the
content of the thesis. Subsequently, after conducting a comprehensive study in abrasive
waterjet mechanisms, this chapter presents an experimental investigation in contour cutting
of different profiles. This chapter details an investigation on the impacts of traverse speed and
material thickness in abrasive waterjet machining of AISI 304L with an aim of obtaining
higher rate of material removal and lower kerf taper angle. Moreover, this chapter
demonstrates a statistical analysis to evaluate the significance of traverse speed and material

thickness towards material removal rate and kerf taper angle.
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Abstract: Abrasive water jet machining is a proficient alternative for cutting difficult-to-machine
materials with complex geometries, such as austenitic stainless steel 304L (AISI304L). However,
due to differences in machining responses for varied material conditions, the abrasive waterjet
machining experiences challenges including kerf geometric inaccuracy and low material removal rate.
In this study, an abrasive waterjet machining is employed to perform contour cutting of different
profiles to investigate the impacts of traverse speed and material thickness in achieving lower kerf
taper angle and higher material removal rate. Based on experimental investigation, a trend of
decreasing the level of traverse speed and material thickness that results in minimum kerf taper
angle values of 0.825° for machining curvature profile and 0.916° for line profiles has been observed.
In addition, higher traverse speed and material thickness achieved higher material removal rate in
cutting different curvature radii and lengths in line profiles with obtained values of 769.50 mm3 /min
and 751.5 mm®/min, accordingly. The analysis of variance revealed that material thickness had a
significant impact on kerf taper angle and material removal rate, contributing within the range of
69-91% and 62-69%, respectively. In contrast, traverse speed was the least factor measuring within
the range of 5-18% for kerf taper angle and 27-36% for material removal rate.

Keywords: abrasive waterjet machining; contour cutting; traverse speed; material thickness; austenitic
stainless steel; kerf taper angle; material removal rate

1. Introduction

Austenitic stainless steel 304L (AISI 304L) possesses excellent forming and welding
characteristics, which has led to its broad application in industries such as automotive,
shipbuilding and marine, material handling equipment, automotive parts, as well as con-
struction materials [1]. AISI 304L is widely used in various thickness in the fabrication
industry and in many cases requires contour machining to achieve complex and compli-
cated profiles. However, AISI 304L is a difficult-to-cut material due to its high alloying
content (i.e., chromium and nickel), low thermal conductivity, high ductility, and low
machinability level [1]. Therefore, when cutting AISI 304L, it can be challenging to choose
an alternative to achieve precise cutting without compromising metallurgical properties.
Although various non-conventional technologies have been applied to cut stainless steel,
such as a laser beam machines; this technology often has a high thermal distortion that
alters metallurgical properties of the workpiece [2]. Abrasive waterjet machining (AW]JM)
is one of these advanced technologies that has been a popular method for cutting metallic
and heat-sensitive materials due to several advantages, such as the absence of heat-affected
zone (HAZ) and no changes in material properties [3]. AW]JM can cut both hard and
delicate materials with a wide range of thicknesses with a very low machining force, pre-
venting the destruction of the properties of the target workpiece [4]. Moreover, whilst
AW]JM is also considered environmentally friendly and sustainable as it does not omit any
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hazardous vapours; hence, AWJM produces waste abrasives that affect the environment.
Accordingly, recycling or reusing of these abrasives has the potential to resolve ecological
issues and concerns relating to AW] application [5-7].

Abrasive waterjet machining is comprised of several input process parameters that ul-
timately determine the efficiency and quality of the machining processes. These parameters
are generally categorised as hydraulic, abrasives, cutting and mixing, and acceleration [8].
Whilst AWJM demonstrates capability in cutting difficult-to-machine materials, they still
experience some challenges. There have been reported issues in material response to
AW]M concerning its behaviour, such as kerf tapering and low material removal, since
the beginning of its applications. Kerf taper is the tapering angle generated during the
AW]M process associated with the variation of kerf widths, which involves cut width of
the material at the top and bottom [9,10]. Further, materials like AISI 304L have a relatively
low material removal rate due to their relative machinability. The material removal rate in
an AWJM for ductile materials like stainless steel is facilitated by a combination of cutting
wear and deformation wear mechanism [9]. This involves determining the quantity of
removed material from the workpiece per unit time, where the literature reveals that varied
studies have been conducted on the effects of different parameters on the quality and
efficiency of abrasive waterjet cutting performance. Therefore, an appropriate combination
of AWJM input parameters, such as waterjet pressure, traverse speed, and mass rate of
abrasive particles is important to achieve the required machining efficiency and material
surface qualities [3]. For instance, Miao, et al. [11] studied quality defects such as kerf
taper, cutting residue, and striation in AWJ cutting of AISI 304. Their study postulated that
decreasing the jet energy is the cause of quality defects. Mohamad et al. [12] investigated
the kerf taper angle generated in AW]J cutting of AISI 1090 mild steel with results indicating
that the ratio of kerf taper increases at a higher level of standoff distance. They established
that abrasive particles have higher kinetic energy at higher standoff distance leading to
wider kerf taper angles; moreover, these particles gradually lose their kinetic energy as
it moves towards from jet entry up to the exit. Kavya et al. [13] reported that the most
influential parameters for MRR in AWJM of Al7075-TiB2 were traverse speed and abrasive
mass flow rate. In their study, traverse speed is the most influential factor in achieving
higher volumetric MRR. Ishfaq et al. [14] studied how traverse speed and abrasive mass
flow rate are significant parameters for material removal rate, where traverse speed is
considered the most influencing factor on AWJM of stainless-clad steel workpieces. Babu
et al. [15] concluded that a slower feed rate allows more abrasives to strike the material and
its jet does not drop much of its energy during the machining process, resulting in a lower
kerf taper angle and surface roughness on abrasive waterjet cutting of AISI 1018 with 5 mm
thickness. Thakkar et al. [16] investigated the effect of traverse speed, abrasive mass flow
rate, and standoff distance on material removal rate in abrasive waterjet cutting of mild
steel. Their experimental results showed that a higher traverse speed and abrasive mass
flow rate increased the material removal rate. Moreover, a higher traverse speed has been
shown to decrease kerf taper in AWJM straight line of AISI 304 [17]. Traverse speed regu-
lates the quality of cut surfaces generated by AWJM applications, measured in mm/min [3].
Challenges of material reactions to AWJM have been investigated since the inception of this
technique, where they continue to be studied, with regards to performance, including low
material removal rate and distorted kerf geometries when employing varied traverse speed
levels. A summary of experimental results obtained from several reviewed studies that
investigated the impact of traverse speed on MRR and KTA in different metals in AWJM
i.e., TRIP steel sheets, AISI 304, AISI 1018 and Inconel 600 is given in Figure 1 [8,15,18-22].
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Figure 1. Statistics of impacts of traverse speed in (a) Material removal rate and (b) Kerf taper angle AW] straight line

cutting of various metals [8,15,18-22].

It is evident from Figure 1 that a lower kerf taper angle can be attained by utilising
a lower traverse speed, whereas a higher rate of material removal can be obtained by
increasing traverse speed. Accordingly, traverse speed is directly proportional to the
material removal rate but inversely proportional to kerf taper [23]. Previous studies
have applied specific material thicknesses in their AWJM experiments. However, in
stainless steel fabrication industries, cutting involves different thicknesses for product
formation, where it is necessary to investigate the influence of material thickness in precise
AWTJ cutting. Khan et al. [22] conducted machinability study in cutting low alloy steel
of different thicknesses (5, 10, 15, 20 mm). Their experiments reported that material
thickness impacts machine performance, including aspects of material removal rate, surface
roughness, and kerf wall inclination. Further, their study showed that increasing the
thickness of the material requires a higher traverse speed and water jet pressure in order to
achieve better results. Additionally, Kechagias et al. [8] investigated the influence of sheet
thickness, nozzle diameter, standoff distance, and traverse speed to kerf geometry and
surface roughness in AWJM of transformation-induced plasticity (TRIP) sheet steel with
varied thickness of 0.9 and 1.25 mm. They concluded that for higher thickness material,
decreased kerf width and roughness can be achieved by applying a low standoff distance,
a lower rate of traverse speed, and by using a smaller nozzle diameter. This could be due to
the combination of high-level standoff distance and high rate traverse speed that effectively
lower the contact time of abrasive particles within the cutting process.

The literature to date indicates that AWJM experiments and studies have been used
specifically in relation to cutting straight line profiles, with only limited investigations
regarding the machining of complicated shapes, such as curves with differing radii. Further,
the cutting of complex geometries is more frequently applied in manufacturing industries
than straight-slit or linear cutting [24]. Due to the taper and deceleration of a jet inside
the kerf, challenges such as deformation of the material during the machining process can
arise, particularly when cutting corners and curvature [25]. Therefore, this research gap
requires further investigation.

AW]M is extensively used in the metal fabrication industry due to its capability to
generate contours. This technology can produce contours due to their unidirectional cutting
path system [26]. In addition, contour cutting is much more commonly applied rather than
straight-slit cutting for metal product formation. Contour cutting involves various convex
and concave arcs that make the process more challenging when compared to linear cutting.
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To achieve precision in contour cutting, proper management of the process parameters
are essential. In this research, austenitic stainless steel grade 304L material is utilised to
examine the performance of abrasive waterjet contour-cutting. Key variables, such as
material thickness and traverse speed, were considered in addressing issues relating to the
differing radii of curvature, acute edges, and straight cutting path of AWJM.

2. Materials and Methods

In this work, AISI 304L was investigated. Austenitic stainless steel grades, such as
304L, are characterised as the most corrosion-resistant among other steel grades with
high formability, ductility, and weldability because they contain a high percentage of
chromium and nickel content [1]. This is the reason behind gaining higher volumes in a
variety of manufacturing settings. This rising market demand has led to further studies
aimed at achieving greater efficiency in the quality of cut during the machining process of
abrasive watejet.

The chemical composition and mechanical properties of AISI 304L are detailed in
Table 1. The material thicknesses applied within this study were 4, 8, and 12 mm, with a
uniform gap to observe the relative differences in AWJM behaviour towards this material.
This experiment was conducted on an abrasive waterjet contour-cutting operation to
investigate the impacts of traverse speed.

Table 1. Chemical and mechanical properties of AISI 304L in wt%.

Chemical Carbon Silicon Manganese  Phosphorus Sulphur Nickel Chromium  Nitrogen
0.03 0.75 2.00 0.045 0.03 8.00-0.50 18-20 0.10
Mechanical 0.2% Proof Stress 205 Elongation% 40
Tensile Strength Mpa 520-750 Hardness Brinell (HB) Max 202

An abrasive waterjet machine, model OMAX MAXIEM 1515, was used for contour
cutting of the AISI 304L material. The machine has a built-in PC-based CAD/CAM with
many distinct programming features including: adjustment of cutting model; six levels of
quality; estimating the time needed for machining; generating data and reports; forming
and tracking several sites, and rotating, ascending, reversing, and counterpoising. The
specifications of the machine are further detailed in Table 2 and the corresponding set-up
for experiments is illustrated in Figure 2 [23].

Table 2. Abrasive Waterjet Machine MAXIEM 1515 (OMAX Corp., Kent, WA, USA) specifications.

Parameters Range
Max Pressure (MPa) 413.7 (4137 bar)
Max Traverse Speed (mm/min) 12,700 (500 in/min)
Table Size (L x W) (mm) 2235 x 1727
XY Cutting Envelope (mm) 1575 x 1575
Z-Axis travel (mm) 305
Max cut depth (mm) 152 (6 in) of mild steel

As presented in Figure 2a, the abrasive waterjet machine generates high-pressure
water from the pump machine, which is then driven to the nozzle system. The nozzle
system includes an abrasive hopper, an orifice, a mixing chamber, and a focusing tube.
The water, travelling with a high level of velocity, is forced out of the orifice in a very thin
stream structure [27]. The hopper consists of a plastic tube holding the abrasive particles
and dispensing them to the cutting head, where the abrasive particles are drawn into a
waterjet stream in the mixing chamber. The high-speed waterjet together with the abrasive
particles are then mixed and accelerated to create an abrasive waterjet [27].

The workpiece is secured in a clamping tool to hold it in position during machining,
as shown in Figure 2b. This is done to preclude the possibility of deflection during cutting
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as the abrasive loaded stream meets the surface of the workpiece. Additionally, the stable
plane of the workpiece material is fixed so that the kerf profile is not disrupted.

Abrasive tube-,

Water

(@) (b)

Figure 2. Experimental set-up (a) Schematic diagram of the nozzle system and (b) AW] cutting head and material positioning.

The cutting path used in this study is illustrated in Table 3. According to Wang et al. [28],
a specified length of straight cut profile ranging from 10 to 40 mm is sufficient to achieve a
stable phase of traverse speed covering the acceleration and deceleration phase. Therefore,
the selected curves and arcs profile, i.e., 10-40 mm, provided evidence of high kerf taper
and geometrical inaccuracies from previous investigations [28-31], demonstrating the need
for further analyses using hard-to-cut materials.

Table 3. AW] cutting profiles and path.

Profile No. Profile Description Measurement (mm) Cutting Path
1 External Arc R5
2 External Arc R10
3 External Arc R15
4 External Arc R20
5 Internal Arc R5
6 Internal Arc R10
7 Internal Arc R15
8 Internal Arc R20
9 Straight line 10
10 Straight line 20
11 Straight line 30

12 Straight line 40
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Material thickness = t

The input parameters selected in this study were traverse speed and material thickness,
while waterjet pressure, abrasive mass flow rate, standoff distance, abrasive type, and mesh
number were held constant. Three levels of material thickness and traverse speed were
applied, as shown in Table 4. The selection of variable parameters, and the assignment of
levels, was made following an intensive review of current research data. Input parameter
settings were constantly redefined, due to limitations with the machine and/or constraints
in effectiveness shown in previous AWJM experiments [8,15,18-22]. The input parameters
that were kept constant during the tests are shown in Table 5.

Table 4. Variable input parameters values.

Parameters Level 1 Level 2 Level 3
Material thickness, (mm) 4 8 12
Traverse speed, (mm/min) 90 120 150

Table 5. Constant input parameters values.

Parameters Values
Orifice diameter (mm) 0.28
Nozzle/focusing diameter (mm) 0.56
Abrasive type Garnet
Abrasive mesh number (#) 80
Waterjet pressure (MPa) 275
Abrasive mass flow rate (g/min) 300
Standoff distance (mm) 1.5

The performance of AWJM is determined by the amount of material removed from the
target workpiece and by the accuracy of the geometry of the cut relying on the kerf width
and taper angle [32]. Therefore, the kerf taper angle and material removal rate have been
selected for consideration as output parameters in this study. Kerf taper angle resulting
from abrasive waterjet contour cutting is measured according to the proportion of the sum
of kerf top width and kerf bottom and thickness of the workpiece [10]. Kerf width refers to
the ratio of entry and exit cut width. Kerf width dimensions are measured on the top as
well as bottom by using an optical microscope, model LEICA M80, with a precision scale
of 100 um. Equation (1) was utilised to calculate the kerf taper angle following abrasive
waterjet cutting of AISI 304L [33]. A scheme of the applied kerf geometries is illustrated in
Figure 3 [14].

Wt — Wb
2t

Kerf Taper Angle 8 = Arctan 1)

Kerf too width

L wp
Kerf bottom width

Kerf taver angle

Figure 3. Scheme of AWJM kerf geometries.
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The material removal rate, which is the volume of material removed from the material
per unit of time, is measured by kerf width, traverse speed, and depth of cut. The material
removal rate was calculated using Equation (2) [32]:

MRR = h - W - V¢ (2)
wherein: W = WiHWb

Finally, analysis of variance (ANOVA) was applied to quantify the influence of the
selected variable parameters. The ANOVA was employed to identify the significant effect
of input parameters and their corresponding levels [34]. ANOVA was performed with a
confidence interval of 95%, which has typically been applied in several related studies. The
confidence interval determines how precise the estimated statistics are, whereby a 95%
confidence interval denotes a 5% chance of having an incorrect estimation [35,36]. The
percentage contribution assesses the effect of each input parameter on the output, where
p-values estimated at more than 0.05 or 5%, are considered insignificant [37].

