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Abstract: Abrasive water suspension jet (AWS]) machining
on carbon fiber-reinforced polymer (CFRP) composite-based
orthopedic implants yielded insightful results based on
experimental data and subsequent statistical validations.
Underwater AWS] cutting consistently outperformed free
air cutting, with numerical findings demonstrating its super-
iority. For instance, at #100 abrasive size and 5 mm standoff
distance (SOD), the material removal rate (MRR) peaked at
2.44 g/min with a kerf width of 0.89 mm and a surface rough-
ness (SR) of 9.25 um. Notably, the increase in abrasive size
correlated with higher MRR values, such as achieving 2.15 g/
min at #120 grit and 3 mm SOD. Furthermore, optimization
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techniques like the Taguchi method and response surface
methodology (RSM) were applied to refine machining para-
meters. These methodologies enhanced MRR, exemplified by
achieving 2.10 g/min with #120 abrasive size and 5 mm SOD
in underwater cutting conditions. The research explored the
impact of key process parameters, namely, the speed, feed,
and SOD on the MRR, kerf width, and SR in both free air
cutting and underwater cutting conditions, which is one of
the novel research endeavors in the domain of abrasive jet
machining of composites.

Keywords: Taguchi method, response surface methodology,
abrasive water suspension jet machining, carbon fiber-rein-
forced polymer composite, orthopedic implant

1 Introduction

Carbon fiber-reinforced polymer (CFRP) composites renowned
for their radiolucency, biocompatibility, reduced stress shielding,
fatigue resistance, and corrosion resistance are attractive
materials of choice for orthopedic implants. These materials
offer a favorable combination of durability, rigidity, a high
strength-to-weight ratio, and corrosion resistance [1]. How-
ever, machining these composites for application as ortho-
pedic implants using conventional methods presents
challenges due to their robust layers resulting in increased
tool wear and the occurrence of splintering and delamina-
tion along the component edges. Such defects can signifi-
cantly compromise the strength of the final components [2].

To address these issues, the abrasive water jet (AW])
machining method has emerged as a promising non-con-
ventional alternative. In AW] machining, abrasive particles
are mixed with a high-pressure, concentrated water jet.
The sharp edges of these abrasive particles act as cutting
edges, and the kinetic energy of the water—abrasive mix-
ture removes the material through erosion. Despite its
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Figure 1: Schematic of AWS] machining.

advantages, AW] machining faces challenges due to the
uneven suspension of abrasive particles in water, leading
to decreased cutting efficiency. An innovative solution to
this challenge is abrasive water suspension jet (AWS])
machining. This technique involves increasing the water
viscosity by incorporating a polymer, such as zycoprint.
This modification helps achieve a uniform distribution of
abrasive particles in water, consequently enhancing the
cutting efficiency [3]. Figure 1 shows the schematic diagram
of AWS] machining.

Despite the significance of CFRP composites in the bio-
medical industry, research on AWSJ machining for these
materials remains limited [4,5]. Existing studies primarily
focused on exploring the impact of process parameters
governing AWS] machining on the surface quality and
associated defects like kerf width and surface roughness
(SR) [6,7]. Ramulu et al. [8] carried out a series of experi-
ments to investigate the impact of cutting parameters on
kerf taper and SR in the AWS] machining process of a glass
fibre-reinforced plastic (GFRP) composite laminate. Mathe-
matical models were formulated by the researchers to pre-
dict both the SR and kerf taper. Additionally, the researchers
delved into factors contributing to the formation of stria-
tions on the cut surface. Wang [9] evolved a statistically
designed principle model that was utilized to investigate
the impact of jet angles on the production of high-quality
cuts in the multidirectional cutting of ceramics through AW]
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machining. Additionally, a novel cutting head oscillation
technique was implemented to improve the overall cut
quality achieved by AW]J. The study revealed distinct char-
acteristics in different zones of the cut. In the upper zone,
the surface appeared smooth, devoid of visible striations
and pits, with the kerf width tapering and reaching the
minimum width at the end of this zone. Moving to the
middle zone, noticeable striations were present, although
pits were absent, and the kerf width remained consistent
with that of the upper zone. Finally, in the lower zone,
characterized by numerous pits, the kerf curvature exhib-
ited a gradual change, and a pronounced bhallooning forma-
tion was observed. Chen [10] accomplished the examination
of cut surfaces across various materials through scanning
electron microscopy and revealed that the formation of
striations can be attributed to factors such as the presence
of wavy abrasive particles, variations in kinetic energy dis-
tribution, fluctuations in the parameters of the AW] process
— namely, traverse speed, pressure, and abrasive flow rate —
as well as the influence of vibrations on both the workpiece
and the nozzle traverse system.

