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Abstract
Austenitic stainless steel 304L (AISI304L), of varied thickness, is widely used in the fabrication industry and in many
cases, it requires contour machining for achieving intricate profiles. Abrasive water jet machine is a proficient alternative
for machining difficult-to-cut, reflective, conductive, and heat-sensitive materials such as austenitic stainless steel with
complex geometries. However, due to differences in machining responses for varied material conditions, the abrasive
waterjet machine experiences challenges such as kerf geometric inaccuracy and low material removal rate. In this study,
an abrasive waterjet machine is employed to perform contour cutting of different profiles to investigate the impacts of
traverse speed and material thickness in achieving a lower kerf taper angle and higher material removal rate.
Experimental results show that all profiles encountered a similar trend of obtaining higher kerf taper angle and material
removal rate as traverse speed increased. Analysis of variance revealed that material thickness denotes a more
significant impact to kerf taper angle and material removal rate with a contribution within the range of 69%-91% and 6269% respectively; whereas traverse speed indicates the least contributing factor within the range of 5%-18% in kerf taper
angle and 27%-36% for 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 and components, and construction materials [1]. Hence, AISI 304L is a difficult-to-cut material that possesses
drawbacks related to its high alloying content, 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 its metallurgical properties. Although various non-conventional technologies may be applied to cut
stainless steel, such as a laser beam machine, these often have a large heated affected zone (HAZ) that affect
metallurgical properties [2]. The abrasive waterjet machine (AWJM) has become recognized as an implicit solution for
machining metallic and heat-sensitive in a range of material thickness, as there is no heat generated during this process
[3]. AWJMs can cut hard and delicate materials with a wide range of thickness at a very low machining force, which
prevents the destruction of the properties of the target workpiece [4]. However, whilst AWJMs demonstrate capability in
machining difficult-to-machine materials, they still experience some challenges. For instance, Kerf taper is the tapering
angle generated during the AWJM process that is associated with the variation of taper width, which is the cut width at
the top and bottom of the material [5, 6]. Further, materials like stainless steel have a relatively low material removal rate
due to their relative machinability. The material removal rate in an AWJM for ductile materials such as stainless steel is
facilitated by a combination of cutting wear and deformation wear mechanism [5]. This involves the quantity of removed
material from the workpiece per unit time.
The literature shows that several researchers have studied the effect of different parameters in the quality and efficiency
of the AWJM cutting performance. AWJM cutting operation involves several variable parameters that impact actual
machining 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]. Quality defects such as kerf taper, cutting residue, and striation in AWJM cutting of AISI
304 have been studied by Miao, et al.[7]. Their study postulated that decreasing the energy of the jet is the reason behind
these defects. Mohamad et al. [8] have investigated the kerf taper angle generated in AWJM cutting of AISI 1090 mild
steel. The results indicated that the ratio of kerf taper increased at a higher level of standoff distance. Ishfaq et al. [9]
have distinguished that traverse speed and abrasive mass flow rate are the significant parameters for material removal
rate, where traverse speed has been established as the most impacting factor on AWJM cutting of stainless-clad steel
workpieces. Within the study, the feed rate was revealed to be the most significant parameter in controlling the responses
on surface roughness and kerf taper angle in abrasive waterjet cutting of AISI 1018 with 5mm thickness [10]. Thakkar et
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al. [11] have investigated the effect of traverse speed, abrasive mass flow rate, and standoff distance on material
removal rate in AWJM 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 revealed to decrease kerf
taper in AWJM straight cutting of AISI 304 [12]. Traverse speed regulates 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 the technique, and continue to be studied, with regards to performance, including low material removal rate
and distorted kerf geometry in employing varied traverse speed levels. Figure 1 presents a summary of experimental
results obtained from several reviewed studies that have investigated the impacts of traverse speed to material removal
rate and kerf taper angle in cutting different metals with AWJM [10, 13-18].
It is evident from Figure 1 that 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. Previously published papers have applied a specific
material thickness in their AWJM cutting 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 AWJM cutting. Accordingly, a machinability study has been performed by Khan et al. [18] detailing AWJM
performance in cutting low alloy steel of different thicknesses (5,10,15,20mm). Their experiments reported that the
material thickness impacts the machine performance, including material removal rate, surface roughness, and kerf wall
inclination. Further, the study showed that increasing the thickness of the material requires a higher traverse speed and
water jet pressure to achieve better results. Additionally, the influence of sheet thickness, nozzle diameter, standoff
distance, and traverse speed to kerf geometry and surface roughness in AWJM cutting of transformation-induced
plasticity (TRIP) sheet steel with varied thickness of 0.9 and 1.25 mm, has been investigated by Kechagias et al. [15].
They have demonstrated that for a higher thickness material decreased kerf width and roughness can be achieved by
applying 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, effectively lowering the contact time of
abrasive particles within the cutting process.
Literature showed that AWJ experiments and studies have been employed specifically in cutting straight- profiles, with
limited investigations on the machining of complicated shapes such as curves. Further, the cutting of complex
geometries is more frequently applied in manufacturing industries than straight-slit or linear cutting [19]. Challenges
such as deformation of the material during the machining process are particularly prevalent in cutting corners and
curvature, due to the taper and deceleration of a jet inside the kerf [20] Therefore, this research gap requires further
investigation.
Abrasive water jet machine can produce contours due to the unidirectional cutting path system [21], where contour
cutting is commonly applied rather than straight-slit cutting for metals that possess a wide range of thicknesses. The
formability of a product requires curvature and details regardinghe inner and outer outline of nested geometries. Contour
cutting involves various convex and concave arcs that make the process more challenging as compared with linear
cutting. To obtain precision in contour cutting, proper management of the process parameters is essential. In this
research, austenitic stainless steel grade 304L material was utilised to study AWJM contour-cutting performance. Key
variables, such as material thickness and traverse speed, are considered in addressing issues related to the differing
radius of curvature, acute edges, and straight cutting path of AWJM.