3. Results and Discussion
3.1. Kerf Top Width and Bottom Results

Figure 4 shows microscopic observations of AISI 304L with a thickness of 4, 8, and
12 mm at traverse speeds of 90, 120, and 150 mm/min, where kerf geometries such as kerf
top width, and kerf bottom width. It can be seen from Figure 4 that aspects of the cut
have irregular shapes, whereas material thickness increases cut quality deterioration at
the bottom cut. The microscopic observation also revealed that increasing traverse speed
generates a wider kerf top width than kerf bottom width. Kerf geometric inaccuracies
imparted to machined samples are more prominent with higher material thickness. AWJM
transpires through an erosion process where abrasives are suspended in a high velocity
of water jet stream, leading in increasing acceleration of the abrasive particles [9]. The
kinetic energy impingement and collisions of these abrasive particles gradually decrease
during cutting resulting in incremental kerf taper angle as the material thickness increases.
The initial collision of the abrasive particle towards the workpiece generates forces that
are greater than the crushing load, causing particles to become fractured and reduced
during the cutting process. Accordingly, denser abrasive particles move towards the target
material and decrease forces, causing a narrowing of the kerf at the bottom part [3].

The results summarised in Table A1 of the Appendix A section represent the average
values of kerf top and bottom widths obtained by conducting three contour cutting runs
for each profile cut. Regardless of whether cut geometry occurred in arcs or a straight
profile, lowering of the kerf at the exit cut dimension and irregularities of shape were
observed. The experimental results reveal a reduction in the dimensions of both the top
and bottom kerf widths. This differentiation between top and bottom kerf width was
observed to increase as a higher traverse speed rate was employed. Figure 5 demonstrates
the percentage rate of change in the narrowing top and bottom kerf widths for AWJM of
AISI304L, with thicknesses of 4, 8, and 12 mm.

The experimental data obtained from cutting twelve different profiles at three varying
levels of material thickness expressed similar results, indicating that a lower traverse speed
is more favourable to use than a higher level. The difference between the top and bottom
kerf width obtained is at the highest percentage ranging from 33-34% when employing a
rate of 150 mm/min traverse speed. A slower traverse speed rate of 90 mm/min showed
better results with a percentage rate ranging from 31-33%.

The kinetic energy of the abrasive particles is particularly high on first impact, though
it gradually decreases during the machining process [14]. The narrowing of the top and
bottom kerf widths is directly dependent on a decreasing amount of abrasive particles
used during the machining process. In this work, a lower rate of traverse speed at 90
mm/min amounted to lower variation in kerf widths as compared to a higher rate of
120-150 mm/min. A lower gap in the kerf width geometry indicates better performance in
AW] cutting operations. The explanation for this is that a low traverse speed rate carries a
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vast number of abrasive particles that can impinge on the target workpiece [9]; whereas
a faster or higher traverse speed reduces the number of abrasive particles that execute
cutting operations or machining motions [33].

Output Kerf Top Width EKerf Bottom Width

Traverse speed _ _
a0 120 150 20 120 150

L IR

Maferial thnckmess (i)
]

12

(a) Arcs profile

Output Kerf Top Width Kerf Bottom Width

Traverse speed
ad 120 150 a0 120 150

PR T

Maferial thickness ()

12

(b) Straight profile

Figure 4. Sample of kerf width images of arcs and straight profiles cut in 100 um.
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100%
60%
40%
20%
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(©)

Figure 5. Percentage of variation between top and bottom kerf widths for AISI 304L with material thickness of (a) 4 mm,
(b) 8 mm, and (c) 12 mm.
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3.2. Analysis of Kerf Taper Angle

Figure 6 shows the Kerf taper angles obtained in abrasive waterjet profile cutting
of AISI 304L, where the experiment ranged from 0.825° to 1.550° for 4 mm, 1.092° to
1.575° for 8 mm, and 1.235° to 1.660° for 12 mm material thicknesses with traverse speed
levels of 90, 120, and 150 mm/min. Gradual machining with a low level of traverse speed
of 90 mm/min achieved the smallest kerf taper angle value of 0.825° for 4 mm, 1.092°
for 8 mm, and 1.235° for 12 mm material thicknesses. For materials such as stainless
steel, a disparity in taper cut is due to deformation-induced from ductile material during
machining operations [25]. The formation of kerf taper inherent in AWJM is due to the
changing conditions at the interface. Kerf tapering has been observed at the entrance and
exit of the jet, initiated by low energy abrasive particles suspended at the exterior of the
coherent jet [38]. It has been noted in findings by Wang et al. [39] that kerf taper correlates
with traverse speed and material thickness.

In this research study, the values of KTA were visibly higher at 8 and 12 mm thickness
than 4 mm AISI 304L. The results indicate that kerf geometry inaccuracies within machined
AISI 304L can be recognised at a higher or increasing traverse speed. Initially, these abrasive
particles have high kinetic energy and gradually decrease along with the cutting operation;
thus, as material thickness increases, the kinetic energy continuously reduces, causing a
higher tapering angle [14]. With the feature of abrasive particles, a lower traverse speed
increased the influence of cohesion on metal material to create kerf taper angles.

3.3. Material Removal Rate Results and Analysis

In accordance with review of the obtained data, Figure 7 presents a graphical analysis
of the behaviour of material removal rate towards different traverse speed and material
thickness in abrasive waterjet profile cutting of AISI 304L.

In this study, the lowest value of KTA of 0.825° for arcs profile and 0.916° for straight
profile were achieved at the lowest level of traverse speed at 90 mm/min rate. The
maximum value of MRR of 769.50 mm?/min was obtained from machining of curvature
profile and 751.50 mm?3/min achieved when cutting straight line profiles at a higher value
of traverse speed at 150 mm/min rate. A similar trend linking increased levels of input
parameters with increasing values for output parameters has been observed for both
curvature (i.e., arcs and straight line profiles) and different thicknesses of materials. The
process of material removal for AWJM in ductile material, such as steel, takes place through
erosion caused by impinging abrasive particles from the waterjet stream. Hence, higher
kinetic energy generates higher erosion rates and leads to higher material removal rate.
With a higher level of traverse speed, the machining rate increases, resulting in more
material being removed from the workpiece. In turn, the material removal rate is noted
to be mainly influenced by traverse speed, where these findings accord with previous
studies [16]. In this work, the amount of material removed increased by approximately
60-80% as the value of material thickness increased from 4 mm to 12 mm. The study
showed that a higher material thickness obtained a higher value of MRR 346.50 mm?/min
for 4 mm, 612.00 mm?3 /min for 8 mm, and 769.50 mm?/min for 12 mm material thickness
of AISI 304L material. The results also show that traverse speed is an essential factor
in obtaining a higher material removal rate, demonstrating a direct proportional trend
to MRR.
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Figure 6. Impacts of material thickness and traverse speed on Kerf taper angle in AW] profile cutting of AISI304L.
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3.4. Statistical Analysis
Analysis of Variance for Kerf Taper Angle and Material Removal Rate

Analysis of variance (ANOVA) was performed to validate kerf taper angle and mate-
rial removal rate from the machining twelve profile, as given in Figure 8.

ANOVA for KTA & MRR
100.00% 80.00%
90.00% ﬁ ﬁ . - 70.00%
80.00% . = B ﬁ : g £
! 60.00%
70.00% ;p
60.00% 50.00%
50.00% % 40.00%
40.00% . X :
.00% <l . 2 30.00%
30.00% X .
20.00%
20.00%
S BERERERR"
0.00% 1l il 0.00%
Profile 1 Profile 2 Profile 3 Profile 4 Profile 5 Profile 6 Profile 7 Profile 8 Profile 9 Profile Profile Profile
10 11 12
s KTA vs Material thickness mmml KTA vs Traverse speed MRR vs Material thickness ~=##~MRR vs Traverse speed

Kerf taper angle: KTA (°), Material removal rate: MRR (mm?/min)

Figure 8. ANOVA results of KTA and MRR for AW] contour cutting of AISI 304L with varied thickness.

The ANOVA results in Figure 8 denote that the percentage contribution of material
thickness on kerf taper angle ranges from 69-91% with 5-18% for traverse speed. The
kerf tapering results show the proportion of kerf top width to kerf bottom width. The
variation between the top and bottom geometries denotes a higher kerf tapering. Kerf top
or entry width is relatively higher than the exit width because the kinetic energy of abrasive
particles is primarily at a high level and consistently decreases during the machining
process [15]. An increase in material thickness denotes prolonged cutting operations,
which continuously decrease the kinetic energy of abrasive particles, producing a higher
taper angle.

Figure 8 also shows the material removal rate obtained under variable conditions.
The percentage contribution of material thickness on material removal rate ranges from
62-69%, with 27-36% for traverse speed. According to this statistical analysis, material
thickness directly influences the measured output parameter in this case. Referring to
ANOVA Tables A2 and A3 in the appendices, the obtained p-values are less than 0.05.
Therefore, the impacts of material thickness and traverse speed are statistically significant.

In AW]J cutting, machining is fundamentally executed by the cohering action produced
through impact by a number of abrasive particles travelling at high velocity, towards a
workpiece [14]. As a result, material removal rate and thickness are directly proportional,
where it becomes possible to achieve higher MRR even when machining samples with
increasing thickness.

4. Conclusions

In this experimental study, an abrasive waterjet machining application was investi-
gated for contour cutting of AISI 304L. The impact of traverse speed and material thickness
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on kerf geometries and material removal rate was examined, enabling the application to
achieve precise and higher efficiency in cutting. AWJM exhibits similar behaviour in cutting
curvature and straight line profiles of AISI 304L workpieces, in terms of kerf geometries
and rate of material removal responses; thus, a minimum kerf taper angle value of 0.825°
and maximum MRR of 769.50 mm?3/min were obtained from machining of curvature pro-
file, whereas a minimum of 0.916° KTA and maximum of 751.5 mm3/min occurred when
cutting straight line profiles. The cutting performance of AWJM was found to achieve better
kerf geometries at a lower rate of traverse speed. However, a higher traverse speed was
shown to be more effective in achieving a higher MRR. It was also observed that a traverse
speed of 90 mm/min provided the lowest KTA values of 0.825° or 4 mm, 1.092° for 8§ mm,
and 1.235° for 12 mm material thickness. A higher traverse speed rate of 150 mm/min
obtained the maximum values of MRR 346.5 mm?/min for 4 mm, 609.0 mm3/min for
8 mm, and 769.5 mm?3/min for 12 mm thickness of AISI 304L material. Both traverse speed
and material thickness were shown to impact the quality of cut regardless of the cutting
profile; however, the material thickness was more influential than traverse speed. Using
analysis of variance, the material thickness generated a contribution ranging from 69-91%
in kerf taper angle and 62-69% for material removal rate, whereas traverse speed was
revealed to obtain a percentage contribution ranging from 5-18% in kerf taper angle and
27-36% for MRR.
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Abbreviations

The following abbreviations and nomenclatures are used in this paper:

hy Depth of penetration

Vi Traverse speed

w Kerf width

Wi Kerf top width

W Kerf bottom width.

t Thickness of the material
AISI Austenitic stainless steel
ANOVA  Analysis of variance
AW] Abrasive waterjet

AWM Abrasive waterjet machining
KTA Kerf taper angle

MRR Material removal rate
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Appendix A
Table A1. Kerf top width and kerf bottom width results.
Material Thickness Traverse Speed Profile 1 Profile 2 Profile 3 Profile 4
(mm) (mm/min) Wt Wy Wit Wy Wt Wy Wt Wy
(mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm)
4 90 0.61 0.44 0.62 0.44 0.63 0.46 0.64 0.46
4 120 0.64 0.46 0.67 0.48 0.66 0.48 0.67 0.48
4 150 0.67 0.48 0.68 0.49 0.67 0.48 0.68 0.49
8 90 0.68 0.29 0.67 0.28 0.69 0.3 0.69 0.3
8 120 0.69 0.3 0.68 0.29 0.69 0.3 0.7 0.3
8 150 0.7 0.3 0.69 0.29 0.7 0.3 0.71 0.31
12 90 0.7 0.1 0.7 0.1 0.69 0.1 0.71 0.11
12 120 0.72 0.11 0.72 0.1 0.71 0.11 0.73 0.12
12 150 0.74 0.12 0.73 0.11 0.72 0.12 0.74 0.12
Material Thickness  Traverse Speed Profile 5 Profile 6 Profile 7 Profile 8
(mm) (mm/min) Wit Wy Wt Wy Wt Wy Wt Wy
(mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm)
4 90 0.63 0.45 0.64 0.48 0.61 0.44 0.61 0.44
4 120 0.66 0.47 0.67 0.49 0.64 0.47 0.64 0.46
4 150 0.67 0.48 0.68 0.5 0.67 0.49 0.67 0.48
8 90 0.68 0.29 0.69 0.29 0.68 0.26 0.68 0.28
8 120 0.69 0.29 0.7 0.29 0.69 0.28 0.69 0.28
8 150 0.7 0.3 0.71 0.3 0.7 0.29 0.7 0.29
12 90 0.7 0.1 0.72 0.1 0.7 0.11 0.7 0.1
12 120 0.71 0.1 0.73 0.11 0.72 0.12 0.72 0.1
12 150 0.72 0.11 0.74 0.11 0.74 0.13 0.74 0.12
Material Thickness Traverse Speed Profile 9 Profile 10 Profile 11 Profile 12
(mm) (mm/min) Wt Wy Wt Wy Wt Wy Wt Wy
(mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm)
4 90 0.56 0.42 0.56 0.42 0.55 0.4 0.54 0.39
4 120 0.57 0.42 0.58 0.42 0.56 0.39 0.55 0.38
4 150 0.58 0.42 0.6 0.44 0.58 04 0.56 0.39
8 90 0.66 0.36 0.67 0.34 0.65 0.3 0.63 0.28
8 120 0.67 0.35 0.69 0.35 0.68 0.31 0.65 0.29
8 150 0.68 0.34 0.69 0.35 0.69 0.32 0.67 0.31
12 90 0.69 0.12 0.67 0.11 0.69 0.13 0.69 0.12
12 120 0.7 0.12 0.71 0.12 0.71 0.14 0.7 0.13

12 150 0.71 0.12 0.72 0.13 0.72 0.15 0.72 0.14
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Table A2. Analysis of variance of Kerf taper angle.

ANOVA: Profile 1 Profile 2 Profile 3 Profile 4 Profile 5 Profile 6
Source Contribution p-Value Contribution p-Value Contribution p-Value Contribution p-Value Contribution p-Value Contribution p-Value
Model 88.85% 0.035 95.64% 0.006 82.89% 0.078 94.26% 0.01 95.94% 0.005 95.90% 0.005
Linear 88.85% 0.035 95.64% 0.006 82.89% 0.078 94.26% 0.01 95.94% 0.005 95.90% 0.005
Materials thickness 71.14% 0.018 80.45% 0.003 68.62% 0.04 80.95% 0.004 82.03% 0.002 90.71% 0.002
Transverse speed 17.71% 0.149 15.19% 0.05 14.27% 0.297 13.31% 0.091 13.91% 0.051 5.20% 0.194
Error 11.15% 4.36% 17.11% 5.74% 4.06% 4.10%
Total 100.00% 100.00% 100.00% 100.00% 100.00% 100.00%
ANOVA: Profile 7 Profile 8 Profile 9 Profile 10 Profile 11 Profile 12
Source Contribution p-Value Contribution p-Value Contribution p-Value Contribution p-Value Contribution p-Value Contribution p-Value
Model 95.63% 0.006 94.30% 0.009 99.15% 0 97.67% 0.002 90.37% 0.026 96.50% 0.004
Linear 95.63% 0.006 94.30% 0.009 99.15% 0 97.67% 0.002 90.37% 0.026 96.50% 0.004
Materials thickness 87.04% 0.002 80.63% 0.004 90.39% 0 89.09% 0.001 67.56% 0.016 87.23% 0.001
Transverse speed 8.59% 0.114 13.67% 0.087 8.76% 0.008 8.58% 0.046 22.81% 0.088 9.27% 0.075
Error 4.37% 5.70% 0.85% 2.33% 9.63% 3.50%
Total 100.00% 100.00% 100.00% 100.00% 100.00% 100.00%

Table A3. Analysis of variance of material removal rate.

