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Abstract: Fiber-reinforced additive manufacturing components have been used in various industrial
applications in recent years, including in the production of aerospace, automobile, and biomedical
components. Compared to conventional methods, additive manufacturing (AM) methods can be used
to obtainin lighter parts with superior mechanical properties with lower setup costs and the ability to
design more complex parts. Additionally, the fabrication of onyx composites using the conventional
method can result in delamination, which is a significant issue during composite machining. To
address these shortcomings, the fabrication of onyx composites via additive manufacturing with the
Mark forged 3D-composite printer was considered. Machinability tests were conducted using abrasive
water jet machining (AWJM) with various drilling diameters, traverse speeds, and abrasive mass
flow rates. These parameters were optimized using Taguchi analysis and then validated using the
Genetic algorithm (GA) and the Moth Flame Optimization algorithm (MFO). The surface morphology
(Dmax) and the roughness of the drilled holes were determined using a vision measuring machine
with 2D software (MITUTOYO v5.0) and a contact-type surface roughness tester. Confirmation
testing demonstrated that the predicted values werenearly identical to the experimental standards.
During the drilling of an onyx polymer composite, regression models, genetic algorithms and the
Moth-Flame Optimization algorithm were used to estimate the response surface of delamination
damage and surface roughness.

Keywords: onyx composite; abrasive water jet machining; delamination; Taguchi analysis; sur-
face roughness

1. Introduction

Composites reinforced with onyx have high degrees of strength, stiffness, fatigue
strength, corrosion resistance, and wear resistance, as well as being lightweight. As reported
by Fernandes et al. and He, Q et al. [1,2], such composites have many industrial structural
applications, including aerospace, valves and fittings, robot grippers, tools, battery cell
holders, cargo and passenger doors, jigs and fixtures, wind turbine blades, automotive,
prototype parts, and civil structures. Compared to other manufacturing methods, additive
manufacturing (AM) enables the 3D printing of complex structures that arelightweight and
cost-effective with minimal material waste, as well as offering reduced fuel consumption
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due to the use of improved geometrical structures and short lead times. Different types
of AM techniques have beendeveloped in the industry, such as selective laser sintering
(SLS), fused deposition modelling (FDM), stereo-lithography apparatus (SLA), direct metal
deposition (DMD), direct inkjet printing (DIP), laminated object manufacturing (LOM), and
selective laser melting (SLM). These methods differ in their approach tolayer deposition
and the types of materials used in the fabrication process [3]. FDM is the most adaptable
AM process that provides serviceable parts and prototypes usingvarious thermoplastic
polymers; it can be applied to produce complex geometrical parts at low cost with excellent
recyclability [4]. Methods for the post-processing of the internal surfaces of AM parts,
with regard to their porosity, poor surface finish, and voids, are discussed in [5]. The
internal surfaces of AM parts cannot be machined through conventional methods. As
such, unconventional methods, such as ultrasonic machining, water jet machining, abrasive
flow jet machining, abrasive water jet machining (AWJM), and abrasive barrel machining,
are most suitable. Overall, the AWJM process is environmentally friendly and low-cost.
Further, compared to other techniques, AWJM has negligible thermal deformation, no
change in physical and chemical properties, and less chemical contamination, and does not
require the use of a cutting fluid. Fused deposition modeling, a 3D printing technique, was
used to fabricate a composite material with a Mark forged Mark Two Desktop 3D printer.
According to Sanei et al. and Caminero, M. et al. [6–8], the printer achieved greater stiffness,
durability, and reliability, with consistent results and unique strength. Figure 1 illustrates
the various manufacturing processes associated with 3D printers.
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Figure 1. The manufacturing process of 3D printed fiber-reinforced polymer composite [6].