Akkurt and Kulekci [11] carried out experiments to
investigate the impact of both the feed rate and workpiece
thickness on the deformation effect of varying workpiece
thicknesses. The research aimed to assess the influence of
deformation wear and cutting wear mechanisms on the
resulting surface quality. The findings indicated that the
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cutting wear mechanism yielded superior surface quality
compared to the deformation wear mechanism. The study
cautioned against cutting materials with thickness below a
specified limit due to the adverse effects of high pressure
on thinner materials. Azmir and Ahsan [12] conducted
experiments on the SR and kerf taper ratio attributes of
a GFRP composite laminate subjected to AW] machining.
They formulated an empirical model to assess the impact
of machining parameters on the SR and kerf taper ratio. Their
findings indicated that employing a harder abrasive material
yielded superior machining characteristics. Furthermore, they
observed that the higher hydraulic pressure and abrasive
mass flow rate led to enhanced machining performance. Con-
versely, reducing the standoff distance (SOD) and traverse rate
showed potential for improving machining characteristics.
Nair and Kumanan [13] concentrated their efforts on opti-
mizing the form and dimensions of a jet-drilled hole using
grey relational analysis. They systematically analyzed the
interactive effects of individual means for the selected experi-
mental parameters. The findings validate that the abrasive
mass flow rate, water jet pressure, and SOD have been suc-
cessfully optimized. As a result, the machined surfaces of
INCONEL alloy 617 demonstrate superior characteristics.
Ravi Kumar et al. [14] successfully conducted a study on
optimizing AWS] machining through the application of
response surface methodology (RSM). This involved a
detailed analysis of experimental trials and their out-
comes, focusing on critical aspects and validations. Their
efforts were directed toward optimizing machining para-
meters for abrasive jet machining of aluminum/tungsten
carbide composites. The reported results indicate that the
chosen optimum parameters not only enhance the mate-
rial removal rate (MRR) but also reduce the SR by 22%.
This improvement is attributed to the careful selection
of appropriate SOD and traverse speed during the machining
process. Deepak et al. [15] studied on the impact of abrasive
grain size and nozzle diameter on composite SR; they observed
a direct correlation between the SR, abrasive grain size, and
nozzle diameter. This relationship is deemed crucial for
achieving enhanced machinability in AWS] machining. Anjaiah
and Chincholkar [16] conducted a sequence of experiments
aimed at investigating the impact of low-pressure AWJs on
brittle materials. Their findings indicate a linear correlation
between pressure increments and the enhancement of metal
removal rates in brittle materials. Furthermore, they explored
the influence of polymer liquid concentration on the MRR and
determined that MRR rises proportionally with the higher per-
centages of polymer in the slurry. Brandt et al. [17] pioneered an
AWS] machining using the bypass principle, operating at pres-
sures of up to 200 MPa. This setup involves storing a highly
concentrated mixture of polymerized water and abrasives in
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a water storage vessel. Subsequently, the mixture is loaded into
the cutting system and pressurized onto the workpiece in the
form of a fine jet to achieve precision cutting of the target
material.

The AWS] machining system operates through a meti-
culous sequence of five stages. It commences with suspen-
sion preparation, where water is blended with zycoprint to
increase the viscosity, followed by the addition of abrasive
powder. The resulting mixture is transferred to a storage
tank. Subsequently, the suspension is filled into the suspen-
sion charging tank, necessitating the closure of specific
valves and the release of trapped air. Charging the floating
piston cylinder involves a controlled process of opening
valves to allow compressed air to fill the cylinder with
suspension until the water flow ceases. The cutting opera-
tion ensues, with the suspension pressurized and expelled
through a nozzle controlled by CNC, following safety pro-
tocols such as wearing protective gear and regulating pres-
sure. Finally, the cleaning procedure involves flushing
hoses with fresh water to prevent any residue buildup
that could impede system functionality. Figure 1 gives the
schematic of the AWS] machining setup used in the pre-
sent work.

The existing body of literature reveals a prevailing trend in
research, wherein investigations into AWS] machining involve
positioning the workpiece above water. Furthermore, the opti-
mization of machining characteristics has predominantly
employed statistical methods other than Taguchi techniques
[18,19]. Notably, the use of “above water” AWS] machining
introduces a potential challenge, as air entrapment in the
AWJ] may occur, leading to jet expansion and subsequent
impacts on machining characteristics such as kerf width
and SR. Recognizing these observations, the current research
aims to yield groundbreaking results [20,21]. The focus is on
expanding the possibilities for future work in this domain by
employing Taguchi techniques for optimizing process para-
meters, facilitated by the utilization of “Minitab and Design
Expert Software” for process optimization [22,23].

From the extensive review of literature findings, the
research gap related to the optimization of factors that
affect the AWS] machining of CFRP composite-based ortho-
pedic implants in free air and underwater conditions is
identified and subsequently addressed from the current
work. By analyzing numerical data, the research aims at
optimizing the process parameters affecting the MRR, kerf
width, and SR across various scenarios [24,25]. Notably, the
research highlights the novelty of underwater cutting over
free air cutting, showing that specific combinations of abra-
sive size, SOD, and feed rate result in the best outcomes.
Furthermore, the research work focuses on the effectiveness
of optimization methods like the Taguchi method and RSM in
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improving MRR, offering valuable guidance for optimizing
AWS] machining processes for CFRP composite-based ortho-
pedic implants. This systematic approach adopted in the pre-
sent work ensures optimal parameter selection, contributing
to the efficiency and effectiveness of AWS] machining process
to achieve sustainability.

2 Experimentations and statistical
methods

The current experimental investigation employs CFRP com-
posite-based orthopedic implants as the work material to
assess the MRR, kerf width, and SR under both “free air
and underwater cutting” conditions. The choice of CFRP
composite-based orthopedic implants is primarily motivated
by its brittle nature, which makes it well suited for AWS]
cutting. The workpiece dimensions considered for AWS]
machining are 75mm x 50 mm x 6 mm fabricated using
hand lay-up techniques.

The fabrication of the CFRP composite laminates involves
utilizing hand lay-up techniques, where the matrix phase con-
sists of EPOXY-ASC resin cured with HY951 hardener, and the
reinforcement is sourced from ZOLTEK Corporation. The CFRP
composite laminate fabrication involves the following steps.
1. The surface is meticulously prepared, ensuring it is free

from abrasions and dirt while maintaining complete flat-
ness. Subsequently, a gel release coat is applied to facilitate
the effortless release of CFRP composite laminates.

2. The matrix phase is formulated by combining the neces-
sary amount of epoxy resin with the hardener in a weight
ratio of 10:1. The mixture is then stirred thoroughly to
ensure that the weight ratio of the fiber to the resin and
hardener blend falls within the prescribed range of 40:60.

