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Abstract: The effect of the water pressure, traverse speed, and abrasive feed rate on the circularity,
cylindricity, kerf taper, and surface roughness of holes produced by abrasive waterjet machining
(AWJM) of a carbon-fibre-reinforced polymer (CFRP) composite was investigated in the current study.
It was found that the circularity deviation decreased as the water pressure was increased. Cylindricity
was affected by all three parameters, although the abrasive feed rate caused the largest deviations as
it increased. The surface roughness was affected by all three, but a clear connection was not able to
be concluded. The kerf taper ratio reduced with an increase in water pressure, while it increased with
an increase in the abrasive feed rate and an increase in the traverse speed. To obtain optimum results,
the water pressure should be increased, the traverse speed should be decreased, and the abrasive
feed rate can remain constant but is recommended to be slightly reduced.

Keywords: carbon-fibre-reinforced polymer (CFRP); abrasive waterjet machining (AWJM); surface
damage

1. Introduction

Materials with excellent quality and properties are always desired in any engineering
application. Besides metals and alloys, polymer matrix composites are now used in many
worldwide industries, which include aerospace, automotive, medical, and sporting indus-
tries [1–3]. Among various polymer matrix composites, carbon-fibre-reinforced polymer
(CFRP) is one of the most well-known composite materials used worldwide [4,5]. Due to
the nature and properties of CFRP composites, conventional methods of machining have
proven to be costly and inaccurate and to cause surface damages [6] that could impact the
performance of the final component when it is used in high-performance applications [7,8].
In aircraft and other structural applications where CFRP composites are used, the parts are
often mechanically joined together through the use of bolts and rivets [9,10]. This requires
making a large number of holes with accurate dimensions so that they pass quality control
at the assembly stage [2]. Therefore, having accuracy and quality is very important for the
joint strength and fatigue life of the components [6].

Conventional methods of machining have been proven to be very inefficient and to
cause negative effects on the CFRP composite workpieces [9,11]. These negative effects
involve cracking, fibre pull out, fibre breakage, thermal degradation, and delamination,
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which, in turn, affect the mechanical properties [1]. Thus, non-conventional methods
of machining, such as abrasive waterjet machining (AWJM), are found to be excellent
alternatives for CFRP composites. This machining process uses small grains of an abrasive,
such as garnet. During AWJM, the momentum of the waterjet is partially transferred into
the abrasive particles, and a portion of this momentum change causes the disintegration of
particles inside the mixing chamber (the inner part of the cutting head). This kinetic energy
of the particles causes controlled erosion of the surface of the material and cuts through
it [12]. It causes no thermal effects, does not require the material to be conductive, and
involves relatively low cutting force, which makes it more appealing than similar processes,
such as laser cutting, plasma cutting, and/or electro-discharge machining (EDM) [13].
Therefore, AWJM has the potential to cut slits and holes into CFRP composites accurately
with minimal damage to provide a quality product that can be used in advanced scenarios.

Although AWJM seems to be the best option for cutting/machining CFRP composites,
it does also have some drawbacks. The input parameters for the AWJM have been found
to influence the final surface characteristics, the accuracy of the cut, and the damages. As
there are a number of input parameters involved with abrasive waterjet machining and a
large range of values that they can be programmed to be, this proves to be a complicated
problem to analyse in depth. Therefore, experiments to investigate the particular effects of
each input parameter and their interaction effects on the other input parameters are a very
important area of study.

According to Dhanawade et al. [7,8], the traverse speed is the most significant factor,
followed by the water pressure, to affect the surface roughness of the machined CFRP
composite, whereas the standoff distance and abrasive feed rate have insignificant effects.
The surface delamination was observed to be more frequent at the bottom of the test
piece. The kerf taper ratio was found to decrease with an increase in the water pressure,
while having a decrease in the traverse speed and the standoff distance increases both
the kerf width and the taper [14]. It was also reported that increasing the abrasive feed
rate resulted in a decrease in the kerf taper. This concludes that a higher value of water
pressure, a low value of traverse speed and standoff distance, and a high abrasive feed
rate resulted in minimum surface roughness. Thongkaew et al. [15] and Lee et al. [16]
reported that hole drilling generates greater damages to the CFRP composite due to the
initial shockwave impact of the waterjet on the workpiece surface. They concluded that
a higher water pressure and a lower traverse speed were key to ensuring minimal kerf
taper. It was observed that even though every parameter does affect the outcome of the
machining process, the water pressure, traverse rate, and abrasive feed rate seem to be the
most important ones. A study into AWJM of graphite/glass/epoxy composite [17] also
showed that an increasing water pressure increases the kerf width, although increasing
the traverse speed decreased the same kerf width. The interaction effects of the process
parameters on the kerf width were insignificant; therefore, all could be independently
altered to obtain the required kerf width. A study by El-Hofy et al. [18] is an example
of a full factorial experimental design, with the results being analysed using analysis of
variance (ANOVA). This study looked at the impacts of the input parameters, such as the
water pressure, traverse speed, and standoff distance, on the top and bottom kerf width,
kerf taper, machinability, and surface characteristics of a ‘straight line cut’ into a sheet of
multidirectional CFRP laminate [19,20]. It was concluded that the kerf width at the top and
bottom increased with the water pressure and standoff distance and decreased with the
traverse speed. For a better surface finish, high water pressure, low traverse speed, and
low standoff distance were recommended; meanwhile, in order to decrease the kerf taper,
it was found that high water pressure, low standoff distance, and high traverse speed were
the most effective. As delamination is the most common and prevalent surface damage
that occurs from AWJM, a preliminary study conducted by Mayuet et al. [21] looked
exclusively into the delamination damages caused directly by altering the input parameters.
It highlighted the importance of the abrasive size, abrasive flow rate, and interaction time
in terms of the material removal mechanism and its contribution towards defects formation.
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Although there are a number of reports available in the literature [1,15,18,21,22] on AWJM
of CFRP composites, almost all of these studies deal with ‘straight line cutting’ rather than
drilling holes and their characteristics. However, it is imperatively needed to exploit the
potentials of ‘hole fabrication’ in CFRP composites by AWJM.