2. Experimental Procedure
2.1 Material
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Austenitic stainless steel grades, such as 304L, are applied in higher volumes in various manufacturing fields compared
to other grades because of their high ductility, high durability, and excellent corrosion resistance [1]. This increasing
market requirement has led to further study of its machining operations to obtain efficiency in the quality of cut. The
chemical composition and mechanical properties of AISI 304L are detailed in Table 1. The material thickness applied
within this study was 4, 8, and 12 mm a uniform gap to observe the relative differences in AWJM behaviour towards this
material. This experiment has been conducted on an AWJM contour - cutting operation to investigate the impacts of the
traverse speed.
Table 1: Chemical and mechanical properties of AISI 304L in wt%
Chemical

Mechanical

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

0.2% Proof Stress

Tensile Strength MPa

Elongation %

Hardness HB Max

205

520- 750

40

202

2.2. Machine and equipment set-up
An abrasive waterjet machine, model OMAX MAXIEM 1515, was used for contour cutting of AISI304L material. The
machine has a built-in PC-based CAD/CAM with many distinct 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. Specifications of the machine are further detailed in Table 2. The
experiment was executed with the corresponding set-up illustrated in Figure 2.
Table 2: AWJM OMAX MAXIEM 1515 Specifications.
Parameters

Range

Max Pressure (Mpa)

413.7 (4,137 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 illustrated in Figure 2 (a), the abrasive waterjet machine generates high-pressure water from the pump machine which
is then driven to the nozzle system. As shown in Figure 2 (b), the nozzle system included an abrasive hopper an orifice, a
mixing chamber, and a focusing tube. The water, travelling with a high level of velocity, is then forced out of the orifice in
a very thin stream structure [22]. The hopper consisted of a plastic tube that held the abrasive particles and dispensed
them to the cutting head, where the abrasive particles were drawn into a waterjet stream in the mixing chamber. The
high-speed waterjet alongsideabrasive particles was then mixed and accelerated to create an abrasive waterjet [22].
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The cutting path used in this study is illustrated in Table 3, along with enumerated varied profiles (i.e. arcs and straight
geometries) to evaluate the AISI404L response to AWJM cutting.

According to Wang et al. [23], 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. Selected curves and arcs profile, i.e. 1040 mm, provided evidence of high kerf taper and geometrical inaccuracies from previous investigations [23-26]
demonstrating the need for further investigations using hard-to-cut materials.
2.2.1 Input parameters
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 assignment of
levels was chosen after an intensive literature review and on contemporary researchers [10, 13-18]. Constant input
parameter settings were defined due to machine limitations and/or constraints surveyed AWJM previous experiments
that revealed its effectiveness [10, 13-18].
Table 4: Variable input parameters values
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Parameters

Level 1

Level 2

Level 3

Material Thickness, (mm)

4

8

12

Traverse Speed, T(mm/min)

90

120

150

Table 5: Constant input parameters values.
Parameters

Values

Orifice Diameter (mm)