Polymer composite materials require sequential machining operations to achievedi-
mensional tolerances and assembly. During the machining of composite materials, the inner
layers suffer from damage related to delamination, resulting from the machining process
parameters and the drilling geometry. At present, the machining (drilling) of polymer
matrix composites is a significant challenge. Failure modes are oftenobserved in polymer
composite materials, such as intralaminar matrix cracking, fiber fractures, fiber-matrix
debonding, fiber pull in and out, delamination, and longitudinal matrix splitting during
the machining process because of localized impact loads. Abrao et al., Benardos et al., and
Rubio et al. [9–11] noted that severe delamination and higher surface roughness values
were observed during the drilling of the fiber-reinforced composite plastics. These charac-
teristics significantly affected the resulting plastics. Tan et al. [12] stated that themachining
process parameters can beoptimized through statistical analysis and the Taguchi method
tocontrol the delamination damage and surface roughness.
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As reported by Masoud et al. [13], the conventional machining process, i.e., sawing,
milling, and drilling, is used to make holes and profiles and to trim polymer matrix
composite materials as well as metal matrix composites. In the conventional machining
of polymer matrix composite materials, one of the significant disadvantages is the poor
surface quality because of thecomplexity of composite materials. As reported by Abdullah
et al., Solati et al. [14,15], and Hejjaji et al. [16], during theconventionaldrilling of composite
materials such as carbon and glass fibers, the cutting tool produces ashear force, resulting
indelamination.Rao et al. [17] proposed laser drilling as an alternativeto conventional
drilling methods due to the absence of tool wear, vibrations, and thrust force. However,
drilling using lasers results in the ablation of composites due to thermal effects. Therefore,
the optimization of the process parameters is an important aspect which determines the
quality of drilled holes.

Yallewet al. [18] reported on differences in surface quality based on the cutting tool
geometry inthe machining of the fiber-based composite materials. Celiket al. [19] concluded
that the conventional machining process parameters significantly affect fiber-reinforced
polymer composite materials in terms ofsurface damage and the delamination factor. The
Markforged 3D printer can make net-shaped holesin 3D printed parts, resulting in good
quality final products; however, this process increases the surface roughness. Moreover,
obtaining accurate dimensions of the hole is a daunting task. Osama et al. [20], Akhilesh
et al. [21], Atzeni, E et al. [22], and Khorasani, M et al. [5] reported that 3D-printed parts
suffer frompoor surface roughness, dimensional inaccuracies, and warping. For these
reasons, the present study is focused primarily on abrasive water jet machining (AWJM),
a flexible process for achieving high productivity withhigher material removal rates [23].
Compared to conventional machining, the AWJM process produces lower cutting forces
and useslowertemperatures. Therefore, AWJM is of great interest formachining, reducing
defects in or deterioration ofthe polymer matricesof composite materials. Banon et al. [24]
stated that AWJM does not require the use of physical tools, resulting in significantly
less wear on auxiliary components and reduced cost. Ramesha and Akhtar [25] stated
that the aforementionedmachining issues can be resolved through AWJM, noting that the
approach is ten times more rapid than conventional machining. Prabu et al. [26] concluded
that the AWJM drilling process is completely free ofcutting tools, chip generation, plastic
delamination, and thrust force (TF).

Ming et al. [27] investigated the surface quality of glass fibers and carbon fibers
reinforced with epoxy matricesmachined usingthe AWJM process. Based on ananalysis of
variance (ANOVA), it was concluded that the abrasive mass flow rate, hydraulic pressure,
and transverse speed aremajor influencing factorson the surface quality of hybrid polymer
composite materials. Jagadeesh et al. [28] and Seyedaliet al. [29,30] studied these statistical
results, which were benchmarked based on algorithms such as GA and MFO to provide
optimized and competitive results. James et al. [31] identified the optimum machining
parameters for metals and composites via the design of experiments (DOE) approach,
followed by ANOVA.

Based on a literature review, machinability studies on3D printed onyx polymer com-
positepartshave not been reported. Therefore, we assessedthe characteristics of mark forged
(FDM) 3D printed parts made of onyx polymer composites followingmachinability studies
(drilling) usingAWJM. In the present work, we selectedappropriate machining process
parameters, e.g., traverse speed rate (mm/min), drilling diameter (mm), and abrasive mass
flow rate (g/min), for an onyx polymer composite through Taguchi analysis and optimiza-
tion algorithms (GA and MFO) to minimize delaminationand lower the surface roughness.