Therefore, the motivation of the current work is to analyse the effects of the input
parameters of AWJM on the quality of the cut and how this affects the surface finish of CFRP
polymers. The objective was achieved by experimental investigation and by evaluating the
effects of the independent input variables of traverse speed, water pressure, and abrasive
flow rate within the waterjet on the output parameters, such as circularity, cylindricity, kerf
taper ratio, and surface roughness, of a circular 12 mm hole drilled into a 6 mm thick sheet
of a CFRP composite.

2. Experiments
2.1. Material

The CFRP composite used in the present experiment came in the form of a
160 × 160 cm rectangular sheet with 6 mm thickness, which was procured commer-
cially from DragonPlate (New York, USA). The CFRP sheet was layered at a 0◦/90◦

orientation, and it was composed of a tough and rigid carbon-fibre-reinforced epoxy
matrix. The layered directional fibres were 12 K 34-700 fibres [23] in a twill weave form,
and the epoxy resin was Bisphenol A [24], which was cured at room temperature. The
mechanical properties of the test piece are shown in Table 1, which were obtained from
the manufacture (Mitsubishi rayon carbon fibre) and the composite data sheet [25].

Table 1. Physical and mechanical properties of the fibre and the associated composite [25].

Fibre Properties

Tensile properties
Strength (MPa) 4830

Modulus (GPa) 234

Density (g/cm3) 1.8

Typical yield (Mg/m) 12 K 800

Composite Properties

Tensile properties
Strength (MPa) 81

Modulus (GPa) 9.2

Compressive properties
Strength (MPa) 196

Modulus (GPa) 10.2

Flexural properties
Strength (MPa) 102

Modulus (GPa) 8.8

2.2. Instrument Used

The abrasive waterjet machine used in the experiments was a Techni waterjet i510-G2
with an NXT 66 water pump (gen 2). This pump can provide the focusing tube, with
pressures ranging from 275 to 413 MPa. The orifice used was made from sapphire, with
a 0.3048 mm diameter. The focusing tube diameter was 0.762 mm. The abrasive particles
used were garnet of mesh #80 (Geraldton, Western Australia). These abrasive particles were
fed to the waterjet machine via a gravity hopper. Once the abrasive particles performed
their work to the material being cut, they were collected underneath in the catch tank,
accompanied by the material debris. The angle of impact was set at 90◦, which was
perpendicular to the workpiece. Such an incident angle ensures a maximum material
removal rate, as reported by Basak et al. [26]. A coordinate measuring machine (CMM)
(Sheffield Discovery 2 D-8) fitted with a Renishaw probe (PH6A) was used to measure
the circularity, cylindricity, and conical functions of the fabricated holes. At least eight
individual measurements were conducted around the centre of the hole/cut-out to ensure
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result reliability, and average values were reported and used for data analysis. The surface
roughness was measured by a surface profilometer (Mitutoyo, Model—SJ-201) in contact
mode. To find out the surface morphology of the holes/cut-outs, an optical microscope
was used to recode the photos both at top and bottom surfaces.

2.3. Experimental Design

The experiment was designed to be a three-level full factorial [22] that led to
27 individual experiments. Such a design of experiments ensured that variables could
interact with all of the levels and that comparisons could be made between each variable.
The three values for each of the levels were required to have an equal difference in
quantities, so they were chosen with a difference that was large enough to show a change
in results without being increased too much to be unrealistic in the optimising aspect.
The previous reports [27] used very large differences in the values while incorporating
more factors to influence the output. Therefore, the current experiment used such input
parameters to further narrow the optimum input parameters by reducing the range of
the values. Those parameters were chosen based on the information available in the
literature as well as the availability of the resources in the lab. The waterjet pressure, tra-
verse speed, and abrasive flow rate were the variables investigated in the present study;
they are given in Table 2, together with the constant parameters. The constant variables
were the stand-off distance, orifice size, abrasive grit type, focusing tube diameter, and
length. All the experiments were repeated three times, and mean values were reported
with error bars (standard deviation) in a graphical format.