ANOVA: Profile 1 Profile 2 Profile 3 Profile 4 Profile 5 Profile 6
Source Contribution p-Value Contribution p-Value Contribution p-Value Contribution p-Value Contribution p-Value Contribution p-Value
Model 96.97% 0.003 97.46% 0.002 97.03% 0.003 97.19% 0.002 97.36% 0.002 97.33% 0.002
Linear 96.97% 0.003 97.46% 0.002 97.03% 0.003 97.19% 0.002 97.36% 0.002 97.33% 0.002
Materials thickness 62.77% 0.002 61.94% 0.002 62.63% 0.002 63.24% 0.002 62.87% 0.002 62.91% 0.002
Transverse speed 34.20% 0.007 35.51% 0.004 34.40% 0.006 33.95% 0.006 34.49% 0.005 34.41% 0.005
Error 3.03% 2.54% 2.97% 2.81% 2.64% 2.67%
Total 100.00% 100.00% 100.00% 100.00% 100.00% 100.00%
ANOVA: Profile 7 Profile 8 Profile 9 Profile 10 Profile 11 Profile 12
Source Contribution p-Value Contribution p-Value Contribution p-Value Contribution p-Value Contribution p-Value Contribution p-Value
Model 97.02% 0.003 96.92% 0.003 96.92% 0.003 96.41% 0.004 96.23% 0.004 96.03% 0.005
Linear 97.02% 0.003 96.92% 0.003 96.92% 0.003 96.41% 0.004 96.23% 0.004 96.03% 0.005
Materials thickness 62.59% 0.002 62.44% 0.002 69.72% 0.002 65.61% 0.003 68.85% 0.003 68.85% 0.003
Transverse speed 34.43% 0.006 34.47% 0.007 27.20% 0.01 30.80% 0.011 27.38% 0.015 27.18% 0.016
Error 2.98% 3.08% 3.08% 3.59% 3.77% 3.97%

Total 100.00% 100.00% 100.00% 100.00% 100.00% 100.00%
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Chapter 4 Analysis and optimisation of process parameters AWdJ contour
cutting of AIST 304L

This chapter has been published as a research article in the “Metals, in a special issue-:
Optimisation and analysis of metal cutting processes”, an official journal of MDPI. In order to
maintain uniformity in the presentation of the thesis, the publication format was changed but
the contents are the same. After determining the impacts of traverse speed and material
thickness, as detailed in Chapter 3, other critical input parameters affecting the performance
of abrasive waterjet contour cutting, such as waterjet pressure and abrasive mass flow rate
were considered. In order to achieve the goal of a better surface integrity and higher efficiency,
this chapter presents an experimental study in abrasive waterjet machining of austenitic
stainless steel 304L with three level of thicknesses. It demonstrates the utilisation of Taguchi
method in executing the experiments and performing a single-objective optimisation, in order
to determine the optimum value of the process parameters with the objectives of either
maximisation rate of material removal or minimisation of surface roughness. Moreover, this

chapter reveals the percentage contribution of the selected influencing input parameters.
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Abstract: Abrasive waterjet machining is applied in various industries for contour cutting of heat-
sensitive and difficult-to-cut materials like austenitic stainless steel 304L, with the goal of ensuring
high surface integrity and efficiency. In alignment with this manufacturing aspiration, experimental
analysis and optimization were carried out on abrasive waterjet machining of austenitic stainless steel
304L with the objectives of minimizing surface roughness and maximizing material removal rate. In
this machining process, process parameters are critical factors influencing contour cutting perfor-
mance. Accordingly, Taguchi’s S/N ratio method has been used in this study for the optimization of
process parameters. Further in this work, the impacts of input parameters are investigated, including
waterjet pressure, abrasive mass flow rate, traverse speed and material thickness on material removal
rate and surface roughness. The study reveals that an increasing level of waterjet pressure and
abrasive mass flow rate achieved better surface integrity and higher material removal values. The
average S/N ratio results indicate an optimum value of waterjet pressure at 300 MPa and abrasive
mass flow rate of 500 g/min achieved minimum surface roughness and maximum material removal
rate. It was also found that an optimized value of a traverse speed at 90 mm/min generates the
lowest surface roughness and 150 mm/min produces the highest rate of material removed. Moreover,
analysis of variance in the study showed that material thickness was the most influencing parameter
on surface roughness and material removal rate, with a percentage contribution ranging 90.72-97.74%
and 65.55-78.17%, respectively.

Keywords: abrasive waterjet machining; metal contour cutting; surface roughness; material removal
rate; Taguchi method; ANOVA

1. Introduction

Abrasive waterjet machining (AWJM) is a non-traditional cold processing technology
used for material processing, with considerable advantages including the absence of heat
affected zones, low tool wear, low reaction force, high flexibility, as well as broad application
range [1]. In general, the AW]JM system consists of four major elements: (1) a high pressure
pump producing a flow of pressurized water; (2) an abrasive flow control systems and
a cutting head that generates the abrasive water jet machining; (3) a computer-based
controller that controls the activity of the cutting head motion; and (4) a water-filled tank
that disseminates energy of the abrasive water jet upon completion of machining the
workpiece [2]. The fundamental mechanism of abrasive waterjet cutting is material erosion
through waterjet eroding, with force and disparity in the momentum of the abrasives
colliding on the target material.

An AWJM nozzle system consists of an abrasive hopper and feeder, a water noz-
zle/orifice, a mixing/vacuum chamber, and a focusing tube or inserts. The abrasive
particles are carried out from the plastic tube into the hopper, where they are released to the
cutting head and extracted by a waterjet stream in the vacuum chamber. The high-pressure
waterjet is then combined with abrasive particles and accelerated to produce the abrasive
waterjet [3]. Figure 1 represents the scheme of abrasive waterjet nozzle and parameters.
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Figure 1. Schematic representation of AWJM cutting.

Abrasive waterjet is extensively used in machining of difficult-to-cut materials includ-
ing titanium, steel and Inconel, with the capability to produce contour profiles in thickness
of a workpiece possessing a value of up to 100 mm for stainless steel and up to 120 mm for
aluminum [4]. For metallic materials, the material removal in an abrasive waterjet machine
occurs through shear deformation, which is comprised of micro-chip formation, ploughing
and rubbing [5]. Whilst AW]JM exhibited feasibility in cutting difficult-to-machine mate-
rials, they still experience cutting issues such as high occurrences of surface roughness
and low material removal rate. For instance, Veerappan et al. [6] studied abrasive waterjet
performance in machining of nickel-based superalloy. The effects of cutting factors, such as
traverse speed, waterjet pressure, standoff distance and abrasive mass flow rate against
surface roughness and material removal rate were investigated. They obtained maximum
surface roughness and material removal at a high level of waterjet pressure and abrasive
mass flow rate. Therefore, both material removal rate and surface roughness increase with
an increase in both the abrasive mass flow rate and waterjet pressure. Begic-Hajdarevic
et al. [7] carried out experiments on the effect of traverse speed, abrasive mass flow rate,
and material thickness on the surface roughness of AWJM of aluminum. Their experimen-
tal results indicated that increasing material thickness produces a higher value of surface
roughness, particularly on the bottom area of the cut. They established that the traverse
speed has no great effect on the surface roughness due to a minimal change occurred at
the lower traverse speeds. Hence, increasing traverse speed increases the surface rough-
ness value. Moreover, Bhandarkar et al. [8] presented an experimental investigation in
machining Inconel 718 by AWJM. They considered input parameters i.e., traverse speed
and pressure in achieving the required geometric accuracy and surface integrity. They con-
cluded that a higher rate of traverse speed and lower pressure are the favorable conditions
for achieving an improved roughness of the cut surface.



Metals 2021, 11, 1362

30f25

An abrasive waterjet is predominantly applied for cutting hard-to-machine materi-
als like austenitic stainless steels [9]. Due to its excellent corrosion resistance, austenitic
stainless steel has been applied to a variety of industrial applications, such as architectural
paneling, molding, trimming, construction materials for buildings, kitchen equipment, rail-
ings, chemical containers, aerospace, automotive etc. [10,11]. This capability of AISI 304L is
owing to its low carbon content and molybdenum, which restrains chloride corrosion and
has low sensitivity to intergranular corrosion and good wear and friction properties [11].
AW]JM is highly suitable for machining heat-sensitive materials such as austenitic stainless
steel 304L due to its absence of the heat-affected zone [9]. Despite noteworthy advance-
ments in the AWJM of austenitic stainless steel, there are still constraints and hindrances
in utilizing this modern mechanical technology. Challenges associated with AWJM of
austenitic stainless steel have been reported, particularly its low rate of the eroded material
and high roughness of the cut surface. In an abrasive waterjet, cutting is generated by
material removal caused by abrasive particles that hit the workpiece at high velocity and
are influenced by the thickness and hardness of the target material [12]. Fundamentally,
the productivity performance of AWJM is indicated by the removed material per unit of
time [13]. In addition, surface roughness is the primary indicator of surface quality level
which defines the scale of smoothness of the machined parts [14]. In general, the surface
finishing profile cut by an abrasive waterjet is characterized by the degree of roughness it
acquires during the machining process [15,16]. Comprehensive knowledge of the impacts
of AWJM settings on the quality of the acquired cuts is an essential requisite in achieving
precise cutting [17]. Hence, there is a necessity for optimization method as AWJM is faced
with uncertainties in the selection of the most suitable parameter combination to improve
quality and productivity relating to surface roughness and material removal rate. AWJM in-
corporates several independent input parameters that directly affect machine performance
in terms of efficiency and quality. Generally, there are four sets of AWJM input parameters
that include: (1) hydraulic parameters, (2) cutting parameters, (3) abrasive parameters and
(4) mixing and acceleration parameters. The issues of material responses and behaviors,
such as surface roughness, material removal rate and kerf taper angle to AWJM, have been
studied since the emergence of abrasive waterjet applications in 1980s. Yet, it continues
to be investigated as a means of effectively controlling AWJM input process parameters
to achieve better cutting performance [18]. Accordingly, this determines the influence of
AW]JM process parameters on surface quality characteristics and material removal rate of
difficult-to-cut materials such as AISI 304L.

The impacts of input parameters such as transverse speed, standoff distance, abrasive
flow rate, and water pressure on material removal rate and surface roughness of austenitic
stainless steel 304 by AWJM have been evaluated by Singh et al. [19]. Within the above
study, an abrasive flow rate of 300 g/min, a waterjet pressure of 340 MPa, a stand-off
distance of 2.5 mm, and a traverse speed of 90 mm/min were derived as the optimum
process parameter values. Further, the above study divulged that traverse speed is the most
significant factor, whilst standoff distance is the least significant factor affecting the selected
responses. Loschnera et al. [20] have demonstrated an investigation of AWJM process
parameters responses in reducing roughness in the straight cut surface of AWJM of AISI
3161 with 10 mm thickness. Their results revealed that employing a higher rate of cutting
speed with decreasing kinetic energy of abrasive particles showed visible roughness in the
lower cut part. Therefore, a lower rate of cutting speed prevents loss of kinetic energy of the
abrasive water jet, resulting in a better quality of surface cut. Moreover, Karthik et al. [21]
have studied the influences of water jet pressure, feed rate and abrasive flow rate on
material removal rate and kerf top width in AWJM of stainless steel grade 304. Their
experimental results indicate that higher values of material removal rate occur at higher
values of water pressure and feed rate. Further, minimum kerf top width was achieved in
the study by increasing the rate of waterjet pressure and decreasing value feed rate. Hence,
their work has revealed that abrasive mass flow rate is an insignificant factor in material
removal rate. Furthermore, Kmec et al. [22] have performed machining of AISI 304 with
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straight line directions, considering input parameters such as waterjet pressure, abrasive
nozzle diameter, standoff distance, cutting feed rate, abrasive mass flow rate, and material
thickness in order to minimize surface roughness. Their study has shown that a higher
value of abrasive mass flow rate produces a large number of abrasives during cutting
processes, resulting in lower surface roughness. However, increasing waterjet pressure
with a wider diameter of abrasive nozzle generates inconsistent impacts between particles
inside the stream and a loss in kinetic energy, leading to higher roughness value. Further,
material thickness was shown to be an insignificant factor for surface roughness in the
above study. Therefore, an increasing abrasive mass flow rate and decreasing values of
waterjet pressure, cutting feed rate and standoff distance were shown as preferable for
minimizing surface roughness.

A number of research studies have been conducted on the straight-slit cutting of
austenitic stainless steel with an abrasive waterjet; however, very few studies have been
conducted in contour cutting of difficult-to-cut and heat-sensitive materials like AISI 304L.
The retardation of the jet inside the kerf of cut generates the deformation of the target
material, specifically when machining corner and curvatures profiles [23]. Hence, this
machining challenge requires further investigation.

In order to establish the optimum parameters in machining applications, Taguchi-
based optimization has been employed using Minitab software in this study. The Taguchi
method is useful for discovering the most suitable combination of factors under specifically
required experimental conditions, lessening the requisite number of experiments in con-
ventional experiments as the number of process parameters increase [24]. In the Taguchi
method, selection of suitable orthogonal array relies on aspects such as the number of input
and response parameters along with correlations that are of key significance, figures of
levels of data for input parameters; required objectives of the experiment; and constraints
cited in the value and its performance [24,25]. This technique enables researchers to simul-
taneously establish independent and interrelating effects of several parameters affecting an
outcome in any configuration. Therefore, in this study, the Taguchi method indicates S/N
ratio calculation equations according to the maximization and minimization objectives in
the abrasive waterjet contour cutting of AISI 304L.

Several studies relating to AWJM using the Taguchi method have demonstrated the
effectiveness of this technique in establishing the optimal combination of process parame-
ters in minimizing surface roughness. For instance, Kechagias et al. [5] have performed
an experiment on AWJM using the Taguchi methodology, with results showing that by
employing a lower level of traverse speed and standoff distance, a lower value of kerf
width and surface roughness during AWJM of steel sheets (TRIP 800 HR-FH and TRIP
700 CR-FH) was produced. In addition, an increasing thickness of material generated
a decreasing value of surface roughness. Accordingly, the optimization of process parame-
ters using the Taguchi method can be applied to various machining processes to provide
sufficient approximation of performance and process control. Maneiah et al. [26] have
presented the influence of various AWJM parameters such as standoff distance, feed rate,
and abrasive flow rate in machining metal matrix composites (MMCs). The Taguchi Lg
orthogonal array was shown to achieve the appropriate combination of designated process
parameters to attain better surface quality characteristics. The authors determined that
a feed rate of 135 mm/min, distance stand of 0.5 mm, and abrasive flow rate of 450 gm/min
were the most favorable process parameters to achieve lower surface roughness on MMCs.
Thus, the response of the S/N ratio indicates that feed rate provides greater impact on
surface roughness, whilst stand of distance has minor impacts as compared to abrasive flow
rate. Moreover, Sharma et al. [27] have presented an application of the Taguchi method
to obtain desired surface roughness of aluminum AL-6061 via AWJM. The researchers of
this study established that traverse speed has a greater influence on surface roughness,
where pressure was the utmost impacting parameter for material removal rate. Hence, the
application of an Lj4 orthogonal array can effectively optimize process variables for the
achievement of desired surface roughness and material removal rates in AWJM processes.
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Furthermore, it should be noted that traditional experimental studies have been used
to analyze the impacts of process parameters. Therefore, an optimization method is re-
quired in order to establish the best contributing factors. Amongst differing optimization
techniques, the Taguchi method has become increasingly popular for developing engi-
neered products [28]. The method addresses challenges with traditional experimental
procedure of having a further increment in experimental works as the number of process
parameters increases. With this specific advantage, this method minimizes time and cost
spent in conducting experiments and in discovering significant factors.