2.8

Abrasive type

Garnet

Abrasive mesh number

80#

Waterjet pressure (MPa)

275

Abrasive mass flow rate (g/min)

300

Standoff distance (mm)

1.5

2.2.2 Output parameters
The performance of abrasive waterjet machine is determined by the amount of material removed from the candidate
workpiece and by the accuracy of the geometry of the cut relying on the kerf width and taper angle [27]. Accordingly, the
kerf taper angle and material removal rate have been selected for consideration as output parameters in this study.
Kerf taper is the tapering angle resulting from AWJM machining measured according to the proportion of the sum of kerf
top width and kerf bottom and thickness of the workpiece [6]. Kerf width refers to the ratio of entry and exit cut width.
Kerf top and bottom width dimensions were investigated using a digital microscope, model LEICA M80. Eq.1 was utilised
to calculate the kerf taper angle following abrasive waterjet cutting of AISI 304L [28]. Kerfs geometries scheme is
illustrated in Figure 3 [9].

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 Eq. 2 [27].

2.3 Analysis of variance
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 [29].
In this study, the measured input parameters are traverse speed, and material removal rate, whilst the AWJM cutting
responses are kerf taper angle and material removal rate. The ANOVA was performed with a confidence interval of 95%,
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which has typically been utilised 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 [30, 31]. The
percentage contribution assesses the effect of each input parameter on the output, where for P-values estimated at more
than 0.05 or 5%, is considered insignificant [32].

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, kerf geometries such as kerf top width, and kerf bottom width have been measured. Each trial
combination was repeated in 2 runs and calculated for averaged results. In referring to the images in Figure 4, it can be
seen that the aspects of the cut have irregular shapes, whereas material thickness increases cut quality has deteriorated
at the bottom cut. It can be seen within the figure 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. The
initial collision of the abrasive particle towards the workpiece generates forces that are greater than the crushing load,
causing particles to get fractured and reduced during the cutting process. Denser abrasive particles move towards the
target material and decrease forces, causing a narrowing of the kerf at the bottom part [3]. Regardless of whether cut
geometry was in arcs or a straight profile, a lowering of the kerf at the exit cut dimension and irregularities of shape were
observed.
Figure 5 shows the correlation of varied traverse speed and material thickness of 4, 8, and 12mm of AISI304L in
comparison with contour cutting consisting of (a) external arcs, (b) internal arcs, and (c) straight line.
The results of AWJM cutting of curvature and straight line profiles demonstrate the same trend of a wider kerf top width
compared to the kerf bottom width. AWJM cutting operation takes place through an erosion process where abrasives are
suspended in a high velocity of water jet stream, resulting in an increasing acceleration of the abrasive particles, where
their kinetic energy impingement and the collisions of these abrasive particles transpire the material removal towards the
target material [5]. The kinetic energy of the abrasive particles is radically high at first impact, where it moderately
decreases during the machining application process [9]. The experimental data presented in Figure 5 demonstrates that
the narrowing of top and bottom kerf widths depends directly on the decreasing amount of abrasive particles during the
machining process. A similar explanation was study by Jeykrishnan et al. [33], where a larger kerf top width than bottom
width formed by AWJM in an Inconel 625 alloy. In this study, a lower rate of traverse speed at 90 mm/min amounted to
lower variation in kerf widths as compared to a higher rate of 120-150mm/min. A lower gap in the kerf width geometry
indicates better performance in AWJM cutting operations. The explanation for this is that a low traverse speed rate
carries a vast number of abrasive particles that can impinge the target workpiece [5]; whereas a faster or higher traverse
speed reduces the number of abrasive particles that execute cutting operations or machining motions [28].
3.2 Kerf Taper Angle results and analysis
Figure 6 shows the Kerf taper angles obtained in AWJM profile cutting of AISI304L, 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 thickness with traverse
speed levels of 90,120, and 150 mm/min.
Figure 6 shows that gradual machining with a low level of traverse speed of 90 mm/min has achieved the smallest kerf
taper angle value of 0.825º for 4 mm, 1.092° for 8 mm and 1.235° for 12 mm material thickness. For materials such as
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stainless steel, a disparity in taper cut is due to deformation-induced from ductile material during machining operations
[20]. The formation of kerf taper inherent in AWJM cutting application is due to the changing conditions at the interface.
Kerf tapering has been observed at the entrance and exit of the jet, initiated by the low energy abrasive particles
suspended at the exterior of the coherent jet [34]. 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 [9]. It has been noted in the findings of Wang et al. [35] that kerf taper correlates with
traverse speed and the thickness of a material. In this research, the values of KTA were visibly higher at 8 and 12 mm
thickness than 4 mm AISI 304L, as shown in Figure 6.
The results indicated that kerf geometry inaccuracies within the machined AISI 304L were recognised at a higher or
increasing traverse speed. 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 the 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 AWJM profile cutting of AISI304L.
A similar trend of increasing the level of input parameters results in increasing values for output parameters has been
observed for both curvature (i.e. arcs and straight line profiles) and different thicknesses of materials. In this study, the
lowest value of KTA of 0.825º for arcs profile and 0.916º 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 mmᵌ/min was obtained from machining of curvature
profile and 751.50 mmᵌ/min achieved when cutting straight line profiles at a higher value of traverse speed at 150
mm/min rate. 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 a higher erosion
rates and leads to higher material removal rate. With a higher level of traverse speed, the machining rate is increased,
resulting in more material being removed from the workpiece. In turn, the material removal rate is noted to be mainly
influenced by traverse speed, similar findings with previous studies [11].
In this experiment, the amount of material removed increased by approximately 60 - 80% as the value of material
thickness increased from 4 mm to 12 mm. It has been observed that a higher material thickness obtained a higher value
of MRR 346.50 mmᵌ/min for 4 mm, 612.00 mmᵌ/min for 8 mm, and 769.50 mmᵌ/min for 12 mm material thickness of
AISI304L material. The study also showed that traverse speed is an essential factor in obtaining a higher material
removal rate, demonstrating a direct proportional trend to MRR.
3.4 Statistical analysis
Analysis of variance for kerf taper angle and Material removal rate
Analysis of variance (ANOVA) was performed to validate the kerf angle and material removal rate from the varied
thickness of twelve AISI 304L profile and is given in Figure 8.
The ANOVA results in Figure 8 denote that the percentage contribution of material thickness on the 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 [12]. An increase in material thickness denotes prolonged
cutting operations, which continuously decreases the kinetic energy of abrasive particles, producing a higher taper angle.
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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. In AWJM cutting,
machining is fundamentally executed by the cohering action produced through impact by a number of abrasive particles
towards a workpiece [9]. As a result, material removal rate and thickness are directly proportional, where it is possible to
achieve higher MRR even when machining samples with increasing thickness.