Table 2. Variable and constant parameters during AWJM.

Factor Parameter Minimum
(Low Level)

Medium
(Medium Level)

Maximum
(High Level)

A Water pressure
(MPa) 275 345 413

B Abrasive feed rate
(g/mim) 200 400 600

C Traverse speed
(mm/mim) 60 120 180

Constant Variables

Stand-off distance (mm) 3

Orifice size (mm) 0.3048

Abrasive grit mesh 80

Focusing tube diameter (mm) 0.762

Focusing tube length (mm) 76.2

The experimental testing was designed so that it could be completed in the order
from 1 to 27 in the quickest time to be as efficient and streamlined as possible. This was
accomplished by finding out which variable was the most to the least difficult to alter.
The abrasive feed rate was the most difficult to change, followed by the water pressure,
and, lastly, the traverse speed. Therefore, due to the nature of the three-level full factorial
experiment with levels 0, 1, and 2, the traverse rate changed each test, the water pressure
changed every 3 tests, and the abrasive feed rate changed every 9 tests, as can be seen
from Table 3.
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Table 3. Details of the design of the experiment.

B A C Test Number Abrasive Feed Rate
(g/min)

Water Pressure
(MPa)

Traverse Speed
(m/s)

0 0 0 1 200 275 60

0 0 1 2 200 275 120

0 0 2 3 200 275 180

0 1 0 4 200 345 60

0 1 1 5 200 345 120

0 1 2 6 200 345 180

0 2 0 7 200 413 60

0 2 1 8 200 413 120

0 2 2 9 200 413 180

1 0 0 10 400 275 60

1 0 1 11 400 275 120

1 0 2 12 400 275 180

1 1 0 13 400 345 60

1 1 1 14 400 345 120

1 1 2 15 400 345 180

1 2 0 16 400 413 60

1 2 1 17 400 413 120

1 2 2 18 400 413 180

2 0 0 19 600 275 60

2 0 1 20 600 275 120

2 0 2 21 600 275 180

2 1 0 22 600 345 60

2 1 1 23 600 345 120

2 1 2 24 600 345 180

2 2 0 25 600 413 60

2 2 1 26 600 413 120

2 2 2 27 600 413 180

2.4. Experimental Procedure

Firstly, the CFRP composite workpiece was traced onto a piece of paper so that the
locations of the 27 cuts could be marked out. This trace was then scanned and exported into
AutoCAD, where the cutting lines of the AWJM could be drawn out to scale in the correct
positions. The cut profiles that were drawn in AutoCAD were then grouped in sections
as per the various parameters being tested. The diameter of these holes was chosen to be
12 mm. The drawings were then exported in a DXF format, which is universally accepted
by all CNC machines. The DXF file was imported into the software for the creation of the
specific cut paths and to set the cutting parameters, such as speed and pressure. Pause
points were added between the various groups of profiles being cut to allow for incremental
changes of the abrasive flow rate, where required. Commands were also used to insert tabs
(1.5 mm) on the profiles so that the small profiles being cut would not fall inside of the
waterjet tank.
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3. Results

After the experiments, the dimensions of the holes/cut-offs were measured as detailed
in the experimental section. The outcomes of the experiments are tabulated in Table 4 in
terms of the circularity, cylindricity, surface roughness, and kerf data. The presented data
are the average values of several measurements, as mentioned before.

Table 4. Experimental results in terms of the circularity, cylindricity, surface roughness, and kerf data.

Test Circularity
Diameter (mm)

Cylindricity
Diameter (mm)

Surface
Roughness (µm)

Kerf Data

Top
(mm)