From the above literature review, it is concluded that further investigation is required
to comprehensively understand the impacts of process parameters in abrasive waterjet
contour cutting to achieve better quality and higher productivity. In general, contour
cutting is more challenging than linear cutting process. In addition, high-quality surface
finish of the contour cut is an intensified requirement in various manufacturing industries,
in particular, for difficult-to-cut metals such as such as stainless steel AISI 304L, where it
is a significant performance indicator for machining. Therefore, this foregoing challenge
requires continuous further investigation to be addressed.

In this research project, responses including material removal rate and surface rough-
ness have been considered, as these are important quality characteristics of profile cut and
aspects of productivity. To achieve these objectives, experimental and numerical studies
have been conducted in this work to investigate interactions between AWJM input pa-
rameters, including water jet pressure, traverse speed, and abrasive mass flow rate, on
surface roughness and rate of material removal in abrasive waterjet contour cutting of
AISI 304L with differing level thicknesses. An optimization is implemented using Taguchi
method in determining input parameter values resulting in minimum surface roughness
and maximum material removal rate.

2. Materials and Methods
2.1. Workpiece and Contour Cutting Profiles

In this work, austenitic stainless steel (AISI) 3401 was used at varied thicknesses of
4 mm, 8 mm and 12 mm. The selected material thicknesses with uniform incremental gap
were assigned to capture variations of AWJM behavior and to study its impacts on the
machining characteristics of steel. The chemical composition and properties of AISI 304L
are given in Tables 1 and 2.

The widely used difficult-to-cut AISI 304L is distinguished from other alloy steels
for its high strength, high corrosion and heat resistance because if its high contents of Cr
and Ni [29]. Surface integrity and low material removal rate have been reported when
machining AISI 304L, requiring improved industrial applications and further scientific
research [30].

Table 1. Chemical composition in wt% of AISI 304L [11].

Chemical Composition (wt %).
Fe C Mn Si Mo Co Cr Cu Ni Others
70.780  0.025 1.140 0.410 0.360 0.210 18.40 0.180 8.190 0.305

Table 2. Mechanical Properties of AISI 304L [11,31].

Properties of AISI 304L

Hardness, Rockwell B 82
Tensile Strength, Ultimate, MPa 564
Tensile Strength, Yield, MPa 210
Elongation at Break % 58%

Modulus of Elasticity, GPa 193-200
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In general, contour cutting is employed in steel fabrication industries because of
its ability to deal with complicated and complex geometries, enabling the production of
various products. The contour cutting process is mostly applied in metalworking industries
as compared with the straight-slit cutting process, involving various convex and concave
arcs and straight-lines to form a particular geometry. In this research, four levels of inner
and outer arcs and straight-lines have been used to study the impacts of contour profiles
on abrasive waterjet machining responses.

Figure 2 presents the cutting path containing the identified profiles for the execution
of the Taguchi design of experiments and confirmatory tests. Figure 2a summarizes the
execution of 27 experimental runs, while Figure 2b illustrates a confirmatory test using the
obtained optimum combination of input parameters.
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Figure 2. AWJM contour cutting path for (a) Taguchi Lyy tests [32]. (b) Confirmation test.

The abovementioned profiles were selected to accommodate a broad array of compli-
cated machining profiling applications. A straight-line cut ranging from 10 to 40 mm is
adequate to acquire a constant phase of feed rate, covering the acceleration and retardation
phase [33]. The levels of arcs profile, i.e., 10-40 mm, showed manifestation of surface rough-
ness, low machining rate and imprecision of cut geometries from previous works [34-36],
indicating the necessity for further studies, particularly for hard-to-cut materials such as
AISI 304L.

2.2. AW] Machining Setup and Parameters

The experiments were conducted on an OMAX-MAXIEM 1515 abrasive waterjet
machine. Clamping was required to hold the workpiece in the catcher tank. The water tem-
perature was maintained at 50-32 °C during cutting operations, using a chiller tank. These
machine components included a pneumatically-controlled valve, an abrasive hopper with
gravity feed type, an abrasive feeder system and a cutting table of 1575 mm x 1575 mm. To
attain accuracy in contour cutting, an appropriate assignment of the process parameters is
critical. In this research, waterjet pressure, abrasive mass flow rate, traverse speed and ma-
terial thickness have been considered as variable input parameters at three different levels.

The machining setup and input parameters employed in the cutting test of AISI 304L
are given in Table 3. The designated levels of variable and constant input parameters were
based on consensus from recommended control ranges for abrasive waterjet machining in
previous investigations [37-39]. Abrasive type efficiency is indicated by level of hardness;
thus, a more rigid material requires a harder abrasive particle [15,40]. A Garnet of 80 mesh
size with a hardness of MOHS 7-8 was used in this study due to its better surface integrity
results, in accordance with previous related studies [15].
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Table 3. Machine specifications and cutting input parameters.

Abrasive Waterjet Conditions Details Range/Values
OMAX MAXIEM 1515
Max Pressure, MPA 413.7
Max Traverse Speed, mm/min 12,700
Table Size (L x W), mm 2235 x 1727
XY Cutting Envelope, mm 1575 x 1575
z-Axis travel, mm 305
Variable cutting input parameters
Abrasive mass flow rate, g/min 300, 400, 500
Waterjet pressure, MPa 200, 250,300
Traverse speed, mm/min 90, 120, 150
Material thickness, mm 4,8,12
Constant cutting input parameters
Orifice diameter, mm 2.8
Abrasive type Garnet
Abrasive mesh number, # 80
Standoff distance, mm 1.5

In this work, three major steps were executed, comprising of abrasive waterjet contour
cutting experiments, measuring of results and optimization. The overall experimental and
optimization procedures are shown in Figure 3. The defined machining conditions of OMAX
MAXIEM 1515 are employed to execute contour cutting of AISI 304L experiments. The
roughness resulted from the machined surfaces are measured using the TR200 model surface
roughness tester. Subsequently, the surface images of the cut profiles were captured and
topographically analyzed using LEICA M80. The kerf widths of the cut workpiece, which
were the function of material removal rate, were measured using a LEICA MB80 optical
microscope model. Further, the Taguchi S/N ratio was employed to optimize the process
parameters using MINITAB 19 software (version 19.1, Minitab Pty Ltd. Sydney, Australia).

Abrasive system
Lol =
~ X-Y Motion

High Pressure

system
e A =
Cutting Table ———

Computer/

Controller

3b. Measuring W, and

3a. Measuring R. by
TR200 W, by LEICA M80

4. Optimisation by Taguchi
S/N Ratio

J

Figure 3. AWJM contour cutting experiment and analysis setup.
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The rate of material removal and surface roughness are selected as output parameters
to be optimized. The rate of material removal, which is the volume of metal eroded from
the target workpiece per unit of time, is quantified by traverse speed, width of kerf and
penetration of cut. Thus, material removal rate was calculated using Equation (1) [41].

MRR = ht W.of 1)

where kerf width is calculated by the following formula: W = M
2.3. Design of Experiment

To accommodate several variable parameters in the abrasive waterjet contour cutting
of AISI 304L, a standardized Taguchi Orthogonal array L,y was employed in this study to
execute the experiment using four factors with three levels, as shown in Table 4.

Table 4. The L,y orthogonal array of Taguchi.

Exp. Input Parameters

Abrasive Mass

Material Thickness, t  Traverse Speed, Vf Waterjet Pressure, P

No. (mm) (mm/min) Flow Ra.te, m, (MPa)
(g/min)
1 4 90 300 200
2 4 90 400 250
3 4 90 500 300
4 4 120 300 250
5 4 120 400 300
6 4 120 500 200
7 4 150 300 300
8 4 150 400 200
9 4 150 500 250
10 8 90 300 200
11 8 90 400 250
12 8 90 500 300
13 8 120 300 250
14 8 120 400 300
15 8 120 500 200
16 8 150 300 300
17 8 150 400 200
18 8 150 500 250
19 12 90 300 200
20 12 90 400 250
21 12 90 500 300
22 12 120 300 250
23 12 120 400 300
24 12 120 500 200
25 12 150 300 300
26 12 150 400 200
27 12 150 500 250

Relying on this design, 27 experimental runs were executed with combination levels
for each variable parameter. The Taguchi method has a diverse signal-to-noise (S/N) ratio,
including “the larger the better”, “the nominal the better” and “the smaller the better” [42].
This work’s objectives sought to obtain results with minimum surface roughness and
maximum material removal rate. Therefore, signal-to-noise ratios have been calculated
according to the “lower-is-the better” category for surface roughness and “higher-is-the-
better” for material removal rate. In computing SNR (signal-to noise ratios), the lower-
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the-better and the higher-the-better categories are expressed in Equations (2) and (3),

respectively [43].
1 n
S§/Nsg =11 j= ~10log| Y- (vi)? 2
iz
1 & 1
S/Nmrr =17 j = —10log( — Y —= |, 3)
i =1 (vij)

where y; is the result obtained in present; # shows the number of tests.

Furthermore, Analysis of variance (ANOVA) was utilized to establish the percentage
contribution of each input parameter regarding surface roughness and material removal
rate. p-Values estimated at more than 0.05 or 5% were considered insignificant because
ANOVA in this research was run with a confidence interval of 95%, in alignment with
previous studies [24,44-46].

3. Results and Discussions
3.1. Effects of Input Parameters on Surface Roughness and Material Removal Rate

The cut surfaces produced during AWJM of AISI 304L are topographically presented
in Figures 4-12. The cut samples from a straight profile demonstrated different material
responses towards the application of three levels of traverse speed, waterjet pressure and
abrasive mass flow rate for 4 mm, 8 mm and 12 mm thickness of AISI 304L.

(a) 90 mm/min (b) 120 mm/min (¢) 150mm/min

Figure 4. Topography of AISI 304L cut surface with 4 mm thickness using varied traverse speed.

(a) 90 mm/min (b) 120 mm/min () 150 mm/min

Figure 5. Topography of AISI 304L cut surface with 8 mm thickness using varied traverse speed.
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(a) 90 mm/min (b) 120 mm/min (c) 150 mm/min

Figure 6. Topography of AISI 304L cut surface with 12 mm thickness using varied traverse speed.

(a) 200 MPa (b) 250 MPa (c) 300 MPa

Figure 7. Topography of AISI 304L cut surface with 4 mm thickness using varied waterjet pressure.

(a) 200 MPa (b) 250 MPa (c) 300 MPa

Figure 8. Topography of AISI 304L cut surface with 8 mm thickness using varied waterjet pressure.
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(a) 200 MPa (b) 250 MPa (c) 300 MPa

Figure 9. Topography of AISI 304L cut surface with 12 mm thickness using varied waterjet pressure.

(a) 300 g/min (b) 400 g/min (c) 500 g/min

Figure 10. Topography of AISI 304L cut surface with 4 mm thickness using varied Abrasive mass flow rate.

(a) 300 g/min (b) 400 g/min (c) 500 g/min

Figure 11. Topography of AISI 304L cut surface with 8 mm thickness using varied Abrasive mass flow rate.
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(a) 300 g/min (b) 400 g/min (c) 500 g/min

3

Figure 12. Topography of AISI 304L cut surface with 12 mm thickness using varied Abrasive mass flow rate.

Figures 4-6 showed that surface roughness and striation are visibly higher as the
traverse speed value increases from 90 mm/min to 150 mm/min with constant values for
waterjet pressure and abrasive mass flow rate of 300 MPa and 500 g/min, respectively. The
cut samples displayed similar material behavior of incrementing occurrences of surface
roughness as the traverse speed value increases. This is due to the fact that the increasing
rate of traverse speed is losing the number of abrasive particles leading to the roughness of
the cut surface [47]. The material responses of AISI 304L against waterjet pressure were
presented in Figures 7-9. The cut specimens revealed comparable evidence of decreasing
surface roughness as the waterjet pressure value increases from 200 MPa to 300 MPa
with constant values for traverse speed and abrasive mass flow rate of 90 mm/min and
500 g/min, respectively. The increasing value of waterjet pressure denotes a higher energy
reinforcing a larger amount of abrasive particles which results in lesser striation on the
cut surface [5]. Figures 10-12 exhibited a similar trend of decreasing waviness pattern on
the cut surface, as the abrasive mass flow rate is increasing from 300 g/min to 500 g/min
with constant rates for traverse speed and waterjet pressure of 90 mm/min and 300 MPa,
respectively. A higher abrasive mass flow results in a breakdown of abrasive particles
into smaller scales, producing more sharp edges which are responsible for decreasing the
roughness of the cut surface [40].

Images presented in Figures 4-12, denote higher visibility of surface striations and
waviness as the material thickness increases. It is observed that striations are turned in the
opposite direction of the cutting path. The curvature of striations depends on the AWJM
cutting velocity and material type [48]. The topmost cut surface demonstrated smoothness
and the bottom part is rough with wavy lines patterns. The striation is formed due to the
movements of the jets during the machining process, which is linked to the changing of
the cutting path or profiles [49]. In addition, the wavy distribution of the kinetic energy of
the intergranular abrasive inside the abrasive waterjet leads to the formation of striation
on the surface cut. Hence, as the depth of cut or material thickness increases, the kinetic
energy decreases generating a higher occurrence of wavy lines. The abrasive waterjet holds
high kinetic energy with a large number of abrasive particles from the beginning of the
erosion process that gradually subsiding during machining, resulting in manifestations of
higher surface roughness [47]. Topographically, material thickness is the topmost impacting
parameter followed by the waterjet pressure, abrasive mass flow rate and traverse speed.

The experimental results presented in Table 5 display the response of surface rough-
ness (R,) for various levels of material thickness (t), abrasive flow rate (m,), waterjet
pressure (P) and traverse speed (Vy). The lowest values of R, achieved in abrasive waterjet
contour cutting of AISI 304L were 1.142 pm for 4 mm, 1.529 pym for 8 mm, and 1.993 um
for 12 mm material thicknesses.
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Table 5. The L,y orthogonal array of Taguchi for surface roughness results.
Exp. Input Parameters Output Parameter (R, = pm)
No. t(mm) Vi . e P Profiles
(mm/min)  (g/min)  (MPa) 1 2 3 4 5 6 7 8 9 10 11 12
1 4 90 300 200 1298 1324 1284 1305 1428 1396 1356 1248 1.285 1250 1.248 1.235
2 4 90 400 250 1256 1.281 1.243 1263 1382 1351 1.313 1.208 1.243 1210 1.208 1.195
3 4 90 500 300 1200 1204 1.168 1.187 1.320 1291 1254 1154 1.188 1.156 1.154 1.142
4 4 120 300 250 1398 1426 1383 1405 1538 1504 1461 1344 1384 1346 1344 1.331
5 4 120 400 300 1.345 1372 1331 1.352 1480 1.447 1406 1293 1332 1295 1.293 1.280
6 4 120 500 200 1.399 1468 1424 1447 1539 1505 1462 1345 1.385 1.347 1.345 1332
7 4 150 300 300 1.448 1477 1433 1456 1593 1558 1.513 1.392 1434 1394 1.392 1.378
8 4 150 400 200 1.426 1455 1411 1434 1569 1534 1490 1371 1412 1373 1371 1357
9 4 150 500 250 1401 1409 1367 1.389 1541 1507 1464 1.347 1387 1349 1.347 1.333
10 8 90 300 200 1.886 1924 1.866 1.896 2075 2029 1971 1813 1.867 1.816 1.813 1.795
11 8 90 400 250 1.825 1.861 1.806 1.835 2007 1963 1907 1755 1.807 1.757 1.755 1.737
12 8 90 500 300 1.744 1576 1529 1553 1918 1876 1.822 1.676 1726 1.679 1.676 1.660
13 8 120 300 250 2.031 2072 2010 2.042 2234 218 2123 1953 2011 1956 1.953 1.933
14 8 120 400 300 1954 1893 1.836 1.866 2150 2102 2.042 1879 1935 1.882 1.879 1.860
15 8 120 500 200 2.033 2073 2011 2.044 2236 2187 2124 1954 2012 1958 1.954 1.935
16 8 150 300 300 2104 2146 2082 2115 2314 2263 2199 2.023 2083 2026 2023 2.003
17 8 150 400 200 2072 2113 2050 2.083 2279 2229 2165 1992 2051 1995 1.992 1.972
18 8 150 500 250 2036 1998 1938 1.969 2239 219 2127 1957 2015 1960 1.957 1.938
19 12 90 300 200 2265 2310 2241 2277 2492 2437 2367 2178 2242 2181 2178 2.156
20 12 90 400 250 2192 2236 2169 2203 2411 2358 2290 2107 2170 2111 2107 2.086
21 12 90 500 300 2.094 2136 2072 2105 2303 2253 2188 2.013 2073 2017 2013 1.993
22 12 120 300 250 2440 2408 2336 2373 2.684 2625 2549 2345 2415 2349 2345 2.322
23 12 120 400 300 2347 2308 2239 2275 2582 2525 2453 2256 2324 2260 2256 2.234
24 12 120 500 200 2441 2490 2415 2454 2.685 2626 2551 2347 2417 2351 2347 2.324
25 12 150 300 300 2527 2658 2578 2.620 2780 2718 2641 2429 2502 2433 2429 2405
26 12 150 400 200 2488 2538 2462 2502 2737 2677 2600 2392 2464 2396 2392 2.368
27 12 150 500 250 2445 2393 2321 2359 2689 2630 2555 2350 2420 2354 2350 2.327

Surface roughness corresponding to S/N ratio values for this study is listed in Table A1
of the Appendix A. The results indicate the feasibility of obtaining lowest surface roughness
with higher values of waterjet pressure and abrasive mass flow rate at a rate of 300 MPa and
500 g/min, respectively. In AW]M, higher waterjet pressure leads to a greater amount of
abrasives, providing a uniform cutting energy that results in a better surface finish during
the erosion process [50].