3. Additionally, a resin—hardener mixture in the form of a
thin film is spread over the release coat. Subsequently,
polyacrylonitrile (PAN)-based carbon fibers are layered
onto this surface, and a second substantial coat of EPOXY-
ASC resin-hardener mixture is applied uniformly across
the carbon fiber.

4. Intermittent rolling is performed on this layer, which is
enveloped in a thin plastic film treated with wax to
facilitate smooth removal. The rolling process is executed
with consistent pressure to ensure proper penetration.

5. Afterward, eight additional layers of reinforcements
and matrix are applied successively until a laminate
in the range of 3.9-4.1mm thickness is achieved for
subjecting it to AWS] machining in free air and under-
water cutting conditions.

6. To achieve the desired surface finish, a thin layer of a
resin and hardener mixture is carefully applied.
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7. The CFRP composite laminate is subsequently allowed
to cure for a period of 24 h, followed by post-curing in an
oven at a temperature of 120 °C for an additional 5 h.

The CFRP composite-based orthopedic implants are
employed to assess the influence of AWS] machining para-
meters on the MRR, SR, and kerf width under both free air
and underwater cutting conditions. The CFRP composite
workpiece is cut into the required size, and the AWS]
machining process employed is optimized for finding the
influence of process parameters through Taguchi design.
Taguchi designs, chosen based on the number of input
factors and their levels, are validated for the entire experi-
mentation, ensuring a minimal number of experiments
while yielding acceptable results. The selection of a specific
parameter for further optimization hinges on the total
degree of freedom (DOF), which is calculated from the
main effects of all factors involved in the experiment.
Tables 1 and 2 outline the total DOF for the factors consid-
ered in the present study for free air cutting and under-
water cutting. The chosen process parameters for AWS]
machining include abrasive size, SOD, abrasive concentra-
tion, and feed. For abrasive size, the study considers 100
grit, 120 grit, and 140 grit, selected based on the minimum
and maximum materials removed by abrasive particles.
SOD is set at 1, 3, and 5mm to account for the observed
minimum and maximum MRRs. The abrasive concentra-
tion is varied at 100, 150, and 200 g, while the feed of abra-
sive particles is adjusted to 30, 45, and 60 mm/min. A total
of nine experimental trials are conducted, determined
through an initial dry run that establishes the minimum
and maximum ranges for the process parameters. This
approach, incorporating intermittent parameters, proves
sufficient for deterministically identifying the comprehen-
sive variable and compiling the outcomes.

2.1 AWS] machining parameters

The parameters associated with AWS] machining can be
categorized into process parameters and performance

Table 1: AWS] machining parameters and their levels

Sl. no. Parameter Levels
Level-1 Level-2 Level-3
1 Abr. size (grit) #100 #120 #140
2 SOD (mm) 1 3 5
3 Abr. con. (g) 100 150 200
4 Feed (mm/min) 30 45 60
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Table 2: Factor settings and response parameters for free air cutting
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Expt. no. Abr. size (grit) SOD (mm) Abr. con. (g) Feed (mm/min) MRR (g/min) TKW (mm) BKW (mm) SR (p)
1 #100 1 100 30 1.79 1.84 0.93 8.93
2 #100 3 150 45 2.02 1.76 0.91 9.06
3 #100 5 200 60 2.44 2.01 0.89 9.25
4 #120 1 150 60 1.56 1.52 0.82 9.59
5 #120 3 200 30 2.15 1.98 0.97 8.54
6 #120 5 100 45 2.09 2.10 0.98 9.10
7 #140 1 200 30 1.60 1.35 0.87 9.21
8 #140 3 100 60 1.56 114 0.77 9.42
9 #140 5 150 45 2.09 2.04 0.96 8.65

parameters. The cutting process is influenced by three
distinct groups of process parameters, namely, abrasive
suspension parameters, nozzle characteristics, and system
operational parameters [1,3]. The specific parameters used
for the AWS] machining of CFRP composite-based ortho-
pedic implants in the present work are given in Table 1.

Upon closely scrutinizing Table 1, it becomes evident
that a thorough understanding of the distinct process para-
meters is crucial for a deterministic modeling of the pro-
cess. This realization prompted the establishment of precise
conditions for conducting pilot experiments. The experi-
mental trials were meticulously executed for free air and
underwater suspension jet machining under standard atmo-
spheric conditions, wherein the ambient pressure of air was
diligently accounted for at 101.325 kPa. Additionally, the den-
sity of air was considered at 1.225 kg/m?, and the tempera-
ture of the setup was carefully maintained at 288.15 K. These
controlled parameters lay the foundation for robust and
replicable experimental procedures, ensuring a comprehen-
sive exploration of the underlying processes. The selection
of process parameters is a critical aspect in AWS] machining
of composites. The work of El-Hofy M has been referred to
understand the criticality of selection of process parameters
for machining multilayered composites [26].

2.2 Taguchi method

The Taguchi method proves to be a potent statistical tool
applied in optimizing engineering and manufacturing pro-
cesses [26,27], as demonstrated in the research concerning
AWSJ] machining for CFRP composite-based orthopedic
implants. In this study, the Taguchi method was instru-
mental in examining the influence of critical process para-
meters — speed, feed, and SOD — on the kerf width and SR
under free air and underwater cutting conditions [28]. The
research findings unequivocally favored underwater cutting,
revealing its superiority over free air cutting in achieving

desirable machining outcomes. Notably, an expansion of the
jet diameter in free air cutting led to a reduction in the kerf
width and SR, while underwater cutting exhibited improve-
ments in both parameters with an expanded jet diameter.
Moreover, underwater cutting demonstrated reduced nozzle
vibration during high-pressure operations, resulting in
decreased kerf width and improved SR, emphasizing its
advantages for precise and refined machining outcomes
[29,30]. Utilizing the Taguchi method allowed for the sys-
tematic optimization of process parameters, enabling the
identification of optimal settings for speed, feed, and SOD.
This systematic approach facilitated the determination of
influential factors and their optimal levels for attaining
superior machining results in CFRP composite materials
across both cutting conditions. The Taguchi method encom-
passes several equations and concepts to optimize the quality
of products and processes [31,32]. One of the fundamental
equations associated with the Taguchi method is the signal-
to-noise (S/N) ratio. The S/N ratio in Equation (1) is used to
evaluate the quality characteristics of a product or process by
considering the mean and variance of the responses.