Bottom
(mm) Ratio

1 12.709 12.756 7.548 1.262 1.145 1.102

2 12.649 12.633 7.105 1.143 1.067 1.071

3 12.547 12.61 5.337 1.175 0.945 1.245

4 12.726 12.762 3.150 1.238 1.222 1.013

5 12.644 12.663 4.27 1.198 1.097 1.093

6 12.587 12.587 3.357 1.204 0.988 1.218

7 12.752 12.72 5.81 1.259 1.215 1.036

8 12.658 12.648 6.55 1.235 1.063 1.162

9 12.593 12.586 7.793 1.150 1.034 1.112

10 12.874 12.859 4.932 1.476 1.226 1.204

11 12.722 12.575 6.5 1.352 1.095 1.235

12 12.698 12.742 5.780 1.307 1.050 1.245

13 12.866 12.873 4.907 1.396 1.339 1.042

14 12.787 12.803 4.305 1.301 1.158 1.124

15 12.713 12.729 5.966 1.270 1.1 1.155

16 12.895 12.983 4.687 1.451 1.305 1.112

17 12.759 12.82 5.177 1.334 1.180 1.131

18 12.72 12.782 6.727 1.242 1.103 1.127

19 12.907 12.965 4.458 1.443 1.315 1.098

20 12.867 12.991 6.328 1.613 1.157 1.394

21 12.854 12.945 7.023 1.562 1.203 1.478

22 13.104 13.229 6.953 1.726 1.507 1.145

23 12.875 12.945 7.023 1.562 1.203 1.298

24 12.827 12.877 5.287 1.556 1.101 1.413

25 13.045 13.163 4.758 1.687 1.427 1.182

26 12.879 12.982 4.738 1.499 1.325 1.132

27 12.791 12.845 5.874 1.382 1.175 1.176

3.1. Main Effects of the Variables

The main effect of each variable at each of its subsequent levels was analysed. This
was performed by calculating the average results for each independent variable, i.e., the
water pressure, abrasive mass flow rate, and traverse speed, at each of its levels (one, two,
and three) and then graphing these averages against the dependent variable in question.
This allowed for a visual method for analysing the main effect of each independent variable
on the dependent variable. It is important to note that this method does not take into
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consideration the interaction effects of the independent variables on each other. The effect
of the input parameters on the circularity deviation is shown in Figure 1.
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Figure 1. Mean values of the circularity deviation per level.

There was a clear linear relationship such that increasing the water pressure reduced
the circularity deviation by approximately 9% at each level. This was due to the greater
cutting power of the jet, which causes an increase in kinetic energy to overcome the
‘momentum loss’ caused by the cutting process. The abrasive flow rate seemed to have a
parabolic trend, as the lowest level gave the best results, with level two (increase of about
12.66%) giving the worst and level three (increase of about 7.96% from level one) giving
results in between. As the circularity reduced from level two to level three, this suggests
that there are some secondary effects between the other independent variables that cause
this difference and that need to be analysed further. As the traverse speed increased, the
deviation was slightly decreased before becoming plateaued between level two and three;
all were within 5%. This suggests that the traverse speed had the least main effect on the
average circularity deviation compared with the other independent variables, and that the
interactions of the other independent variables were either very similar or opposites, which
then averaged out. Thus, it can be concluded that the water pressure had the greatest main
effect on the circularity, followed by the abrasive flow rate, while the traverse speed did
not affect this greatly.

The effect of the input parameters on the cylindricity deviation is shown in Figure 2.
The only independent variable whose main effect decreased the cylindricity of the cuts was
the increase in the water pressure at each level. It can be seen from Figure 2 that levels one
and two are quite similar, while the final level shows a great decrease in the cylindricity
deviation (20.91%). This result was expected because as the water pressure increases, so
does the cutting energy of the waterjet, which allows more of the material to be cut before
all of the kinetic energy is absorbed.

Increasing the traverse speed had a negative linear relationship with the cylindricity
of the cut, with an approximate increase in the cylindricity deviation of about 11.2%
and 11.94% between level one and level two and between level two and level three,
respectively. This was expected due to the fact that reducing the cutting time by speeding
up the traverse speed does not allow the jet to complete a full equal cut through the
CFRP composite sheet from top to bottom, leaving more material on the bottom half
than on the top half. Lastly, as the abrasive flow rate was increased from level one to
level two, there was a small increase in the cylindricity deviation (13.49%), but between
level two and level three, an increase of about 63.62% was found to occur. This may
have been due to the increasing number of abrasive particles in the jet stream, which
would allow for greater erosion and result in an exaggeration of the effects of the other
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independent variables. This means that the interactions between the other independent
variables would be in greater effect here and need to be investigated. The abrasive flow
rate was shown to have the greatest main effect on the cylindricity of the cut, while the
water pressure and the traverse speed had similar effects.
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Figure 2. Mean values of the cylindricity deviation per level.

The effect of the input parameters on the surface roughness is shown in Figure 3.
The abrasive flow rate had the lowest effect of about 5.2% at each level. Increasing the
traverse speed caused an increase in the surface roughness, with a 10.15% increase between
levels one and two, followed by a plateau of the results between levels two and three. This
would be due once again to the jet not being able to have enough time to conduct a clean
cut through the material thickness. Finally, the water pressure showed a large parabolic
effect, with levels one and three having an increased surface roughness of about 19.62%
and 15.34% when compared with level two. This could be due to the fact that at lower
levels of water pressure, the cutting forces produce fewer cleaner cuts, while at the high
levels, they can produce not only cleaner cuts but also cause larger surface damages due to
the greater cutting forces.
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The effect of the input parameters on the kerf taper ratio is shown in Figure 4. The
main effects produced by each independent variable for the kerf taper ratio were most
pronounced (Figure 4) compared to the other graphs. Each variable showed a clear rela-
tionship at each level. Firstly, increasing the water pressure created a linear relationship of
reducing the kerf taper ratio from level one to level three of about 5.16% followed by 3.15%,
respectively. This would be due to the greater cutting forces provided to the jet stream from
increasing the water pressure, which, in turn, would allow more of the CFRP composite
to be cut before the stream loses the energy to continue cutting. Secondly, increasing the
traverse speed created a linear relationship of increasing the kerf taper ratio by 7.09%
and then by 4.97% between levels one and three. This increase makes sense to occur, as
increasing the traverse speed reduces the amount of time the jet has to cut through the
material. This decrease in cut time does not allow the waterjet to complete the “perfect
cut” and thus increases the kerf taper ratio. Finally, the abrasive flow rate also had a linear
relationship, as it increased the kerf taper ratio by about 3.20% and 9.09% between levels
one, two, and three, respectively. This increase in kerf taper ratio could be a result of the
increased cutting particles and the interaction between other independent variables. This
will be discussed in greater detail in the following sections.
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3.2. Surface Damage