In this work, the obtained results of R, are greater at thicknesses of 8 and 12 mm, as
compared to 4 mm AISI 304L. Additionally, the lowest R, value was achieved by decreasing
traverse speed to a rate of 90 mm/min. At the initial strike, the abrasive waterjet possesses
high kinetic energy with vast number of abrasive particles which gradually decrease as the
material thickness and traverse speed increases [51], resulting in an incremental value of
surface roughness.

Table 6 displays the AISI 304L reaction for material removal rate (MRR) within the
three levels of each selected input parameter in this study. The highest values of MRR
were achieved in abrasive waterjet contour cutting of AISI 304L, with 421.2 mm?/min for
4 mm, 767.10 mm3/min for 8 mm, and 811.4 mm?3/min for 12 mm material thicknesses.
Regardless of whether contour cutting covered an arc or a straight profile, higher material
removal rates were attained via a high-level of abrasive mass flow rate and waterjet
pressure. Increasing the waterjet pressure in conjunction with abrasive mass flow rate has
been shown to improve material erosion, invoking a large amount of abrasives that result
in lower surface roughness [22]. These results reveal an increasing MRR can be attained by
incrementally increasing the level of traverse speed. An increasing traverse speed enhances
the contact time of the waterjet with the abrasive on the target material, creating more
volume of material to erode [22].
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Table 6. The Ly orthogonal array of Taguchi for material removal rate results.
Exp. Input Parameters Output Parameter (MRR = mm®/min)
t Vv, m, P Profiles
No. (mm)  (mmmin ™Y v 1 2 3 4 5 6 7 8 9 10 1 12
1 4 90 300 200 22450 21420 210.30 220.70 212.10 227.10 224.80 236.10 221.90 208.20 215.80 211.30
2 4 90 400 250 22560 22530 211.30 23430 22310 248.60 246.10 25840 24290 209.20 23620  231.30
3 4 90 500 300 227.40 257.00 213.00 21940 250.60 25440 24430 256.00 240.60 210.90 234.50 229.60
4 4 120 300 250 351.10 335.10 32890 34850 331.70 35520 351.60 369.20 347.00 325.60 337.50 330.50
5 4 120 400 300 358.20 35190 335.50 345.60 343.10 348.30 33440 350.50 329.40 332.20 321.00 314.30
6 4 120 500 200 353.60 377.50 331.20 388.80 373.70 400.10 396.10 41590 391.00 327.90 380.30 372.30
7 4 150 300 300 413.00 395.00 38690 40650 387.00 41870 401.90 42120 39590 383.00 385.80  377.80
8 4 150 400 200 403.40 390.00 377.80 401.70 386.10 404.00 400.00 420.00 394.80 374.10 384.00 376.00
9 4 150 500 250 411.70 39090 385.60 398.50 385.10 401.80 397.80 417.70 392.60 381.80 381.90 373.90
10 8 90 300 200 383.40 36590 359.20 376.90 362.30 387.90 384.00 403.20 379.00 355.60 368.70 361.00
11 8 90 400 250 384.70 37720 36040 39220 37340 399.80 395.80 415.60 390.60 356.80 380.00  372.00
12 8 90 500 300 381.10 403.80 357.00 367.70 39370 399.70 383.70 40220 378.00 35350 368.40  360.70
13 8 120 300 250 458.20 437.30 429.20 454.80 43290 461.50 45690 479.80 451.00 42490 438.60 429.50
14 8 120 400 300 46740 45610 437.80 450.90 44470 451.50 433.40 45420 427.00 43340 41610  407.40
15 8 120 500 200 472.00 437.50 44220 450.60 433.10 463.80 459.10 482.10 453.20 437.70 440.80 431.60
16 8 150 300 300 656.00 62610 614.50 63290 61040 619.80 595.00 623.60 586.20 60830 57120  559.30
17 8 150 400 200 68220 661.10 639.00 680.90 65450 700.80 693.80 72840 68470 63270 666.00  652.10
18 8 150 500 250 687.50 696.20 644.00 724.00 689.20 73790 730.60 767.10 721.10 637.60 701.30 686.70
19 12 90 300 200 42650 407.10 399.50 419.30 403.00 431.50 427.20 44850 421.60 395.50 410.10 401.60
20 12 90 400 250 428.60 419.10 401.50 43590 414.90 444.20 439.80 461.80 434.10 397.50 422.20 413.40
21 12 90 500 300 43200 45230 40470 416.80 441.00 447.80 429.90 450.50 42350 400.60 41270  404.10
22 12 120 300 250 667.00 636.60 62480 66210 63020 674.80 668.10 701.50 659.40 618.60 64130  628.00
23 12 120 400 300 680.60 659.50 637.50 656.60 643.10 65290 626.80 65690 617.50 631.10 601.80 589.20
24 12 120 500 200 671.80 631.20 629.30 650.10 62490 669.00 662.30 69550 653.70 623.00 635.90 622.60
25 12 150 300 300 784.70 74890 73510 763.70 734.00 78590 75450 811.40 761.80 725.40 724.30 709.20
26 12 150 400 200 76640 74140 71790 75710 73020 74050 733.10 769.70 72350 710.70 70370  689.10
27 12 150 500 250 78220 72650 73270 755.60 71920 779.60 75450 81040 76270 727.70 731.00 72550

Material removal rate S/N ratios are presented in Table A2 of the Appendix A, where
it is evident that with a material thickness of 4 mm the best combination of input parame-
ters to achieve the highest MRR were 300 g/min of abrasive flow rate (m,), 300 MPa of
waterjet pressure (P) and 150 mm/min of traverse speed (V) for all types of profiles. This
combination also achieved the highest MRR for 12 mm thickness, but only for cutting arc
profiles. In AW]JM of straight-line profiles for 12 mm AISI 304L, the best combination was
500 g/min of m,, 250 MPa of P and 150 mm/min of Vf. This combination was also found
to generate the highest MRR for 8 mm thickness of the target workpiece.

According to the results obtained via ANOVA for surface roughness detailed in Table 7,
material thickness emerges as the most influencing input parameter, followed by waterjet
pressure and abrasive mass flow rate with a percent contribution ranging 90.72-97.74%,
0.76-2.74% and 0.11-11%, respectively for all profiles. This is in agreement with the topo-
graphical features shown in Figures 1-9. Waterjet pressure impacts the distribution of water
and jet abrasive particles during erosion processes. Similarly, waterjet pressure alongside abra-
sive flow rate indicates comparable performance within AWJM. According to this statistical
analysis, traverse speed provided the least contribution, where it was dominated by material
thickness with a percentage contribution from 0.08% to 1.165%. The effects of the parameters
for all profiles demonstrate a similar trend, denoting that material thickness, waterjet pressure
and abrasive mass flow rate are significant factors for acquiring p-values lower than 0.05, as
detailed in Table 7. Accordingly, this study has revealed traverse speed to be insignificant for
achieving p-values > 0.05, ranging from 0.090 to 0.575.

In reference to results obtained from ANOVA for material removal rate that are
presented in Table 8, waterjet pressure and abrasive mass flow rate provided the minimal
effect on MRR, with a percentage ranging 7.88-12.65% and 0.2-1.45% accordingly. Material
thickness featured in the ANOVA as the utmost impacting factor, followed by traverse
speed with a percent contribution ranging 65.55-78.17% and 13.15-18.62%, respectively
for all profiles. The obtained p-values for material thickness, traverse speed and waterjet
pressure were all less than 0.05, as illustrated in Table 8. Therefore, the influences of
material thickness, waterjet pressure and traverse speed are all shown to be statistically
significant. Contrastingly, abrasive mass flow rate achieved p-values ranging from 0.070 to
0.445, indicating an insignificant factor affecting material removal rate.
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Table 7. Analysis of variance of surface roughness.

ANOVA Profile 1 Profile 2 Profile 3 Profile 4 Profile 5 Profile 6
Source Contribution (%) p-Value Contribution (%) p-Value Contribution (%) p-Value Contribution (%) p-Value Contribution (%) p-Value Contribution (%) p-Value
m, 0.22 0.057 1.60 0.008 0.12 0.005 1.02 0.051 0.29 0.064 0.49 0.016
14 0.94 0.011 223 0.002 2.74 0.001 1.88 0.047 0.76 0.011 0.92 0.001
Vi 0.11 0.28 0.17 0.517 1.65 0.161 0.86 0.27 0.06 0.134 0.24 0.101
t 97.26 0 93.71 0 93.42 0 90.72 0 97.73 0 97.51 0
Error 1.47 2.28 2.07 5.51 115 0.83
Total 100.00 100.00 100.00 100.00 100.00 100.00
ANOVA Profile 7 Profile 8 Profile 9 Profile 10 Profile 11 Profile 12
Source Contribution (%) p-Value Contribution (%) p-Value Contribution (%) p-Value Contribution (%) p-Value Contribution (%) p-Value Contribution (%) p-Value
m, 0.43 0.026 0.50 0.022 0.11 0.045 0.42 0.021 0.58 0.015 0.70 0.015
4 1.11 0.001 1.33 0 0.93 0.009 0.80 0.002 1.33 0 1.73 0
Ve 0.19 0.171 0.80 0.475 0.25 0.215 0.24 0.09 0.15 0.263 0.08 0.575
t 97.42 0 96.43 0 97.36 0 97.74 0 96.97 0 96.30 0
Error 0.85 0.94 1.36 0.79 0.97 1.19
Total 100.00 100.00 100.00 100.00 100.00 100.00
Table 8. Analysis of variance of material removal rate.
ANOVA Profile 1 Profile 2 Profile 3 Profile 4 Profile 5 Profile 6
Source Contribution (%) p-Value Contribution (%) p-Value Contribution (%) p-Value Contribution (%) p-Value Contribution (%) p-Value Contribution (%) p-Value
m, 0.21 0.445 0.22 0.377 0.28 0.296 0.34 0.007 0.31 0.263 0.20 0.373
14 12.29 0 10.65 0.000 11.58 0.000 7.88 0.000 11.53 0.000 10.97 0.000
Vy 18.62 0 17.03 0.000 16.83 0.000 13.15 0.000 16.36 0.000 14.86 0.000
t 66.68 0 70.16 0.000 69.36 0.000 78.17 0.000 69.86 0.000 72.20 0.000
Error 2.19 1.95 1.95 0.46 1.93 1.76
Total 100.00 100.00 100.00 100.00 100.00 100.00
ANOVA Profile 7 Profile 8 Profile 9 Profile 10 Profile 11 Profile 12
Source Contribution (%) p-Value Contribution (%) p-Value Contribution (%) p-Value Contribution (%) p-Value Contribution (%) p-Value Contribution (%) Source
m, 0.34 0.233 0.31 0.264 1.26 0.072 1.45 0.048 1.32 0.068 1.31 0.084
P 11.39 0.000 11.04 0.000 11.60 0.000 12.19 0.000 12.65 0.000 10.41 0.000
4 17.18 0.000 14.37 0.000 15.80 0.000 16.87 0.000 16.69 0.000 14.34 0.000
t 69.17 0.000 72.32 0.000 67.61 0.000 65.86 0.000 65.55 0.000 69.78 0.000
Error 1.92 1.96 3.73 3.63 3.79 4.15
Total 100.00 100.00 100.00 100.00 100.00 100.00
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3.2. Optimisation with Taguchi S/N Ratio

The average S/N ratios shown in Table A3 in the Appendix A were attained from
contour cutting of twelve different profiles with differing levels of selected input parameters.
The lowest value of S/N ratio obtained for each factor represents the best experimental
result. These express similar results to Table A1, indicating the optimal combination of
input parameters as Level 1 for traverse speed and Level 3 for abrasive mass flow rate
and waterjet pressure, set at 90 mm/min, 500 g/min and 300 MPa respectively. Table 9
summarizes the minimum value of surface roughness attained in abrasive waterjet contour
cutting of AISI 304L, for three level material thicknesses for all profiles, according to the
Ly7 orthogonal array experiment setup.

Table 9. Optimum parameters for surface roughness.

Input Process Parameters Optimum Values Condition Surface Roughness (um)
Abrasive flow rate (g/min) 500 0 Condition: minimised

Waterjet pressure (MPa) 300 T t =4 mm t =8 mm t=12mm
Traverse speed (mm/min) 90 J 1.142 1.529 1.993

The interaction of independent variables, i.e., material thickness (¢), abrasive flow rate
(m,), waterjet pressure (P), traverse speed (V) on surface roughness (Ra) were indicated
in the main effect plots shown in Figure 13. The main effect plots display the means for
each profile within a particular variable. The surface roughness was shown to decrease by
approximately 10-20% as the value of the waterjet pressure increases and the abrasive mass
flow rate from 200 MPa to 300 MPa and 300 g/min to 500 g/min, respectively. In AW]JM,
a higher level of waterjet pressure indicates an equivalent performance with abrasive mass
flow rate [52]. An increasing water pressure along with the flow of abrasives, generates
high velocity, resulting in a stronger impact of abrasive particles, which in turn decreases
the roughness of the cut surface [53]. Hence, it is evident from the results of this study that
increases in abrasive flow rate and waterjet pressure up until a particular level enhances
the smoothening of cut surfaces.

Moreover, increasing the rate of traverse speed and thickness of a material increases the
value of surface roughness. Surface roughness in this study was established to increase by
approximately 50-60% as the level of material thickness and traverse speed increases from
4 mm to 12 mm and from 90 mm/min to 150 mm/min, respectively. The abrasive particles
containing high kinetic energy occur at the initial strike and gradually decrease during the
machining process [51]. Accordingly, reduced amounts of collision and cutting edges can
be obtainable per unit of area over time, resulting in higher incidences of rough surfaces.
Hence, it can be predicted that a lower level of traverse speed can yield a better-machined
surface. Further, an increasing speed and thickness of a material denotes prolongment
of the machining process, which continuously reduces the kinetic energy and generates
higher roughness of a cut surface.

In the Taguchi method, the obtained S/N ratios are averaged to configure the opti-
mum combination of parameters applicable for all conditions or profiles. Table A4 in the
Appendix A presents the average S/N ratios calculated for each profile with different levels
of input parameters, denoting that a traverse speed at level 3, an abrasive mass flow rate at
level 3 and pressure at level 3 are the optimal combination of input parameters. Table 10
summarizes the optimum values input parameters and material removal rate obtained in
abrasive waterjet contour cutting of AISI 304L, according to average S/N Ratios and the
L,y orthogonal array experiment setup.