The general form of S/N ratio equation from Ramesha
et al [3] is given as follows:

n

Ly

nia

Y
)

SIN = -10 x logw[ , 6)

where n is the number of experimental runs, Y; is the
response value for ith experimental run, and ¢* is the
variance.

2.3 RSM

RSM represents a statistical approach utilized for modeling
and analyzing the intricate relationship between various
process variables and the desired response in engineering
and manufacturing contexts [33]. In the specific domain of
AWS] machining applied to CFRP composite-based
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orthopedic implants, RSM serves as a valuable tool for
optimizing machining parameters and predicting the
machining performance. RSM entails fitting a mathematical
model, often in the form of a polynomial equation, to experi-
mental data obtained from designed experiments where
process variables like jet speed, feed rate, and SOD are sys-
tematically varied. The ultimate objective lies in deter-
mining the optimal combination of these variables that
results in the desired machining response, such as mini-
mizing the SR or kerf width. By analyzing the regression
model derived from experimental data, researchers can dis-
cern the significance of each process variable and uncover
potential interactions between them, paving the way for
informed decision-making in process optimization. With
validated regression models, RSM enables the prediction
of machining outcomes for different sets of process vari-
ables within the experimental domain, facilitating the iden-
tification of optimal process settings to enhance machining
precision and efficiency in CFRP composite-based ortho-
pedic implant machining applications [34]. RSM involves
fitting a mathematical model to experimental data to repre-
sent the relationship between the response variable and the
process variables. The general form of the polynomial equa-
tion used in RSM is given by Equation (2) [33].

Y=f()(1a XZJ vos )Xp) t &, (2)

where Y is the response variable, X;, X, ..., Xp are the
independent variables, and f'is the response surface func-
tion representing the relationship between the indepen-
dent variables and the response.

3 Results and discussion

The results and discussion for the machining process
accomplished and statistical validations carried out are
presented in this section under two subheadings, viz. free
air and underwater suspension jet machining conditions,
with critical inferences drawn for each of the two condi-
tions of AWS] machining considered for the present work.

3.1 Free air cutting conditions

Table 2 depicts the data from experiments investigating the
effects of varying factor settings on response parameters in
AWSJ machining conducted in a free air cutting environ-
ment. These experiments explore different combinations
of abrasive size, SOD, abrasive concentration, and feed
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rate to analyze their impact on the MRR, top and bottom
kerf widths, and SR. By altering these factors, the changes
in grit size, SOD, concentration, and feed rate influence the
efficiency of material removal, the width of the cut at the top
and bottom surfaces, and the smoothness of the machined
surface can be critically observed. The data serve as a basis
for identifying optimal machining conditions that result in
higher MRRs, precise kerf widths, and smoother surface
finishes, which are crucial for enhancing the performance
and quality of AWS] machining processes in various indus-
trial applications.

The recorded response data in the table are critically
analyzed, and the MRR, which is an important response
for effectively understanding the machining process, is
subjected to Taguchi analysis to determine the significant
factors at 95% confidence level. The results of Taguchi’s opti-
mization, specifically for MRR in free air cutting are outlined
in Tables 3-5. By examining the F-value in the analysis of
variance (ANOVA), Table 5, one can discern the impact of
various process parameters on MRR during free air cutting.

A factor is deemed significant if alterations in its value
result in a significant change in the response value. This
implies that variations in the response value primarily
stem from intentional adjustments to the process para-
meter value rather than random chance. The average
value of the responses at each level of an individual factor
is referred to as the main effects of process parameters on
MRR under free air cutting conditions.

Table 3: Response table for S/N ratios (larger is better)

Level Abrasive SOD Abr. Feed

size (grit) (mm) con. (g) (mm/min)
1 3.152 2.167 2.554 2.631
2 2.819 2.770 2.729 3.152
3 2.391 3.426 3.080 2.579
Delta 0.761 1.259 0.526 0.573
Rank 2 1 4 3
Table 4: Response table for means
Level Abrasive SoD Abr. Feed

size (grit) (mm) con. (g) (mm/min)
1 1.440 1.284 1.344 1.356
2 1.387 1.379 1.372 1.438
3 1.320 1.484 1.431 1.353
Delta 0.121 0.201 0.087 0.084
Rank 2 1 3 4
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Table 5: ANOVA of MRR in free air cutting conditions
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Source Sum of squares DF Mean square F-value p-value Remarks
Model 0.7580 4 0.1895 65.79 0.0007 Significant
A - Abrasive size 0.1667 1 0.1667 57.86 0.0016

B - SOD 0.4940 1 0.4940 171.51 0.0002

C - Abrasive concentration 0.0725 1 0.0725 25.19 0.0074

D - Feed 0.0328 1 0.0328 11.39 0.0279

Residual 0.0115 4 0.0029

Cor total 0.7696 8

3.1.1 Results of the Taguchi method for MRR for free air
cutting

Figure 2 shows the main effects plot for means for MRR. It is
evident that the abrasive size of 100 grit (level 1), SOD of 5 mm
(level 3), abrasive concentration of 200 g (level 3), and feed rate
of 45 mm/min (level 2) give the mean for each combination of
control factor levels in the design for optimizing the MRR as
per the Taguchi’s condition of larger is better.