During the AWJM process, some damages of the surface [1,14] took place not only
along the pre-defined path but also in the vicinity. Figure 5 displays such an example
of delamination, fibre breakage, and fibre pull out along the pre-defined path, as well as
cavitation, as marked by arrows. The cavitation damage was observed all over the test
plate but increased in size and number around the cut areas. This could be due to the short
amount of time the jet was left on in the final stationary position before it was turned off.

To figure out the overall best-performing test conditions, the output values, such as
the circularity, cylindricity, surface roughness, and kerf taper ratio, were summed together.
Based on the presented graphs (Figures 1–5), it can be concluded that the optimum input
parameters for the presently investigated AWJM process were 200 g/min of abrasive feed
rate, 345 MPa of water pressure, and 75 mm/s of traverse speed. It is important to note
that surface roughness measurements were measured in micrometres; therefore, when
all the results were summed together under same SI units of millimetres, the surface
roughness had no effect on the ranking of the total results due to being a factor of 103.
Thus, excluding the effect of the surface roughness, the optimum input parameters for the
presently investigated AWJM process were 200 g/min of abrasive feed rate, 345 MPa of
water pressure, and 60 mm/s of traverse speed. The worst combination, excluding surface
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roughness, was 600 g/min of abrasive feed rate, 275 MPa of water pressure, and 180 mm/s
of traverse speed; including surface roughness, it was 200 g/min of abrasive feed rate,
413 MPa of water pressure, and 180 mm/s of traverse speed. These results indicate that
high traverse speed decreases the surface finish, as expected, and the water pressure and
abrasive feed have an inversely negative relationship. The difference between the best
and worst values of the circularity deviation was 0.087 mm at 64.9%; for the cylindricity
deviation, it was 0.161 mm at 84.74%; for the surface roughness, it was 4.6433 µm at 59.58%;
and, lastly, the difference in the kerf taper ratio was 0.4651 mm at 31.47%. Therefore, the
cylindricity ratio was the most affected variable in this experiment.
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4. Discussion

This section will be analysing the results found and presented in the previous
section (Section 3). It will discuss the main and interaction effects of the independent
input variables, what caused these effects based on the primary mechanisms, as well
as if they were expected or not based on the information available in the literature. It
will also analyse the dependent variables and their characteristics, as well as surface
damages caused by the waterjet.

4.1. Effect of Water Pressure on AWJM Process

The effects of the water pressure on the independent variables were as follows. As
the waterjet increased in pressure, it reduced the circularity of the cut hole as well as the
cylindricity deviation and the kerf taper ratio due to all of these dependent variables
measuring a similar geometric shape. Increasing the water pressure from 275 to 345 MPa
was shown to improve the surface roughness by decreasing the roughness value of the
inside surface of the hole. Although increasing this pressure to 413 MPa showed an
increase in the roughness value, it was still less than the 275 MPa value, indicating that
there may be an optimum value for pressure or that the other independent variables
have interaction effects which then affect the roughness. This observation was in line
with previous reports [28].

The material removal efficiency depends on the sharpness of the particles, the particle
mass, the speed of travel, and the angle of impacts. Therefore, decreasing the pressure
reduces the speed of the particle, and, therefore, this could be the cause. The high level
of water pressure was also shown to cause increased roughness, even though it would
increase the cutting efficiency of the abrasive particles, thereby causing a cleaner cut, which
was evident in the workpieces. This can be explained by having an over-pressure scenario
where the increased pressure increases the size of the damages from the waterjet that occur
and/or causes the damages due to the materials’ defects being exaggerated. Delamination
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and matrix cracking were likely to occur when the water pressure was greatly increased,
and the fibres were left un-encased and damaged as the waterjet and the abrasive particles
broke apart and eroded away the matrix (resin) material. This can also leave the abrasive
particles embedded into the CFRP composite, thus causing discontinuities, which reduces
the ultimate tensile strength and the endurance limit [6]. This phenomenon is graphically
represented in Figure 6a. Pitting was another type of damage that was seen to occur when
a smooth cavity was produced, as the waterjet is swirled around a spherical indentation
of the workpiece, as shown in Figure 6b. The pitting increases the roughness as it causes
large differences in the average surface level; during the assembling of components, this
can also reduce the total available surface area for the mating of the CFRP surfaces. As the
holes that were cut were theoretically meant to be used in mechanical fixing with CFRP
composite/other materials, this reduction in surface area would lead to a decrease in the
material’s mechanical properties and performance. If it was to be mated to a rivet or bolt
for high-force applications, the stress of the forces to the rivet/bolt would have less area to
be spread across, thus causing stress raisers.
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Figure 6. (a) Mechanism of defects caused by the water pressure and (b) occurrence of pitting on the
inner surface of the holes cut by AWJM. The red squares and circles shows the occurrence of circular
and elongated pits.