The nomination of the optimal level of each input parameter is further evidenced
by the main effect plots. Figure 14 shows the main effect plots for means in abrasive
waterjet contour cutting of AISI 304L in terms of maximizing MRR. The figure shows that
an increasing level of material thickness and traverse speed denotes an improvement of
the rate of material removal for all profiles.
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Figure 13. Main effect plot of means of surface roughness against input parameters.

Table 10. Optimum parameters for material removal rate.

Condition Material Removal Rate

Input Process Parameters Optimum Values (mm®/min)
Abrasive flow rate (g/min) 500 T Condition: maximised

Waterjet pressure (MPa) 300 T t =4 mm t =8 mm t=12mm
Traverse speed (mm/min) 150 T 421.2 767.1 8114

The material removal rate was shown to increase by approximately 70% when higher
values of material thickness and traverse speed are used. AWJM is primarily processed by
cohering action generated from the impacts of a large amount of abrasive particles in the
direction of the target material [51]. In addition, material removal rate is directly proportional
to abrasive mass flow rate and waterjet pressure. An increase of approximately 70% of material
removal rate was obtained as the rate of abrasive mass flow rate and waterjet pressure were
increased from 200 MPa to 300 MPa and 300 g/min to 500 g/min, respectively. AWJM of
ductile material, such as AISI 304L, occurs via erosion generated by impinging abrasive
particles from the waterjet stream. Generation of a high level of kinetic energy relating to
a higher level of waterjet pressure generates higher erosion or cutting rate leading to a larger
amount of material eroded from the workpiece [22]. Therefore, the rate of material removal is
highly dictated by waterjet pressure and abrasive mass flow rate.
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Figure 14. Main effect plot of means for material removal rate against input parameters.

4. Confirmation Test

Validation of the optimal process parameters via a combination derived from the
Taguchi methodology was established by confirmation experiments. Three sets of confir-
matory test run for abrasive waterjet contour cutting of AISI 304L were conducted utilizing
the derived optimal levels of traverse speed, abrasive mass flow rate and waterjet pressure
based on the average S/N ratio.

The parametric combination of Vy at level 1 (90 mm/min), m, at level 3 (500 g/min)
and P at level 3 (300 MPa) achieved R, values of 1.133 um for 4 mm, 1.372 um for 8 mm,
and 1.901 pum for 12 mm material thicknesses, demonstrating relative values to results
achieved from the L,y orthogonal array experiment setup.

The derived optimal process parameter mix obtained to achieve maximum material
removal rate was V; at Level 3 (150 mm/min), m, at Level 3 (500 g/min) and P at Level 3
(300 MPa) attaining MRR values of 425.4 mm?/min for 4 mm, 751.6 mm?3/min for 8 mm,
and 809.7 mm? /min for 12 mm material thicknesses.

5. Conclusions

This article presents an optimization of abrasive waterjet contour cutting process
parameters to minimize surface roughness and maximize material removal rate. In addition,
the impacts of material thickness, traverse speed, waterjet pressure and abrasive mass
flow rate were investigated, facilitating the process to achieve better surface integrity and
machining rates. On the basis of Taguchi-based optimization and analysis of variance, the
following conclusions were acquired:
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e A minimum value of surface roughness achieved, where 1.142 pm for 4 mm, 1.529 um
for 8 mm, and 1.993 um for 12 mm material thicknesses according to L,y orthogonal
array experiment setup. The average S/N ratios expressed similar results to all profiles,
indicating the optimal combination of input parameters of Level 1 for traverse speed,
Level 3 for abrasive mass flow rate and waterjet pressure at 90 mm/min, 500 g/min
and 300 MPa respectively.

e  The optimal settings observed for increasing material removal rate are traverse speed
at Level 3 (150 mm/min), abrasive mass flow rate at Level 3 (500 g/min) and pressure
at Level 3 (300 MPa). Increasing the value of these selected parameters was found to
increase material thickness by approximately 70%.

e By employing analysis of variance, material thickness features as the most influencing
and significant factor in governing responses on surface roughness and material
removal rate, generating a contribution ranging 90.72-97.74% and 65.55-78.17% for all
profiles, respectively.

e An increasing level of waterjet pressure and abrasive mass flow rate denotes
an improvement in contour cutting performance by decreasing the surface roughness.
In contrast, an increasing speed of traverse and material thickness drives a negative
impact, whereby it increases the roughness of the cut surface.
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Abbreviations and Nomenclature

ht Depth of cut

m, Abrasive mass flow rate

P Water pressure

Ra Surface roughness

Vs Traverse speed

2% Kerf width

Wi Kerf top width

Wy Kerf bottom width

t Thickness of the material
AISI Austenitic stainless steel

ANOVA  Analysis of variance
AWM Abrasive waterjet machining
MRR Material removal rate
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Appendix A
Table Al. Signal-to-noise ratios for surface roughness (smaller is better).
Exp. Input Parameters Signal to Noise Ratios (S/NR = dB)
Ne ¢ v m, p Profiles
: (mm)  (mm/min) (g/min)  (MPa) 1 2 3 4 5 6 7 8 9 10 11 12
1 4 90 300 200 —2265 —2437 —2.173 -2.312 —3.093 —2900 —2.648 —1.924 -2.178 —1.938 —-1924 —1.836
2 4 90 400 250 ~1980 —2.152 —1.887 —2.026 —2.808 —2614 —2362 —1.638 —1.892 —1.652 —1.638 —1.551
3 4 90 500 300 —1584 —1.613 —1.348 —1487 —2411 2218 —1.966 —1.242 —1496 —1.256 —1242 —1.154
4 4 120 300 250 —2910 —-3.082 —2.818 —2956 —3.738 —3.545 —3.292 —2568 —2.823 —2.583 -—2.568 —2.481
5 4 120 400 300 —2574 —2.746 —2482 —-2.62 —3402 -—-3.209 -—-2957 —2.233 —2487 -—-2247 -2233 —2.145
6 4 120 500 200 —2916 —3.335 —3.070 —3.209 —3.744 —3551 —3.299 2574 -2.829 —2589 —2574 2487
7 4 150 300 300 —3215 —3.387 —3.123 —3.261 —4.043 —3.850 —3.598 —2.873 -3.128 —2.888 2873 —2.786
8 4 150 400 200 —3.082 —3.254 —2.990 -3.128 —-3910 —-3.717 —3.465 —2.740 —2.995 —2.755 —2.740 —2.653
9 4 150 500 250 —2929 —2978 —2.714 -2.852 —3757 —3563 —3.311 —2587 —2.841 —2.601 —2587 —2.500
10 8 90 300 200 —5.511 —5.683 —5.418 —5557 —6.339 —6.145 —5.893 —-5.169 —5424 -5.183 -—-5.169 —5.082
1 8 90 400 250 —5225 —5397 5133 -5271 —6.053 —5860 —5.607 —4.883 —5138 —4.898 —4.883 —4.796
12 8 90 500 300 —4.829 —3951 —3.687 —3.825 —5.657 5464 —5211 —4.487 —4.742 —4502 —4.487 —4.400
13 8 120 300 250 —6.155 —6.327 —6.063 —6.201 —6.983 —6.790 —6.538 —5.814 —6.068 —5.828 —5814 —5.726
14 8 120 400 300 —5.820 —5.543 —5.278 —5417 —6.648 —6.454 —6.202 —5478 —-5.732 —5492 -5478 —5.391
15 8 120 500 200 —6.162 —6.334 —6.069 —6208 —6.99 —6.796 —6.544 —5.820 —6.074 —5.834 -—-5820 —5.732
16 8 150 300 300 —6.461 —6.633 —6368 —6.507 —7.289 —7.095 —6.843 —6.119 —6.373 —6.133 —6.119 —6.031
17 8 150 400 200 —6.328 —6.500 —6.235 —6.374 —7.156 —6.962 —6.710 —5.986 —6.240 —6.000 —5.986 —5.898
18 8 150 500 250 —6.174 —6.012 —5.747 —5.886 —7.002 —6.809 —6.556 —5.832 —6.087 —5.847 —5.832 —5.745
19 12 90 300 200 —7102 —7.274 —7.009 —7.148 —7.930 —7.736 —7.484 —6.760 —7.014 —6.774 —6.760 —6.672
20 12 90 400 250 —6.816 —6.988 —6.723 —6.862 —7.644 —7.451 —7.198 —6474 —6.729 —6489 —6474 —6.387
21 12 90 500 300 —6.420 —6.592 —6327 —6.466 —7.248 —7.054 —6.802 —6.078 —6.333 —6.092 —6.078 —5.991
22 12 120 300 250 —~7.746 —7.633 —7369 —7.507 —8574 —8381 —8.129 —7.404 —7.659 —7.419 -7.404 7317
23 12 120 400 300 —7411 -7.265 -7.000 —7.139 —8238 —8.045 —-7.793 —-7.069 —7.323 —7.083 —7.069 —6.981
24 12 120 500 200 —7.753 —7925 -7.660 —7.799 —858 —8387 —8.135 —7.411 -7.665 —7.425 -—-7.411 —7.323
25 12 150 300 300 —8.052 —8.491 —8227 -8.365 —8.879 —8.686 —8434 —7.710 —7.964 —7.724 —7.710 —7.622
26 12 150 400 200 ~7919 —8.091 —7.826 —7.965 —8.746 —8553 —8301 —7.577 —7.831 —7.591 -7.577 —7.489
27 12 150 500 250 ~7.765 —7.579 —7314 —7453 —8593 —8.400 —8.147 —7.423 -7.678 —7.438 —7.423 —7.336
Table A2. Signal-to-noise ratios for material removal rate (larger is better).
Exp. Input Parameters Signal to Noise Ratios (S/NR = dB)
Profiles
t V m,

No.  (mm)  (mm/min) (g/min) P (MPa) 2 3 4 5 6 7 8 9 10 1 12
1 4 90 300 200 47.00 4660 4650 4690 46,50 47.10 47.00 4750 4690 46.40 46.70 46.50
2 4 90 400 250 4710 4710 4650 4740 4700 4790 47.80 4820 4770 4640 4750  47.30
3 4 90 500 300 4710 4820 4660 4680 4800 4810 47.80 4820 47.60 4650  47.40  47.20
4 4 120 300 250 5090 5050 5030 50.80 5040 51.00 5090 5130 50.80 50.30 50.60 50.40
5 4 120 400 300 51.10 5090 50.50 50.80 50.70 50.80 50.50 5090 50.40 50.40 50.10 49.90
6 4 120 500 200 51.00 5150 50.40 51.80 5150 52.00 52.00 5240 51.80 50.30 51.60 51.40
7 4 150 300 300 5230 5190 51.80 5220 51.80 5240 5210 5250 5200 51.70 5170  51.50
8 4 150 400 200 5210 51.80 5150 5210 51.70 5210 5200 5250 51.90 51.50 51.70 51.50
9 4 150 500 250 5230 51.80 51.70 52.00 51.70 5210 5200 5240 5190 51.60 51.60 51.50
10 8 90 300 200 51.70 5130 51.10 5150 5120 51.80 51.70 5210 51.60 51.00 51.30 51.10
11 8 90 400 250 51.70 5150 5110 51.90 5140 5200 5190 5240 51.80 51.00 51.60  51.40
12 8 90 500 300 51.60 5210 5110 51.30 5190 5200 5170 5210 51.60 51.00 51.30  51.10
13 8 120 300 250 5320 5280 5270 5320 5270 5330 5320 53.60 53.10 52.60 52.80 52.70
14 8 120 400 300 5340 5320 5280 53.10 53.00 53.10 5270 53.10 52.60 52.70 52.40 52.20
15 8 120 500 200 5350 5280 5290 53.10 5270 5330 5320 53.70 53.10 52.80 52.90 52.70
16 8 150 300 300 56.30 5590 5580 56.00 5570 5580 5550 5590 5540 5570 5510  55.00
17 8 150 400 200 56.70 5640 5610 5670 5630 5690 5680 5720 5670 5600 5650  56.30
18 8 150 500 250 56.70 5690 56.20 5720 56.80 5740 5730 5770 5720 56.10 56.90 56.70
19 12 90 300 200 52.60 5220 52.00 5250 5210 5270 5260 53.00 5250 @ 51.90 52.30 52.10
20 12 90 400 250 52.60 5240 5210 52.80 5240 53.00 5290 5330 52.80 52.00 52.50 52.30
21 12 90 500 300 5270 5310 5210 5240 5290 53.00 5270 5310 5250 5210 5230 5210
22 12 120 300 250 56.50 5610 5590 5640 5600 56.60 5650 5690 5640 5580 5610  56.00
23 12 120 400 300 56.70 56.40 56.10 56.30 5620 5630 5590 56.40 55.80 56.00 55.60 55.40
24 12 120 500 200 56.50 56.00 56.00 56.30 5590 5650 56.40 56.80 56.30 55.90 56.10 55.90
25 12 150 300 300 5790 5750 5730 5770 5730 5790 57.60 5820 57.60 57.20 57.20 57.00
26 12 150 400 200 5770 5740 5710 5760 5730 5740 5730 5770 5720 5700 5690  56.80
27 12 150 500 250 5790 5720 5730 5760 57.10 5780 57.60 5820 57.60 57.20 57.40 57.20
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Table A3. Average response table for signal-to-noise ratios for surface roughness (smaller is better).
Profile 1 Profile 2 Profile 3 Profile 4
Level t Vy m, P t Vy m, P t Vy m, P t V¢ m, P
1 —2.606 —4.637 —5.491 —-5449 -2.776 —4.676 —5.661 —5.648 —2512 —4.412 —-5396 —-5383 —2.650 —4.550 —5.535 —5.522
2 —5.852 —5494 -5239 -5300 —-5.820 —-5577 —-5.326 —-5350 —5555 —-5312 —5.062 —-5.085 —5.694 —-5451 —-5200 —5.224
3 —7442 -5769 -5170 -—5.152 —-7.537 —5.881 —-5.146 —-5.136 —-7.273 —5.616 —4.882 —4871 —-7411 -5755 -—5.020 —5.010
Delta 4.836 1.133 0.321 0297 4761 1204 0515 0512 4761 1204 0515 0512 4761 1204 0.515 0.512
Rank 1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4
Profile 5 Profile 6 Profile 7 Profile 8
Level t Vs m, P t Vs m, P t Vs m, P t Vs m, P
1 —3434 —5465 —6.319 —6.276 —3.241 —-5271 —-6.125 —6.083 —2989 —-5.019 —-5.873 —-5.831 —2.264 —4.295 —-5.149 -—-5.107
2 —6.679 —6.322 —6.067 —6.128 —6.486 —6.129 —-5.874 —-5935 —6.234 —5876 —5.622 —5.682 —5.510 —5.152 —4.897 —4.958
3 —8270 —6.597 —-5998 —-5.979 —-8.077 —6.404 —-5805 —-5.786 —7.825 —6.152 —-5552 —-5.534 —7.101 —5.427 —4.828 —4.810
Delta 4.836 1.133 0321 0297 4.836 1.133 0321 0.297 4836 1133 0321 0297 4836 1133 0.321 0.297
Rank 1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4
Profile 9 Profile 10 Profile 11 Profile 12
Level t Vs m, P t Vs m, P t Vs m, P t Vs m, P
1 —2519 —4550 —-5404 —5.361 —2264 —4.295 —-5149 -5.107 —-2.177 —4208 -5.062 —5.019 —2279 —4309 -5.164 —5.121
2 —5764 —-5.407 -5.152 —-5213 —-5510 —5.152 —4.897 —4958 —-5.422 -—-5065 —4.810 —4.871 —-5.524 —-5167 —4912 —-4.973
3 —7355 —5.682 —5.083 —5.064 —7.101 —5.427 —4.828 —4.810 —7.013 —5.340 —4.741 —4.722 —-7.115 —5442 —4843 —4.824
Delta 4.836 1.133 0.321 0297 4836 1133 0321 0297 4836 1133 0321 0297 4836 1133 0.321 0.297
Rank 1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4
Table A4. Average response table for signal-to-noise ratios for material removal rate (larger is better).
Profile 1 Profile 2 Profile 3 Profile 4
Level t Vf m, P t Vf m, P t Vf m, P t Vf m, P
1 50.10 5046 53.16 5244 50.06 5050 52.76 5228 4953 4990 5259 51.87 50.09 5038 5299 5242
2 53.87 53.64 5322 53.04 5366 5336 53.02 52,66 5330 53.07 5266 5247 53.77 5353 5318 5295
3 55.68 55,55 5326 54.17 5537 5521 5330 54.14 5511 5498 52.69 53.61 5550 5544 53.18 53.98
Delta 5.58 5.08 0.10 1.74 5.32 4.71 0.54 1.86 5.58 5.08 0.10 1.74 5.41 5.06 0.20 1.55
Rank 1 2 4 3 1 2 4 3 1 2 4 3 1 2 4 3
Profile 5 Profile 6 Profile 7 Profile 8
Level t Vs m, P t Vs m, P t Vs m, P t Vs m, P
1 4992 5037 5263 5218 5041 50.85 53.18 52,64 50.23 50.68 53.01 5252 50.65 51.09 5345 5294
2 5353 5323 5289 5256 5396 53.67 5328 5312 5379 5349 53.11 53.00 5420 5391 53,53 5342
3 55.24 55.08 53.17 5395 55.69 5554 53,59 5430 5551 5537 5342 5401 5596 55.81 53.83 54.44
Delta 5.32 471 0.54 1.77 5.28 4.69 041 1.67 5.28 4.69 041 1.49 5.30 4.72 0.38 1.50
Rank 1 2 4 3 1 2 4 3 1 2 4 3 1 2 4 3
Profile 9 Profile 10 Profile 11 Profile 12
Level t Vs m, P t Vs m, P t Vs m, P t Vs m, P
1 50.11 5056 5291 5241 4945 4981 5251 51.78 4988 5032 5265 52.17 4970 50.14 5247 5198
2 53.67 5337 5299 5289 5322 5298 5257 5238 5343 53.13 5275 52,65 5325 5295 5257 5246
3 5542 5527 5330 5391 55.02 5489 5261 53.52 5516 55.01 53.06 53.65 5497 54.83 52.88 5347
Delta 5.30 4.72 0.38 1.50 5.58 5.08 0.10 1.74 5.28 4.69 0.41 1.49 5.28 4.69 0.41 1.49
Rank 1 2 4 3 1 2 4 3 1 2 4 3 1 2 4 3
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Chapter 6 Conclusion and potential future work

This chapter provides overall conclusions based on end of chapter conclusions given for each

chapter. It also provides directions for future work in this research.