From, the main effects plot for S/N ratios seen for MRR
in Figure 3, it is evidenced that the optimized set of process
parameters, viz. abrasive size of 100 grit, SOD of 5mm,
abrasive concentration of 200 g, and feed rate of 45 mm/min
give the maximum MRR.

The response table for S/N ratios is given in Table 3. It is
seen from the table that the SOD has a significant effect on MRR,
followed by the abrasive size, feed, and abrasive concentration.

The response table for means for MRR is given in
Table 4. It is seen from the table that the SOD has a sig-
nificant effect on the mean for each combination of con-
trol factor levels in the design for optimizing the MRR,
followed by the abrasive size, abrasive concentration, and
feed rate.

3.1.2 Results of RSM for MRR for free air cutting

The RSM accomplished for MRR for free air cutting gives
the ANOVA table, surface and contour plots, and predicted
vs actual plots for different conditions. The results of
ANOVA are presented in Table 5.

The model F-value of 65.79 implies the model is signif-
icant. There is only a 0.07% chance that an F-value this
large could occur due to noise.

Main Effects Plot for Means
Data Means

Abrasive Size (Grit) SOD (mm)

1.50

Mean of Means

100

Figure 2: Main effects plot for means for MRR for free air cutting.

145
140
135
130
120 140 1 8 5 1

Abrasive Concentration (g) Feed (mm/min)

00 150 200 30 45 60
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Main Effects Plot for S/N ratios

Data Means

Abrasive Size (Grit) SOD (mm)

Abrasive Concentration (g) Feed (mm/min)

Mean of S/N ratios

2.0

T T T T
100 120 140 1 3

Signal-to-noise: Larger is better

Figure 3: Mean of S/N ratios for MRR for free air cutting.

P-values less than 0.0500 indicate model terms are
significant. In this case A, B, C, and D are significant model
terms. Values greater than 0.1000 indicate the model terms
are not significant. If there are many insignificant model
terms (not counting those required to support hierarchy),
model reduction may improve your model.

Figures 4 and 5 show the contour plot and surface plot
illustrating the relationship between SOD and abrasive size
in relation to MRR, respectively. The plots distinctly indicate

Factor Coding: Actual

MRR (g/min)
@ Design Points

1.56 [ 244
X1=A
X2=8

Actual Factors
C =150
D =45

B: SOD (mm)

T
5

T T T T
100 150 200 30 45 60

that a substantial increase in abrasive particle size and SOD
result in a significant boost in MRR. A larger grain size
contributes to a heightened area of erosion, consequently
leading to an increase in MRR. Moreover, an elevated SOD
leads to a broader coverage area by the jet, thereby further
enhancing the MRR.

Figures 6 and 7 display the contour plot and surface
plot, illustrating the correlation between SOD and abrasive
concentration in relation to MRR, respectively. The plots

MRR (g/min)

110

120

130

A: Abrasive Size (Grit)

Figure 4: Contour plot of SOD vs abrasive size for MRR for free air cutting.
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3D Surface
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Figure 5: 3D surface plot of SOD vs abrasive size for MRR for free air cutting.

distinctly reveal that a noteworthy escalation in SOD and
abrasive concentration correlates with a significant upsurge
in MRR. An increase in abrasive concentration intensifies
the frequency of particles participating in the erosion pro-
cess, consequently leading to an augmentation in MRR.
Additionally, a heightened SOD contributes to a more exten-
sive coverage area by the jet, further amplifying the MRR.
The combined impact of both parameters results in a
higher MRR.

Factor Coding: Actual

Figures 8 and 9 present the contour plot and surface
plot illustrating the correlation between the SOD and feed
rate in relation to MRR, respectively. The plots distinctly
reveal that a noteworthy increase in SOD, coupled with a
decrease in the feed rate, results in a significant enhance-
ment of MRR. An escalation in the feed rate contributes to a
reduction in MRR due to a decrease in abrasive flow velo-
city. Consequently, the limited kinetic energy of the jet gets
distributed over a larger number of particles, resulting in a

MRR (g/min)

MRR (g/min)
@ Design Points

1.56 [ 244
X1=¢
X2=8

Actual Factors
A =120
D =45

B: SOD (mm)

120 140 160 180 200

C: Abrasive Concentration (mm)

Figure 6: Contour plot of abrasive concentration vs SOD for MRR for free air cutting.
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3D Surface

C: Abrasive Concentration (mm)

Figure 7: 3D surface plot of abrasive concentration vs SOD for MRR for free air cutting.

diminished kinetic energy for each specific particle. This phe-
nomenon also leads to an increase in turbulence. Further-
more, an elevated SOD amplifies the coverage area by the
jet, further augmenting the MRR. The combined impact of
both parameters yields a higher MRR. Figure 10 gives the
predicted vs actual plot of MRR for free air cutting for dif-
ferent sets of AWS] machining conditions.

Table 6 gives the fit statistics of RSM for MRR for free
air machining conditions. The predicted R* of 0.9184 is in

Factor Coding: Actual

reasonable agreement with the adjusted R* of 0.9701, i.e.,
the difference is less than 0.2. The Adeq Precision measures
the S/N ratio. A ratio greater than 4 is desirable. The ratio of
22.203 indicates an adequate signal. This regression fit statistics
can be effectively employed to evolve newer design spaces.

Equation (3) gives the regression equation obtained
from the RSM analysis of the parameters on MRR, which
can be effectively used to predict the outcomes for dif-
ferent input conditions.

MRR (g/min)

MRR (g/min)
@ Design Points

1.56 [ 244
X1=D
X2=8

Actual Factors
A =120
C =150

B: SOD (mm)

30

Figure 8: Contour plot of feed vs SOD for MRR for free air cutting.