In summary, the water pressure of the jet had a great importance for the cutting mech-
anism. If the jet pressure was too low, the kinetic energy within the jet would also be low
and cause a decrease in the cutting force of the abrasive particles. This reduced cutting force
can lower the cutting efficiency while also stopping the particle from being able to perform
its correct cutting mechanism, and, therefore, produce a poor cut quality [15]. However,
increasing the pressure can exaggerate the damages occurring from the abnormalities and
irregularities within the manufactured CFRP composite when the jet energy is increased
during the machining process.

4.2. Effect of Traverse Speed on AWJM Process

As the traverse speed was increased from level one to level three, it was clear
that the surface finish and quality of the cut decreased. Increasing the traverse speed
caused the cylindricity deviation of the cut to increase, as well as the kerf taper ratio
and the roughness. However, the circularity deviation decreased slightly on average as
the traverse speed increased. The increase in the kerf taper ratio and the cylindricity
deviation was expected, as both of them were related to each other. They were both
measured from the formation of the top and bottom kerf width. Increasing the traverse
speed had a major impact on the material removal rate, as schematically shown in
Figure 7. Taking one minute to cut L1 at 60 mm/min would only take 20 s at 180 mm/min.
Thus, a 300% increase in the material removal rate altered the effective cutting ability
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of the abrasive grains inside the waterjet, which led to an overall decrease in the total
material removed (per mm) as the jet was not able to fully develop and continue its
cutting ability near the bottom of the CFRP composite sheet.
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Figure 7. Effect of traverse speed on cut profile.

This was verified by investigating the cut profiles from side views, as shown in
Figure 8. There was a clear increase of the top kerf width, as can be seen, as the traverse
speed increased. The cut also lost its sharp definition of the edges at the top, which
resulted in a larger curve and increased the initial damage region when compared with the
60 mm/min cut.
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Increasing the traverse speed did not allow the waterjet to fully develop at the exit of
the workpiece, resulting in large differences in the top and bottom kerf widths (Figure 8).
Reducing the traverse speed allows the jet to produce a fully developed waterjet at the exit;
thus, this allows the difference between the top and bottom kerf lengths to be minimised.
Just purely reducing the traverse speed alone will not always produce a fully developed jet
exit, nor will it reduce the difference in the top and bottom kerf widths. The water pressure
must also be at a sufficient level such that its kinetic energy is not lost before exiting the
workpiece, as shown schematically in Figure 9. It is important to note that Figure 9 is a
simplified schematic to have a general understanding of this. In reality, it is much more
complex due to the interaction of the material and the waterjet together with the action of
the abrasives, which is hard to incorporate in a single schematic. The effective part of the
waterjet in contact with material changes, but several factors are involved, and the kerf
taper is the result of a combination of them. The abrasive waterjet does not shorten with the
acceleration of the traverse speed, as the time of its action on the material mainly changes.
Therefore, the slower peripheral parts cannot perform the same work on the material as
during slower movement.
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Figure 9. Simplified illustration of waterjet behaviour at different traverse speeds.

Large traverse speeds produce a greater angle on the cutting front of the jet, which
increases the surface roughness in the cutting region and causes an increase in the kerf
angle as well the initial damage region (IDR). This increased damage in the IDR encouraged
the formation of cavitation on the surface of the CFRP, as shown in Figure 6. Lowering
the traverse speed will reduce the inclination angle of the cutting front, as illustrated in
Figure 10. This reduces the kerf taper ratio and improves the quality of the cut while also
removing more of the material. However, this can make the process time-consuming and
not cost-effective in an industrial application.
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4.3. Effect of AWJM Process on Circularity

The results obtained for circularity show a difference of 3.69% between levels one and
two and a difference of less than 0.25% between levels one and three. This small difference
was expected, as the traverse speed would have no effect on the circularity of the cut.
The schematic of the circularity and the circularity deviation are illustrated in Figure 11.
This figure also illustrates an exaggerated view if the circularity was measured at the top,
middle, and bottom of the cut. If it was completed at multiple depths in the hole, there may
have been different circularity deviation values, which would have increased the accuracy
of the final result over the range of the depth of the cut. Therefore, it can be said that the



Machines 2023, 11, 749 14 of 19

traverse speed should not have any influence on this measurement, because the main effect
of increasing the traverse speed was an increase in the kerf taper angle, which was not
picked up in the circularity measurement.
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Therefore, it can be concluded that the traverse speed was responsible for the time
that the waterjet was allowed to perform its cutting/eroding mechanism. Increasing this
speed decreased the time the waterjet was able to cut through the material, thus leaving
undeveloped cuts in the material, which increased the difference in the kerf widths from
the top and bottom. In conclusion, the traverse speed should therefore be minimised for
the best results.