6.1 Conclusions

Establishing solution/s to the challenges faced with abrasive waterjet contour cutting of hard-
to-machine materials has been the main objective of this work, where the optimisation approach
leads to addressing quality and productivity issues. In this research work, the impacts of the
independent input parameters i.e., traverse speed, abrasive mass flow rate and waterjet
pressure against the AWJM material responses was performed in a manner where material
removal rate, surface roughness and kerf taper angle during contouring of austenitic stainless

steel 304L were investigated. The research achievements and findings are summarised below:

1. AWJM demonstrated similar trends of higher occurrences of roughness on the cut
surface and kerf taper angle at an increasing rate of traverse speed and material
thickness during machining curvature and straight line profiles of AISI 304L
workpieces. This AWJM behavior denotes an unfavourable impact during application of
a higher rate of traverse speed, in terms of surface roughness and kerf geometries. In
contrast, an increasing value of traverse speed was recognised to be more effective in
obtaining a higher material removal rate. The contour cutting performance of AWJM
was established to achieve a higher rate of material removal, lower roughness on the cut
surface and lower tapering angle of the kerf at a higher level of abrasive mass flow rate
and waterjet pressure. The incrementing value of waterjet pressure denotes a higher
energy reinforcing a larger amount of abrasive particles and acceleration of abrasive
flow, which results in higher machining rates and higher quality of cut surfaces. The
experimental study reveals that AWJM material responses were mainly influenced by
material thickness. Initially, the abrasive waterjet comprised of high kinetic energy
containing a large amount of abrasive particles gradually decreases as the thickness of

the material increased, resulting in challenges encountered with the machining process.

2. With the objective of achieving higher productivity and better integrity of the cut surface,
a single response optimisaton using the Taguchi method was employed. The surface
roughness conferred a reduction of approximately 10—20%, while material removal rate
increased by approximately 60-80%. The experimental investigation indicates that

traverse speed is one of the most influencing factors followed by the waterjet pressure
102



and abrasive mass flow rate in AWJM contour cutting performance. The effects of the
input parameters on straight line and curvature profiles using three levels of material
thicknesses exhibited the same response, showing that traverse speed and waterjet
pressure were significant factors in machining of AISI 304L using abrasive waterjet
cutting.

3. The selected responses are simultaneously optimised with the objectives of maximising
material removal rate and minimising kerf taper angle and surface roughness. In order
to properly select the suitable process parameters, a multi-linear regression model has
been generated. The model has proven its adequacy by achieving percentage errors with
values ranging from -6.59% to 6.71%, indicating that the predicted values correlate well
with the experimental data. The predictive models for surface roughness, material
removal rate and kerf taper angle were employed for multi-objective optimisation using
response surface methodology. The input parameters optimal settings (Vf) for 4 mm, 8
mm and 12 mm material thicknesses were respective 95 mm/min, 90 mm/min and 91
mm/min. The optimal settings for m, and P were distinguished to be at the same value
across all material thicknesses, at 500 g/min and 200 MPa, respectively. These results
and key findings can be a basis for process planning to efficiently and effectively utilise
abrasive waterjet as a feasible solution in the machining of difficult-to-cut materials.

4. Overall, this research work has proved the feasibility of utilising abrasive waterjet in
contour cutting of hard to machine workpieces of varied thicknesses, confirming its
distinct advantages such as, the absence of heat affected zone and lower cutting forces

that may prevent destruction of the properties of the target material.

6.2 Potential future work

This research work has yielded a greater understanding of the mechanisms involved in
machining process and has assisted in the optimisation of this process. The characteristics
and behaviour of the various major machining performance measures, with respect to the
variable process parameters, have been comprehensively analysed. However, the industrial
utilisation of AWJM requires further progressions and improvements. After taking into
consideration the discoveries found in this study, several potential future research areas are

summarised below:

1. A number of noteworthy works have been fulfilled in evaluating AWJM performance in
terms of quality and productivity. Further research could progress for optimisation

governing mathematical modelling with an objective of minimising manufacturing cost.
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The authors are currently working in this research area that is beyond the scope of this
thesis.

There are limited studies considering other factors such as various type and size of
abrasives, nozzle sizes and jet impact angle. Further study investigating the impacts of
these critical parameters can provide prospective future works

There are numerous research studies and experiments conducted investigating through
cut of AWJMs. Nonetheless, limited reports have manifested about AWJM performance
in non-through or blind cutting for high machinability index materials, which is a
potential area of further development. Providing an analytical study of the impacts of
the process parameters in AWJ blind cutting would be essential to manufacturing

processes in various industries.
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APPENDIX A Data for impacts of traverse speed and material thickness in

AWJ contour cutting tests

Table Al. Kerf top width and kerf bottom width results.

Material

Traverse

Thickness Speed Profile 1 Profile 2 Profile 3 Profile 4
(mm) (mm/min) Wt Wy Wt Wh Wt W Wt Wh
(mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm)
4 90 0.61 0.44 0.62 0.44 0.63 0.46 0.64 0.46
4 120 0.64 0.46 0.67 0.48 0.66 0.48 0.67 0.48
4 150 0.67 0.48 0.68 0.49 0.67 0.48 0.68 0.49
8 90 0.68 0.29 0.67 0.28 0.69 0.3 0.69 0.3
8 120 0.69 0.3 0.68 0.29 0.69 0.3 0.7 0.3
8 150 0.7 0.3 0.69 0.29 0.7 0.3 0.71 0.31
12 90 0.7 0.1 0.7 0.1 0.69 0.1 0.71 0.11
12 120 0.72 0.11 0.72 0.1 0.71 0.11 0.73 0.12
12 150 0.74 0.12 0.73 0.11 0.72 0.12 0.74 0.12
TMhi:tlfr?easls Tg?;;ziise Profile 5 Profile 6 Profile 7 Profile 8
(mm) (mm/min) Wt Wy Wt Wy Wt Wy Wt Wy
(mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm)
4 90 0.63 0.45 0.64 0.48 0.61 0.44 0.61 0.44
4 120 0.66 0.47 0.67 0.49 0.64 0.47 0.64 0.46
4 150 0.67 0.48 0.68 0.5 0.67 0.49 0.67 0.48
8 90 0.68 0.29 0.69 0.29 0.68 0.26 0.68 0.28
8 120 0.69 0.29 0.7 0.29 0.69 0.28 0.69 0.28
8 150 0.7 0.3 0.71 0.3 0.7 0.29 0.7 0.29
12 90 0.7 0.1 0.72 0.1 0.7 0.11 0.7 0.1
12 120 0.71 0.1 0.73 0.11 0.72 0.12 0.72 0.1
12 150 0.72 0.11 0.74 0.11 0.74 0.13 0.74 0.12
Mgtenal Traverse Profile 9 Profile 10 Profile 11 Profile 12
Thickness Speed
(mm) (mm/min) Wt Wy Wt Wy Wt Wy Wt Wy
(mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm)
4 90 0.56 0.42 0.56 0.42 0.55 0.4 0.54 0.39
4 120 0.57 0.42 0.58 0.42 0.56 0.39 0.55 0.38
4 150 0.58 0.42 0.6 0.44 0.58 0.4 0.56 0.39
8 90 0.66 0.36 0.67 0.34 0.65 0.3 0.63 0.28
8 120 0.67 0.35 0.69 0.35 0.68 0.31 0.65 0.29
8 150 0.68 0.34 0.69 0.35 0.69 0.32 0.67 0.31
12 90 0.69 0.12 0.67 0.11 0.69 0.13 0.69 0.12
12 120 0.7 0.12 0.71 0.12 0.71 0.14 0.7 0.13
12 150 0.71 0.12 0.72 0.13 0.72 0.15 0.72 0.14
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Table A2. Analysis of variance of kerf taper angle.

ANOVA: Profile 1 Profile 2 Profile 3 Profile 4 Profile 5 Profile 6
Source Contribution p-Value Contribution p-Value Contribution p-Value Contribution p-Value Contribution p-Value Contribution p-Value
Model 88.85% 0.035 95.64% 0.006 82.89% 0.078 94.26% 0.01 95.94% 0.005 95.90% 0.005
Linear 88.85% 0.035 95.64% 0.006 82.89% 0.078 94.26% 0.01 95.94% 0.005 95.90% 0.005

Materials thickness 71.14% 0.018 80.45% 0.003 68.62% 0.04 80.95% 0.004 82.03% 0.002 90.71% 0.002
Transverse speed 17.71% 0.149 15.19% 0.05 14.27% 0.297 13.31% 0.091 13.91% 0.051 5.20% 0.194
Error 11.15% 4.36% 17.11% 5.74% 4.06% 4.10%
Total 100.00% 100.00% 100.00% 100.00% 100.00% 100.00%

ANOVA: Profile 7 Profile 8 Profile 9 Profile 10 Profile 11 Profile 12
Source Contribution p-Value Contribution p-Value Contribution p-Value Contribution p-Value Contribution p-Value Contribution p-Value
Model 95.63% 0.006 94.30% 0.009 99.15% 0 97.67% 0.002 90.37% 0.026 96.50% 0.004
Linear 95.63% 0.006 94.30% 0.009 99.15% 0 97.67% 0.002 90.37% 0.026 96.50% 0.004

Materials thickness 87.04% 0.002 80.63% 0.004 90.39% 0 89.09% 0.001 67.56% 0.016 87.23% 0.001
Transverse speed 8.59% 0.114 13.67% 0.087 8.76% 0.008 8.58% 0.046 22.81% 0.088 9.27% 0.075
Error 4.37% 5.70% 0.85% 2.33% 9.63% 3.50%
Total 100.00% 100.00% 100.00% 100.00% 100.00% 100.00%
Table A3. Analysis of variance of material removal rate.

ANOVA: Profile 1 Profile 2 Profile 3 Profile 4 Profile 5 Profile 6
Source Contribution p-Value Contribution p-Value Contribution p-Value Contribution p-Value Contribution p-Value Contribution p-Value
Model 96.97% 0.003 97.46% 0.002 97.03% 0.003 97.19% 0.002 97.36% 0.002 97.33% 0.002
Linear 96.97% 0.003 97.46% 0.002 97.03% 0.003 97.19% 0.002 97.36% 0.002 97.33% 0.002

Materials thickness 62.77% 0.002 61.94% 0.002 62.63% 0.002 63.24% 0.002 62.87% 0.002 62.91% 0.002
Transverse speed 34.20% 0.007 35.51% 0.004 34.40% 0.006 33.95% 0.006 34.49% 0.005 34.41% 0.005
Error 3.03% 2.54% 2.97% 2.81% 2.64% 2.67%
Total 100.00% 100.00% 100.00% 100.00% 100.00% 100.00%

ANOVA: Profile 7 Profile 8 Profile 9 Profile 10 Profile 11 Profile 12
Source Contribution p-Value Contribution p-Value Contribution p-Value Contribution p-Value Contribution p-Value Contribution p-Value
Model 97.02% 0.003 96.92% 0.003 96.92% 0.003 96.41% 0.004 96.23% 0.004 96.03% 0.005
Linear 97.02% 0.003 96.92% 0.003 96.92% 0.003 96.41% 0.004 96.23% 0.004 96.03% 0.005

Materials thickness 62.59% 0.002 62.44% 0.002 69.72% 0.002 65.61% 0.003 68.85% 0.003 68.85% 0.003
Transverse speed 34.43% 0.006 34.47% 0.007 27.20% 0.01 30.80% 0.011 27.38% 0.015 27.18% 0.016
Error 2.98% 3.08% 3.08% 3.59% 3.77% 3.97%
Total 100.00% 100.00% 100.00% 100.00% 100.00% 100.00%
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APPENDIX B Data for single-objective optimisation of AWdJ contour

cutting process parameters

Table B1. Signal to noise ratios for surface roughness (smaller is better).