36 42 48 54 60

D: Feed (mm/min)
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@ Design Points

1.56 [ 2.44

X1=D
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Actual Factors
A =120
C=150
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Figure 9: 3D surface plot of feed vs SOD for MRR for free air cutting.

MRR = +2.36875 - 0.008333 x Abrasive Size
+ 0.152446 x SOD + 0.002234 3)
x Abrasive Concentration
-0.005312 x Feed.

The results of present work are compared with the findings
of Santhosh et al [29,30] who have successfully conducted sev-
eral studies on optimizations through the application of RSM.
This involved a detailed analysis of experimental trials and

3D Surface

their outcomes, focusing on critical aspects and validations.
Their efforts were directed toward optimizing experimental
parameters for wear in composites. The reported results indi-
cate that the chosen optimum parameters not only enhance the
wear resistance but also reduce the wear resistance by 22%.
Similarly, in the present work, the MRR improves, while the SR
reduces. This improvement is attributed to the careful selection
of appropriate SOD and traverse speed during the AWS]
machining process.

Predicted vs. Actual

MRR
(adjusted for curvature) 2.6 —

Color points by value of
MRR: 24—

1.56 [ 244

22—

Predicted
~
|

Figure 10: Predicted vs actual plot of MRR for free air cutting.
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Table 6: Fit statistics of RSM for MRR for free air conditions

Std. dev. 0.0537 R? 0.9850

Mean 1.92 Adjusted R? 0.9701

CV. % 279 Predicted R? 0.9184
Adeq precision 22.2027

RSM stands out as a potent instrument for fine-tuning
parameters within manufacturing processes. By harnessing
mathematical and statistical methodologies, RSM aids in
unraveling intricate connections between input variables
and desired output responses. In machining and production
domains, RSM serves to amplify process efficacy, curtail
expenses, and elevate product standards [31]. One key merit
of RSM lies in its capacity to streamline the number of
experimental trials necessary for optimization. Instead of
exhaustively testing every conceivable parameter combina-
tion, RSM enables researchers to judiciously select a subset
of experiments grounded in statistical design principles like
factorial or fractional factorial designs. This strategy not only
conserves resources but also furnishes valuable insights into
the interrelations among diverse variables. Additionally, RSM
facilitates the identification of optimal parameter configura-
tions that maximize desired outcomes while minimizing var-
iations and defects. By constructing response surfaces and
contour plots, engineers can visually map the nexus between
input parameters and performance metrics, thereby facili-
tating informed decision-making and process enhancement.
RSM finds practical utility across a spectrum of manufac-
turing applications, encompassing composite fabrication
and machining. Its adaptability and efficacy render it
indispensable for industries striving to bolster produc-
tivity and maintain a competitive edge in today’s dynamic
market milieu [32,33]. The same holds good in the present
work, wherein the MRR is considered for optimizing the
process parameters in the AWS] machining process for
two cutting conditions.

Table 7: Factor settings and response parameters for underwater cutting

DE GRUYTER

The results of AWS] machining of CFRP composite-
based orthopedic implants in the present work are further
compared with the findings of Santhana kumar et al. [34],
who have applied grey-based RSM for optimizing AWS]
cutting parameters in ceramic tile machining. Their study
addresses the challenges of achieving precise cuts and
minimizing SR in ceramic tile processing, which are critical
factors in ensuring quality and efficiency in the manufac-
turing industry. They have conducted experimental trials
to investigate the effects of key cutting parameters such as
jet pressure, abrasive flow rate, SOD, and traverse speed on
MRR and SR. By employing grey relational RSM techniques,
they were able to model the complex relationships between
process variables and performance metrics. The findings
of the study provide valuable insights into the optimal
parameter settings that enhance the cutting efficiency and
quality in AWS] machining of ceramic tiles. In the present
work, through systematic experimentation and analysis, it is
herewith observed that the MRR in the AWS] machining
process for composites is a critical factor, which depends
on the abrasive size, concentration, nozzle SOD, and suspen-
sion of composites in water for increasing the MRR and the
machining quality for the composites.

3.2 Underwater AWS] cutting conditions

Table 7 outlines the experimental setup and results for
underwater cutting, specifically examining the influence
of different factor settings on various response parameters.
Each experiment, labeled from 1 to 9, investigates combi-
nations of abrasive size, SOD, abrasive concentration, and
feed rate, measuring their impact on MRR, top and bottom
kerf widths (TKW and BKW, respectively), and SR. By
altering factors such as abrasive size, SOD, concentration,
and feed rate, researchers observed changes in the effi-
ciency of material removal, the width of the cut at different

Expt. no. Abr. size (grit) SOD (mm) Abr. con. (9) Feed (mm/min) MRR (g/min) TKW (mm) BKW (mm) SR (n)
1 #100 1 100 30 1.90 1.79 0.80 8.16

2 #100 3 150 45 2.12 1.83 0.84 8.73

3 #100 5 200 60 2.62 1.78 0.78 8.85
4 #120 1 150 60 1.65 1.56 0.71 8.96
5 #120 3 200 30 2.42 1.82 0.84 8.22

6 #120 5 100 45 2.27 1.88 0.79 8.76

7 #140 1 200 30 1.7 1.70 0.81 8.69
8 #140 3 100 60 1.65 1.54 0.67 9.1

9 #140 5 150 45 2.18 1.85 0.84 8.21
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Table 8: Response table for S/N ratios (larger is better)
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Table 9: Response table for means

Level Abrasive SOD Abr. Feed Level Abrasive SOD Abr. Feed

size (grit) (mm) con. (g) (mm/min) size (grit) (mm) con. (g9) (mm/min)
1 6.304 4334 5.107 5.263 1 2.083 1.650 1.813 1.847
2 5.638 5.539 5.457 6.304 2 1.933 1.910 1.890 2.067
3 4783 6.851 6.160 5.158 3 1.750 2.207 2.063 1.853
Delta 1.521 2.517 1.052 1147 Delta 0.333 0.557 0.250 0.220
Rank 2 1 4 3 Rank 2 1 3 4

depths, and the smoothness of the machined surface. The
data provide insights into optimal conditions for under-
water cutting processes, aiming for higher MRRs, precise
kerf widths, and improved surface finishes, crucial for
enhancing the effectiveness and quality of underwater cut-
ting applications across various industries.