Increasing the abrasive feed rate greatly increased the circularity deviation as well as
the kerf taper angle, especially when the water pressure remained low and/or the traverse
speed was high. The effect of the abrasive feed rate on the circularity deviation was not
clear, as the high and low levels were both in the top five best results. Thus, it can be said
that the effect of the abrasive feed rate on the circularity deviation was dependent on the
water pressure and the traverse speed input levels. The results of the roughness changing
due to the abrasive feed rate were very difficult to interpret, as stated earlier. Thus, no clear
trend was identified.

The number of abrasive particles in the waterjet increases the cutting power of the
jet. Due to this fact, it greatly affects the top kerf width, and this can be explained because
the first 50% of the material thickness would have received the majority of the kinetic
energy supplied by the waterjet; thus, most of the cutting ability would have occurred [29].
Beyond that thickness, the number of abrasive particles would have reduced kinetic energy,
as their collisions within the jet would have interfered with their kinetic energy and greatly
reduced their cutting ability. This effect can be slightly mitigated if the water pressure was
to be increased, giving more energy to the abrasive particles to cut efficiently past the 50%
mark. Increasing the abrasive feed rate has been said to reduce the roughness, as there is a
more even flow of abrasive particles to erode and cut away the workpiece [29]. However,
previous studies [3] have reported that the particle size must also decrease to help produce
a better surface roughness.

4.4. Effect of AWJM Process on Surface Finish

The surface damages that occurred from the AWJM were better than expected, and this
could be due to the fact that the input parameters were in a smaller range than in previous
studies [30], thus not allowing larger damages to occur. After careful examination of the
area around each test, there seemed to be multiple types of surface damages with varying
degrees of severity. Delamination, fibre breakage, and fibre pull out were observed at the
top kerf surfaces where the initial cutting of the waterjet began, whereas other damages,
such as cavitation and matrix cracking, occurred on the internal areas of the cut holes, as
reported in Section 3. The pathing of the jet combined with the machines’ programming
also influenced the overall shape of the cut. The machines’ code was programmed to
automatically slow the jets’ trajectory as they reached a sharp corner. This reduced the
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traverse speed to a lower value than the test parameter and allowed the jet to cut more
material, which caused a widened cut, as shown in Figure 12 (point B). As the jet increased
back to operating speed, the kerf width returned back to its average width for the rest of
the cut, as shown by point C in Figure 12. Point A (in Figure 12) shows a similar widening
of the cut, as this was where the jet slowed down to a halt and then powered down in this
stationary position. This occurred because the jet had an increased cutting time and, thus,
was able to remove more material until the jet was shut off. Furthermore, if the jet path
was to continue, the irregular shape at point A would not occur, so this point was avoided
in all the measurements. However, the irregular shape at point B would still occur, and,
therefore, to stop this from occurring, an alteration to the jet cut path could be made so that
it followed a tangent line to the hole, as shown by point D, which would allow the speed to
remain constant for the entire cut.
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The delamination damage [12,31,32] was observed to occur in all of the test cuts to an
extent. The delamination factor was not investigated or measured in this study; thus, a
concise remark about the effect of the input parameters on delamination cannot be stated
with evidence to back it up. However, the low and high levels of water pressure caused
more noticeable damage (visual inspection), as did increasing the traverse speed, while
increasing the abrasive feed rate was shown to decrease the delamination damage at the
top kerf surfaces.

A drilling action from the AWJM was used to start the cuts for the centrally located
tests instead of cutting the CFRP composite sheet into smaller pieces, which would have
caused increased difficulty in securing them for further cutting. The surface finish that
occurred from this drilling action caused increased surface damages when compared to
using a fully developed jet and then moving it into the cutting position. This could be due
to the fact that as the jet was increasing in pressure, the energy provided to the jet of water
was not able to completely penetrate through the entire surface. Therefore, due to the water
being restricted and having nowhere to exit from at the bottom of the test sheet, it would
have been pushed into the layers of the CFRP composite along with the abrasive particles,
thus breaking through the bonding of the matrix and fibre layers and causing delamination
before the residual water was then pushed back out the top, which resulted in the raised
humps and cracking, as pointed out in Figure 13.