Exp. Input Parameters Signal to Noise Ratios (S/NR = dB)
Profil
No. (i) (emmmin (o) (MP) —
1 2 3 4 5 6 7 8 9 10 11 12
1 4 90 300 200 —2.265-2.437-2.173-2.312—-3.093-2.900—-2.648-1.924-2.178-1.938-1.924-1.836
2 4 90 400 250 —-1.980-2.152-1.887-2.026—2.808-2.614-2.362—-1.638—1.892—-1.652—-1.638—-1.551
3 4 90 500 300 —1.584-1.613-1.348-1.487-2.411-2.218-1.966—1.242—-1.496-1.256—-1.242-1.154
4 4 120 300 250 —2.910-3.082-2.818-2.956-3.738-3.545—-3.292-2.568-2.823—-2.583—-2.568—-2.481
5 4 120 400 300 —2.574-2.746-2.482 —2.62 —3.402—-3.209-2.957-2.233—2.487-2.247-2.233—-2.145
6 4 120 500 200 —2.916-3.335-3.070—3.209-3.744—3.551—-3.299—-2.574-2.829-2.589—-2.574—-2.487
7 4 150 300 300 —3.215-3.387-3.123—3.261-4.043—3.850—3.598—-2.873—-3.128—-2.888—2.873—-2.786
8 4 150 400 200 —-3.082-3.254-2.990-3.128-3.910-3.717-3.465-2.740—2.995-2.755—2.740—-2.653
9 4 150 500 250 —2.929-2.978-2.714-2.852-3.757-3.563—3.311—-2.587-2.841-2.601—-2.587-2.500
10 8 90 300 200 —5.511-5.683-5.418-5.557-6.339—-6.145-5.893—-5.169-5.424—-5.183-5.169—-5.082
11 8 90 400 250 —-5.225-5.397-5.133-5.271-6.053—-5.860—5.607—4.883—5.138—4.898—-4.883—-4.796
12 8 90 500 300 —4.829-3.951-3.687—3.825—-5.657—5.464—-5.211—-4.487-4.742—-4.502—4.487-4.400
13 8 120 300 250 —6.155—6.327-6.063—6.201-6.983—6.790—6.538—5.814-6.068—5.828—5.814—-5.726
14 8 120 400 300 —5.820—5.543-5.278—5.417-6.648—-6.454—6.202—5.478—5.732—5.492—-5.478-5.391
15 8 120 500 200 —6.162-6.334-6.069—6.208 —6.99 —6.796—6.544—5.820-6.074—5.834—5.820—-5.732
16 8 150 300 300 —6.461-6.633—-6.368—6.507—-7.289—7.095-6.843—-6.119-6.373-6.133-6.119-6.031
17 8 150 400 200 -6.328-6.500-6.235—-6.374—7.156—-6.962—6.710—5.986—6.240—6.000—5.986—5.898
18 8 150 500 250 —6.174-6.012-5.747-5.886—-7.002—6.809-6.556—5.832—6.087—-5.847-5.832—-5.745
19 12 90 300 200 —7.102-7.274-7.009-7.148-7.930—7.736—-7.484-6.760-7.014—-6.774-6.760—-6.672
20 12 90 400 250 —-6.816—6.988-6.723—-6.862—7.644—7.451-7.198-6.474—6.729-6.489—-6.474—-6.387
21 12 90 500 300 —-6.420-6.592-6.327—6.466—7.248-7.054-6.802—6.078-6.333—6.092—-6.078—5.991
22 12 120 300 250 —7.746-7.633—-7.369—7.507—8.574—8.381-8.129—7.404—-7.659—-7.419-7.404-7.317
23 12 120 400 300 —-7.411-7.265-7.000—7.139—8.238—8.045—-7.793-7.069—7.323-7.083—-7.069-6.981
24 12 120 500 200 —7.753-7.925-7.660—7.799 —8.58 —8.387—-8.135—7.411-7.665—7.425-7.411-7.323
25 12 150 300 300 —8.052—8.491-8.227-8.365—8.879—8.686—8.434—7.710-7.964—7.724-7.710-7.622
26 12 150 400 200 —-7.919-8.091-7.826—7.965—8.746—8.56563—8.301—-7.577-7.831-7.591—-7.577—-7.489
27 12 150 500 250 —7.765—-7.579-7.314—7.453—-8.5693—-8.400—-8.147-7.423-7.678—7.438-7.423-7.336
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Table B2. Signal to noise ratios for material removal rate (larger is better).

Exp. Input Parameters Signal to Noise Ratios (S/NR = dB)
Profiles
No. (mtm) (mm‘?;nin) (g/iain) (M]IJ’a)
1 2 3 4 5 6 7 8 9 10 11 12
1 4 90 300 200 47.00 46.60 46.50 46.90 46.50 47.10 47.00 47.50 46.90 46.40 46.70 46.50
2 4 90 400 250 47.10 47.10 46.50 47.40 47.00 47.90 47.80 48.20 47.70 46.40 47.50 47.30
3 4 90 500 300 47.10 48.20 46.60 46.80 48.00 48.10 47.80 48.20 47.60 46.50 47.40 47.20
4 4 120 300 250 50.90 50.50 50.30 50.80 50.40 51.00 50.90 51.30 50.80 50.30 50.60 50.40
5 4 120 400 300 51.10 50.90 50.50 50.80 50.70 50.80 50.50 50.90 50.40 50.40 50.10 49.90
6 4 120 500 200 51.00 51.50 50.40 51.80 51.50 52.00 52.00 52.40 51.80 50.30 51.60 51.40
7 4 150 300 300 52.30 51.90 51.80 52.20 51.80 52.40 52.10 52.50 52.00 51.70 51.70 51.50
8 4 150 400 200 52.10 51.80 51.50 52.10 51.70 52.10 52.00 52.50 51.90 51.50 51.70 51.50
9 4 150 500 250 52.30 51.80 51.70 52.00 51.70 52.10 52.00 52.40 51.90 51.60 51.60 51.50
10 8 90 300 200 51.70 51.30 51.10 51.50 51.20 51.80 51.70 52.10 51.60 51.00 51.30 51.10
11 8 90 400 250 51.70 51.50 51.10 51.90 51.40 52.00 51.90 52.40 51.80 51.00 51.60 51.40
12 8 90 500 300 51.60 52.10 51.10 51.30 51.90 52.00 51.70 52.10 51.60 51.00 51.30 51.10
13 8 120 300 250 53.20 52.80 52.70 53.20 52.70 53.30 53.20 53.60 53.10 52.60 52.80 52.70
14 8 120 400 300 53.40 53.20 52.80 53.10 53.00 53.10 52.70 53.10 52.60 52.70 52.40 52.20
15 8 120 500 200 53.50 52.80 52.90 53.10 52.70 53.30 53.20 53.70 53.10 52.80 52.90 52.70
16 8 150 300 300 56.30 55.90 55.80 56.00 55.70 55.80 55.50 55.90 55.40 55.70 55.10 55.00
17 8 150 400 200 56.70 56.40 56.10 56.70 56.30 56.90 56.80 57.20 56.70 56.00 56.50 56.30
18 8 150 500 250 56.70 56.90 56.20 57.20 56.80 57.40 57.30 57.70 57.20 56.10 56.90 56.70
19 12 90 300 200 52.60 52.20 52.00 52.50 52.10 52.70 52.60 53.00 52.50 51.90 52.30 52.10
20 12 90 400 250 52.60 52.40 52.10 52.80 52.40 53.00 52.90 53.30 52.80 52.00 52.50 52.30
21 12 90 500 300 52.70 53.10 52.10 52.40 52.90 53.00 52.70 53.10 52.50 52.10 52.30 52.10
22 12 120 300 250 56.50 56.10 55.90 56.40 56.00 56.60 56.50 56.90 56.40 55.80 56.10 56.00
23 12 120 400 300 56.70 56.40 56.10 56.30 56.20 56.30 55.90 56.40 55.80 56.00 55.60 55.40
24 12 120 500 200 56.50 56.00 56.00 56.30 55.90 56.50 56.40 56.80 56.30 55.90 56.10 55.90
25 12 150 300 300 57.90 57.50 57.30 57.70 57.30 57.90 57.60 58.20 57.60 57.20 57.20 57.00
26 12 150 400 200 57.70 57.40 57.10 57.60 57.30 57.40 57.30 57.70 57.20 57.00 56.90 56.80
27 12 150 500 250 57.90 57.20 57.30 57.60 57.10 57.80 57.60 58.20 57.60 57.20 57.40 57.20
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Table B3. Average response table for signal to noise ratios for surface roughness (smaller is better).

Profile 1 Profile 2 Profile 3 Profile 4
Level t Vr m, P t Ve m, P t Ve m, P t Ve m, P
1 —2.606 -4.637 -5.491 -5.449 —2.776 —4.676 -5.661 —5.648 -2.512 —4.412 -5.396 —5.383 —2.650 —4.550 —5.535 -5.522
2 —5.852 —5.494 -5.239 -5.300 —5.820 =5.577 -5.326 -5.350 —5.555 -5.312 -5.062 —5.085 -5.694 =5.451 —5.200 -5.224
3 —7.442 -5.769 -5.170 -5.152 =7.537 —5.881 —5.146 -5.136 =7.273 -5.616 —4.882 -4.871 -7.411 —5.755 —5.020 -5.010
Delta 4.836 1.133 0.321 0.297 4.761 1.204 0.515 0.512 4.761 1.204 0.515 0.512 4.761 1.204 0.515 0.512
Rank 1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4
Profile 5 Profile 6 Profile 7 Profile 8
Level t Vs m, P t Ve m, P t Ve m, P t Ve m, P
1 -3.434 —5.465 -6.319 -6.276 -3.241 -5.271 -6.125 -6.083 —2.989 -5.019 -5.873 -5.831 —2.264 —4.295 -5.149 -5.107
2 -6.679 -6.322 -6.067 -6.128 —6.486 -6.129 -5.874 -5.935 -6.234 -5.876 -5.622 —5.682 =5.510 -5.152 —4.897 —4.958
3 -8.270 -6.597 -5.998 -5.979 -8.077 —6.404 -5.805 —5.786 —7.825 -6.152 —5.552 -5.534 -7.101 —5.427 —4.828 -4.810
Delta 4.836 1.133 0.321 0.297 4.836 1.133 0.321 0.297 4.836 1.133 0.321 0.297 4.836 1.133 0.321 0.297
Rank 1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4
Profile 9 Profile 10 Profile 11 Profile 12
Level t Ve m, P t Ve m, P t Ve m, P t Ve m, P
1 -2.519 —4.550 -5.404 -5.361 —2.264 —4.295 -5.149 -5.107 —2.177 —4.208 -5.062 -5.019 —2.279 —4.309 -5.164 -5.121
2 -5.764 -5.407 -5.152 -5.213 -5.510 -5.152 —4.897 —4.958 —5.422 -5.065 -4.810 -4.871 —5.524 -5.167 -4.912 -4.973
3 —7.355 —5.682 -5.083 -5.064 -7.101 —5.427 —4.828 —4.810 -7.013 -5.340 —4.741 —4.722 -7.115 —5.442 —4.843 —4.824
Delta 4.836 1.133 0.321 0.297 4.836 1.133 0.321 0.297 4.836 1.133 0.321 0.297 4.836 1.133 0.321 0.297
Rank 1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4
Table B4. Average response table for signal to noise ratios for material removal rate (larger is better).
Profile 1 Profile 2 Profile 3 Profile 4
Level t Ve m, P t Ve m, P t Vs m, P t Ve m, P
1 50.10 50.46 53.16 52.44 50.05 50.50 52.76 52.28 49.53 49.90 52.59 51.87 50.09 50.38 52.99 52.42
2 53.87 53.64 53.22 53.04 53.66 53.36 53.02 52.66 53.30 53.07 52.66 52.47 53.77 53.53 53.18 52.95
3 55.68 55.55 53.26 54.17 55.37 55.21 53.30 54.14 55.11 54.98 52.69 53.61 55.50 55.44 53.18 53.98
Delta 5.58 5.08 0.10 1.74 5.32 4.71 0.54 1.86 5.58 5.08 0.10 1.74 5.41 5.06 0.20 1.55
Rank 1 2 4 3 1 2 4 3 1 2 4 3 1 2 4 3
Profile 5 Profile 6 Profile 7 Profile 8
Level t Ve m, P t Ve m, P t Ve m, P t Ve m, P
1 49.92 50.37 52.63 52.18 50.41 50.85 53.18 52.64 50.23 50.68 53.01 52.52 50.65 51.09 53.45 52.94
2 53.53 53.23 52.89 52.56 53.96 53.67 53.28 53.12 53.79 53.49 53.11 53.00 54.20 53.91 53.53 53.42
3 55.24 55.08 53.17 53.95 55.69 55.54 53.59 54.30 55.51 55.37 53.42 54.01 55.96 55.81 53.83 54.44
Delta 5.32 4.71 0.54 1.77 5.28 4.69 0.41 1.67 5.28 4.69 0.41 1.49 5.30 4.72 0.38 1.50
Rank 1 2 4 3 1 2 4 3 1 2 4 3 1 2 4 3
Profile 9 Profile 10 Profile 11 Profile 12
Level t Ve m, P t Ve m, P t Ve m, P t Ve m, P
1 50.11 50.56 52.91 52.41 49.45 49.81 52.51 51.78 49.88 50.32 52.65 52.17 49.70 50.14 52.47 51.98
2 53.67 53.37 52.99 52.89 53.22 52.98 52.57 52.38 53.43 53.13 52.75 52.65 53.25 52.95 52.57 52.46
3 55.42 55.27 53.30 53.91 55.02 54.89 52.61 53.52 55.16 55.01 53.06 53.65 54.97 54.83 52.88 53.47
Delta 5.30 4.72 0.38 1.50 5.58 5.08 0.10 1.74 5.28 4.69 0.41 1.49 5.28 4.69 0.41 1.49
Rank 1 2 4 3 1 2 4 3 1 2 4 3 1 2 4 3
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APPENDIX C Data for multi-objective optimisation of AWdJ contour

cutting process parameters

Table C1. ANOVA of R. for t =4 mm

R.1 R. 2 R. 3
Source
Contribution % p-Value Contribution % p-Value Contribution % p-Value
X, 59.90 0.001 69.43 0.000 69.39 0.000
X, 5.16 0.067 3.49 0.068 3.77 0.017
X3 30.19 0.002 23.86 0.002 24.09 0.001
Error 4.74 3.23 2.74
Total 100.00 100 100
Table C2. ANOVA of R, for t = 8 mm
R.1 R.2 R. 3
Source
Contribution % p-Value Contribution % p-Value Contribution % p-Value
X, 72.21 0.000 71.07 0.000 64.06 0.000
X, 7.96 0.007 11.57 0.003 3.94 0.013
X3 17.84 0.001 15.52 0.001 30.64 0.001
Error 1.99 1.84 1.36
Total 100.00 100.00 100.00
Table C3. ANOVA of R, for t = 12 mm
R.1 R. 2 R. 3
Source
Contribution % p-Value Contribution % p-Value Contribution % p-Value
X 57.23 0.000 58.85 0.000 57.21 0.001
X, 3.44 0.026 5.31 0.002 17.66 0.011
X3 34.59 0.000 33.1 0.000 19.47 0.009
Error 4.74 2.74 3.23 3.23
Total 100.00 100.00 100.00
Table C4. ANOVA of MRR for t =4 mm
MRR 1 MRR 2 MRR 3
Source
Contribution % p-Value Contribution % p-Value Contribution % p-Value
X, 71.14 0.000 70.98 0 75.503 0
X, 4.35 0.023 2.65 0.067 3.345 0.048
X;3 22.42 0.002 23.93 0.001 18.688 0.002
Error 2.08 2.44 2.464
Total 100.00 100.00 100.00
Table C5. ANOVA of MRR for t = 8 mm
MRR 1 MRR 2 MRR 3
Source
Contribution % p-Value Contribution % p-Value Contribution % p-Value
X1 76.69 0.000 76.12 0.000 70.51 0.000
X, 7.13 0.002 3.62 0.038 0.12 0.751
X3 15.05 0.000 17.98 0.002 24.09 0.005
Error 1.14 2.29 5.27
Total 100.00 100.00 100.00
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Table C6. ANOVA of MRR for t =12 mm

MRR 1 MRR 2 MRR 3
Source Contribution % p-Value Contribution % p-Value Contribution % p-Value
X, 77.55 0.000 78.94 0.000 73.29 0.000
X, 9.03 0.002 4.13 0.04 4.15 0.028
X3 12.11 0.001 13.3 0.001 20.35 0.001
Error 1.31 3.63 2.21
Total 100.00 100.00 100.00
Table C7. ANOVA of KTA for t = 4 mm
KTA 1 KTA 2 KTA 3
Source
Contribution % p-Value Contribution % p-Value Contribution % p-Value
X, 64.21 0.000 58.7 0.000 56.74 0.000
X, 6.75 0.014 6.77 0.017 5.27 0.075
X3 26.6 0.001 31.78 0.001 32.74 0.001
Error 2.45 2.74 5.26
Total 100.00 100.00 100.00
Table C8. ANOVA of KTA for t =8 mm
KTA 1 KTA 2 KTA 3
Source
Contribution % p-Value Contribution % p-Value Contribution % p-Value
X, 59.49 0.001 67.49 0.000 60.95 0.000
X, 11.84 0.015 5.63 0.013 4.42 0.047
X3 26.69 0.002 21.65 0.001 31.42 0.001
Error 1.98 5.24 3.21
Total 100.00 100.00 100.00
Table C9. ANOVA of KTA for t = 12 mm
KTA 1 KTA 2 KTA 3
Source
Contribution % p-Value Contribution % p-Value Contribution % p-Value
X, 53.33 0.000 70.59 0.000 55.67 0.000
X, 12.65 0.055 0.22 0.245 5.24 0.033
X3 31.40 0.001 25.50 0.000 36.04 0.001
Error 0.63 3.70 3.05
Total 100.00 100.00 100.00
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