The recorded response data in this table, including
MRR, TKW, BKW, and SR, were subject to ANOVA to deter-
mine the significant factors at a 95% confidence level. The
ANOVA results, specifically for MRR in underwater cutting,
are outlined in Table 10. By examining the F-value in these
tables, one can discern the impact of various process para-
meters on MRR during free air cutting.

3.2.1 Results of the Taguchi method for MRR for
underwater cutting

The provided response in Table 8 illustrates the S/N ratios
(larger is better) for different levels of abrasive size (grit),
SOD (mm), abrasive concentration (g), and feed rate (mm/
min) in the context of underwater AWS] machining. The
table displays S/N values corresponding to each level of
factors, with higher values indicating a better perfor-
mance. Additionally, the “Delta” row showcases the differ-
ences between the highest and the lowest S/N values within
each factor, while the “Rank” row assigns a rank to each
factor based on their S/N values, with lower ranks signifying
better performance. This analysis aids in identifying the most

Table 10: ANOVA of MRR in underwater cutting conditions

influential factors and optimal levels for achieving improved
outcomes in underwater AWS] machining processes. It is
seen from the table that the SOD has a significant effect on
MRR, followed by the abrasive size, feed, and abrasive
concentration.

The response table for means for MRR is given in Table 9.
It is seen from the table that the SOD has a significant effect
on the mean for each combination of control factor levels in
the design for optimizing the MRR, followed by abrasive size,
abrasive concentration, and feed rate. Figure 11 shows the
main effects plot for means for MRR. It is evident that the
abrasive size of 100 grit (level 1), SOD of 5 mm (level 3), abra-
sive concentration of 200 g (level 3), and feed rate of 45 mm/min
(level 2) give the mean for each combination of control factor
levels in the design for optimizing the MRR as per Taguchi’s
condition of larger is better. From the main effects plot for S/N
ratios seen for MRR in Figure 12, it is evidenced that the opti-
mized set of process parameters, viz. the abrasive size of 100
grit, SOD of 5 mm, abrasive concentration of 200 g, and feed rate
of 45 mm/min gives the maximum MRR.

3.2.2 Results of ANOVA for MRR for underwater cutting

Table 10 gives the ANOVA of MRR in underwater cutting
conditions. The model F-value of 25.47 implies the model is
significant. There is only a 0.42% chance that an F-value
this large could occur due to noise. From the ANOVA table,
it is herewith observed that p-values <0.0500 indicate

Source Sum of squares DF Mean square F-value p-value Remarks
Model 0.9522 4 0.2380 25.47 0.0042 significant
A - Abrasive size 0.2017 1 0.2017 21.58 0.0097

B - SOD 0.6060 1 0.6060 64.84 0.0013

C - Abrasive concentration 0.1091 1 0.1091 11.67 0.0269

D - feed 0.0603 1 0.0603 6.46 0.0639

Residual 0.0374 4 0.0093

Cor total 0.9896 8
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Main Effects Plot for S/N ratios
Data Means

Abr. Size (grit) SOD (mm)
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Mean of S/N ratios

4.0
100 120 140 1 3

Signal-to-noise: Larger is better

Figure 11: Main effects plot for means for MRR for underwater cutting.

model terms are significant. In this case A, B, and C are
significant model terms. Values greater than 0.1000 indi-
cate the model terms are not significant. If there are many
insignificant model terms (not counting those required to
support hierarchy), model reduction may improve the
model.

Abr. Con. (gm) Feed (mm/min)

6.5
6.0
5.5
5.0
45

100 150 200 30 45 60

Figures 13 and 14 show the contour plot and surface
plot illustrating the relationship between SOD and abrasive
size in relation to MRR, respectively. The plots distinctly
indicate that a substantial increase in abrasive particle size
and SOD results in a significant boost in MRR. A larger
grain size contributes to a heightened area of erosion,

Main Effects Plot for Means
Data Means

Abr. Size (grit) SOD (mm)

Mean of Means

100 120 140 1 3

Figure 12: Mean of S/N for MRR for underwater cutting.

Abr. Con. (gm) Feed (mm/min)
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20
1.9
18
17
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Figure 13: Contour plot of SOD vs abrasive size for MRR for underwater cutting.

consequently leading to an increase in MRR. Moreover, an
elevated SOD leads to a broader coverage area by the jet,
thereby further enhancing the MRR.

Figures 15 and 16 display the contour plot and surface
plot, illustrating the correlation between SOD and abrasive
concentration in relation to MRR, respectively. The plots
distinctly reveal that a noteworthy escalation in SOD and
abrasive concentration correlates with a significant upsurge
in MRR. An increase in the abrasive concentration intensi-
fies the frequency of particles participating in the erosion

Factor Coding: Actual

MRR (g/min)
© Design Points

1.65 [ 252

X1=A
X2=8B

Actual Factors
C=150
D =45

MRR (g/min)

B: SOD (mm)

process, consequently leading to an augmentation in MRR.
Additionally, a heightened SOD contributes to a more exten-
sive coverage area by the jet, further amplifying the MRR.
The combined impact of both parameters results in a
higher MRR.