As shown in the actual workpiece in Figure 14, the top surface endured the largest
damage compared to the bottom surface. The top surface showed large areas of delami-
nation, fibre pull out, and breakage, together with a raised surface and cracking, whereas
the bottom surface only had a raised surface. This minimal damage (raised or deformed
surface) could be due to the pressure build-up of the waterjet before it cut through the piece,
and, as the pressure ramped up to maximum capacity, it may have provided enough cutting
force to remove the initially damaged areas, thus degrading the surface finish quality.
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Other surface damage occurred in the form of cavitation and pitting (Figure 6), as
reported earlier. The surface cavitation could be assumed to have occurred from small
deviations in the jet’s trajectory occurring from the waterjets’ behaviour during operation.
As the pressure of the jet was so immense, even a slight off spray would be able to slice
through most materials, thus causing the cavitation. Another hypothesis was that it could
also be caused by the dispersion of the water as it initially hit the top surface of the CFRP
composite sheet and traveled perpendicularly in all directions to the original jet direction.
The extremely high pressure, energy, and the turbulent behaviour of the water would
cause currents to impact the top of the CFRP composite sheet, thus removing and eroding
the matrix material and leaving a cavity. This mechanism is schematically presented in
Figure 15. This could be reduced by having the waterjet submerged below the water
tank level, thus reducing the splashing effect from the waterjet, and, in turn, reducing the
cavitation damage, as suggested by Ibrahim et al. [33] and others [29]. This violent erosion
behaviour from the waterjet would also be responsible for the pitting within the internally
cut surface. Low- and high-water pressure levels combined with high traverse speed seem
to decrease the surface quality by increasing the damages, while increasing the abrasive
feed rate reduces the delamination and fibre pull out, which could be attributed to the
increased cutting ability of the waterjet. This cavitation damage is somewhat similar to
what also occurs in the metallic/ceramic system in the presence of abrasives [34,35].
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Based on the above experimental results and analysis, it could be summarized that
the best overall results to reduce the circularity and cylindricity deviation and the kerf
taper ratio were seen at a low level of the abrasive feed rate (200 g/min), a low level of
the traverse speed (60 mm/min), and at all three levels of the water pressure (275, 345,
and 413 MPa). Furthermore, this indicates that lowering the traverse speed improves the
quality of the cut, which was expected. However, this was not a productive approach, as
this increased the overall machining time. The results do show that if the traverse speed
needs to be increased, the water pressure must also be increased to improve the quality of
the cut, indicating a linear positive relationship between these two independent variables.
If the traverse speed was to increase, the abrasive feed rate would need to be decreased to
maintain the best outcome, therefore showing an inverse relationship. If the abrasive feed
rate was to increase, the water pressure would also have to increase, thus providing a linear
positive relationship. However, the best performance occurred when the abrasive feed
rate was kept constant and the water pressure increased. The values of the water pressure
proved to be very interesting, as these values had interactions with both the abrasive feed
rate and the traverse speed. Increasing the water pressure while keeping the traverse
speed and the abrasive feed rate at the same level irrespective of their level results offered
an overall better surface finish. If the abrasive feed rate needs to be increased, the water
pressure must also be increased, and the traverse speed should be reduced to provide the
best results. Lastly, the traverse speed should not be increased, but if the traverse speed
needs to be increased, the water pressure should also be increased while decreasing or
keeping the abrasive feed rate constant.

5. Conclusions

In the present research, a three-factorial experiment was designed to investigate the
effects of the water pressure, traverse speed, and abrasive flow rate on the circularity,
cylindricity, kerf taper ratio, and surface roughness of a 12 mm hole cut into a 6 mm thick
CFRP composite sheet. The results were then examined and analysed using statistical,
mathematical, and visual representations to find out the main effects and the interaction
effects of the independent input variables on the output parameters, as well as their effects
on the damage mechanisms.

The results of this study found that the traverse speed had a main effect on the
cylindricity of the hole, the kerf taper ratio, and the surface roughness, for which reduc-
ing this input parameter greatly improved the results. Secondly, it was found that the
abrasive feed rate had a main effect on the cylindricity of the hole and the kerf taper
ratio, for which reducing this input parameter also produced the best result. Lastly,
it was found that the water pressure of the jet had main effects on the circularity and
cylindricity of the hole, the kerf taper ratio, and the surface roughness, for which it
should be increased to provide the best results; however, increasing this pressure can
result in the exaggeration of the surface damages.
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The interaction effects between these three independent variables were as follows.
With the increase in traverse speed, the pressure also had to be increased under the
constant abrasive feed rate. Secondly, if the pressure increased, there was no need to
increase the other input parameters. Lastly, if the abrasive feed rate was to be increased,
the traverse speed had to be reduced, and the water pressure had to be increased. It
must be noted that these relationships resulted in the best average results over all the
dependent variables. The minimum circularity achieved was 0.05 mm, the minimum
cylindricity achieved was 0.029 mm, the minimum surface roughness was found to be
3.15 µm, and, lastly, the minimum kerf taper ratio was achieved as 1.0131. The optimum
input parameters for the best average performance of all the output variables was found
at an abrasive feed rate of 200 g/min, a water pressure of 345 MPa, and a traverse speed
of 75 mm/min.
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