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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.
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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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1 2 3 4 5 6 ¥ 8 9 10 11 12
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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].



Metals 2021, 11, 1362 14 of 25
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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