Figures 17 and 18 present the contour plot and surface
plot illustrating the correlation between the SOD and feed
rate in relation to MRR, respectively. The plots distinctly
reveal that a noteworthy increase in SOD, coupled with
a decrease in the feed rate, results in a significant

3D Surface

140

120

A: Abrasive Size (Grit)

1100

Figure 14: 3D surface plot of SOD vs abrasive size for MRR for underwater cutting.
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Factor Coding: Actual
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Figure 15: Contour plot of abrasive concentration vs SOD for MRR for underwater cutting.

enhancement of MRR. An escalation in feed rate contri-
butes to a reduction in MRR due to a decrease in the abra-
sive flow velocity. Consequently, the limited kinetic energy
of the jet gets distributed over a larger number of particles,
resulting in a diminished kinetic energy for each specific
particle. This phenomenon also leads to an increase in
turbulence. Furthermore, an elevated SOD amplifies the
coverage area by the jet, further augmenting the MRR.
The combined impact of both parameters yields a higher
MRR. Figure 19 gives the predicted vs actual plot for the

Factor Coding: Actual

MRR (g/min)
[ ] Design Points

1.65 [ 262

X1=C
X2=8

Actual Factors
A =120
D=45

MRR (g/min)

B: SOD (mm)

MRR for underwater cutting. It is herewith evident that the
actual results are in close agreement with the predicted
results.

Table 11 presents the fit statistics of MRR for under-
water cutting. The predicted R* of 0.8572 is in reasonable
agreement with the adjusted R? of 0.9244, i.e., the differ-
ence is less than 0.2.

Adeq Precision measures the S/N ratio. A ratio greater
than 4 is desirable. The ratio of 13.818 indicates an ade-
quate signal. The regression equation of MRR for

3D Surface

120 C: Abrasive Concentration (mm)
1100

Figure 16: 3D surface plot of abrasive concentration vs SOD for MRR for underwater cutting.
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Factor Coding: Actual MRR (g/min)
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@ Design Points

1.65 [ 262
X1=D .
X2=8

Actual Factors
A =120
C =150

B: SOD (mm)
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Figure 17: Contour plot of feed vs SOD for MRR for underwater cutting.

underwater cutting is given in Equation (4). The equation The results of the present work are compared with the
holds good, and it can be effectively employed to design findings of Alberdi et al. [35]; the study explores the effec-
newer arrays of experimentations. tiveness of AW] in machining composite materials, aiming
L to understand its capabilities and limitations. Through
MRR = +2.56447 - 0.009167 x Abrasive Size experimentation and analysis, the authors examine var-
+ 0168844 x SOD (4) 1ious factors influencing the cutting process, including the
+ 0.002740 x Abrasive Concentration — abrasive size, SOD, feed rate, and cutting speed. Their work
0.007204 x Feed. provides insights into the mechanisms involved in
Factor Coding: Actual 3D Surface
MRR (g/min)
® Design Points
165 [ 262
X1=D
X2=8
Actual Factors
A =120
C=150

MRR (g/min)

B: SOD (mm) D: Feed (mm/min)

Figure 18: 3D surface plot of feed vs SOD for MRR for underwater cutting.
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Figure 19: Predicted vs actual plot of MRR for underwater cutting.

composite cutting with AWJ only; however, the present
work has explored the AWS] process in both free air and
underwater conditions and has additionally explored chal-
lenges and opportunities for further research in this field,
contributing to the advancement of composite machining
techniques.

The work of Alberdi et al. also delves into the effect of
energy consumption and temperature of the abrasive water
in the composite cutting process. It explores how variations
in energy consumption and temperature can impact the
efficiency and effectiveness of the cutting operation. By ana-
lyzing these factors, the authors aim to optimize the cutting
process to minimize energy consumption while maintaining
desired cutting performance. Additionally, the article dis-
cusses the thermal effects of abrasive water on the work-
piece material and how temperature changes can affect the
material properties and cutting quality. Variations in tem-
perature influence the viscosity and density of the abrasi-
ve-water mixture, affecting the cutting efficiency, while
thermal effects on the workpiece material can lead to
dimensional inaccuracies and structural damage. Overall,
the investigation into energy consumption and temperature

Table 11: Fit statistics of MRR for underwater cutting

Std. dev. 0.0967 R 0.9622
Mean 2.06 Adjusted R? 0.9244
CV. % 4.70 Predicted R 0.8572

Adeq precision 13.8178

provides valuable insights into improving the sustainability
and precision of AWJ cutting for composite materials [35].

4 Conclusions

The conclusions drawn from the analysis of AWS] machining
on CFRP composite-based orthopedic implants provide valu-
able insights based on numerical findings and statistical
validations.

* SOD emerges as the most influential factor in controlling
MRR, with underwater cutting consistently outperforming
free air cutting.

» For instance, at #100 abrasive size and 5mm SOD, the
MRR peaked at 2.44 g/min, while an increase in abrasive
size correlated with higher MRR values, such as achieving
2.15 g/min at #120 grit and 3 mm SOD.

¢ Furthermore, the study highlights the significance of tra-
verse rate and SOD in controlling the kerf width (TKW
and BKW) and SR.

* Underwater cutting conditions consistently yield superior

results compared to free air cutting, as evidenced by

numerical values such as a kerf width of 0.89 mm and
an SR of 9.25 um achieved under specific conditions.

These findings underscore the effectiveness of underwater

cutting and provide valuable guidance for optimizing

AWS] machining parameters for CFRP composites-based

orthopedic implants.

* The Taguchi method and RSM helped in the statistical vali-
dation and optimization of the grit size, SOD, abrasive con-
centrations, and feed rate in underwater cutting conditions.
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