Conclusions
In this experimental study, an Abrasive waterjet machine application was investigated for contour cutting of AISI 304L.
The impact of traverse speed and material thickness kerf geometries, and material removal rate was examined. The
following conclusions were made:
1. AWJM provides a similar behaviour in cutting curvature and straight line profiles of AISI 304L workpiece, in terms of
kerf geometries and rate of material removal responses. A minimum KTA value of 0.825° and maximum MRR of
769.50 mmᵌ/min were obtained from machining of curvature profile, whereas a minimum of 0.916º KTA and
maximum of 751.5 mmᵌ/min occurred when cutting straight line profiles.
2. The higher traverse speed was responsible for, the wider kerf top width compared to the kerf bottom width. The
performance of abrasive waterjet machine cutting was found to achieve better kerf geometries in employing a lower
rate of traverse speed. However, in achieving a higher material removal rate, a higher traverse speed is shown to be
much effective. It was observed that 90 mm/min traverse speed provided the lowest KTA values 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 mmᵌ/min for 4 mm, 609.0 mmᵌ/min for 8 mm and 769.5 mmᵌ/min for 12 mm
thickness of AISI304L material.
3. 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 was shown to generate 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 material removal rate.
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Figure 1
Statistics of impacts of traverse speed in (a) Material removal rate and (b) Kerf taper angle AWJM straight cutting of
various metals.

Figure 2
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Experimental set-up (a) Schematic diagram of the nozzle system and (b) AWJM Cutting head

Figure 3
Scheme of AWJM cutting kerf geometries.
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Figure 4
Sample of kerf width images of arcs and straight profile cut in 100µm.
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Figure 5
Correlation of traverse speed and material thickness towards kerf widths in AWJM profile cutting of AISI304L

Page 15/16

Figure 6
Impacts of material thickness and traverse speed towards Kerf taper angle in AWJM profile cutting of AISI304L

Figure 7
Impacts of material thickness and traverse speed towards Material removal rate in AWJM profile cutting of AISI304L

Figure 8
ANOVA results of KTA & MRR for AWJM contour cutting of AISI304L with varied thickness
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