2. Materials and Methods

Onyx composite consists of 80% nylon and 20% carbon. The onyx grade used in the
present study wasPA6. Onyx fiber filaments were procured from M/s Adroitec information
systems Pvt. Ltd. (Noida, India) in U.P. The mechanical properties of the composite material
were as follows density—1.2 g/cc, Tensile stress at yield—40MPa (ASTM D638), Tensile
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Modulus—2.4 GPa (ASTM D638), Flexural strength—71 MPa (ASTM D790), Flexural
Modulus—3.0 GPa (ASTM D790), and Izod Impact Strength—330 J/m (ASTM D256-10A),
as reported by Markforged, Watertown, MA, USA [32]. The melting point of onyx fiber is
270◦C.The presentstudy soughtto optimize the AWJM process parameters to obtain the
most favorable delamination and surface roughness characteristics. The onyx, a mixture of
nylon with continuous carbon fiber and plastic filaments, was fabricated using Markforged
(USA) Mark Two Desktop composite 3D printers, as shown in Figure 2a,b, through the
fusion deposition modeling technique. The onyx wasmodeled using the Solid Works
computer-aided design (CAD) software version 18.0, as illustrated in Figure 2c. The onyx
printing parameters were set to 100 layers with a solid fill pattern, where each layer had a
thickness of 0.125 mm and the infill density wasset to 100%. The 3D printing parameters
are shown in Table 1. As shown in Figure 2d, the dimensions of the printed onyxwere
100 × 100 × 10 mm. The shore D hardnessof the onyx was measured using a durometer, as
per the ASTM D 2240 standard; a value of 68 was obtained.
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Table 1. Markforged (Mark Two) FDM-3D printerparameters.

Sl. No Printing Parameters Used Value

1 Layer thickness (mm) 0.125

2 Printing speed (mm/s) 100

3 Nozzle diameter (mm) 0.4

4 Printing head nozzle temperature (◦C) 274

5 Bed temperature (◦C) 100

6 Travel speed (mm/s) 120

7 Fiber fill type pattern Solid-isotropic

8 Filament diameter (mm) 1.75

9 Infill rate 100%

10 Number of layers 100

11 Orientation angle 0◦/45◦/90◦/135◦

The machinability (drilling) of an onyx polymer composite using AWJM is summa-
rizedin Figure 3. The AWJM has a travel capacity of 3500 mm on the Xaxis and 1500 mm on
the Yaxis. Table 2 shows the constant condition parameters used during the AWJ machining
experiments [33,34].
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AWJM is an advanced non-traditional machining method which iswidely used in
many industrial and manufacturing applications. It is a cold machining process in which
abrasives are proportionally mixed with water, which passes through an extremely fine
jet at high velocity (1000 m/s) to assist in the removal of material by plastic deformation.
The pressurized abrasive water jet is focused ontothe work piece; the velocity of the fluid
is reduced to virtually zero after striking the surface of the work piece. After striking,
the kinetic energy is transformed into pressure energy. The AWJM process has many
advantages, such as low cutting force, high flexibility, no heat affected zone, no residual
stress formation, eco-friendliness, ability to generate complex shapes, and high machining
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performance. Moreover, in this method, as the tool is not in direct contact with the work
piece, the mechanical properties of the work piece are retained [35–37].

Table 2. Constant parameters used for the AWJM process.

Sl. No Parameters Conditions Units

1 Abrasive water jet pressure 380 MPa

2 Standoff distance 2 mm

3 Abrasive material GARNET -

4 Abrasive particle size 80 mesh size

5 Impact angle 90 Degree (◦)

6 Nozzle diameter 1 mm

7 Material andthickness Onyx and 10 mm

Design of Experiments and Optimization Techniques

Taguchi analysis, combined with experimental design theory and the quality loss
function, was used to minimize the production time, cost, and required materials [38].
The Taguchi design of experiments (DOE) and the L9 orthogonal array were reported by
Sesharaoet al., Chohanet al., Sakthi et al., Kuset al. [39–42]. This approach wasappliedin
the current machinability study, where the controllable parameters were drilling diameter,
traverse speed rate, and abrasive mass flow rate. Table 3 shows summarizes these settings.
The experimental results, such as the delamination factor at hole entry and exit and the
surface roughness, were examined using the signal to noise (S/N) ratio, where lower values
are preferable. The term ‘signal’ denotes the preferred response, while ‘noise’ denotes
undesirable values resulting from uncontrollable factors. The S/N ratio is shown below
(Equation (1)) [43,44].

S
N

= −10 log
1
n

(
∑ y2

)
(1)

where n represents the replication number and y represents the observed response value.
The optimum drilling parameters were determined in this study using the S/N ratio

through graph data and a response table. Furthermore, ANOVA yielded an estimate of the
percentage of contribution (PC) of the response parameters. Aregression model was devel-
oped to ascertain the relationship between the process parameters and output (response)
parameters. Figure 4 shows the response parameters regarding delamination, i.e., peeling
at the entry hole and pushing out at theexit, as measured using the Profile Projector Vision
Measuring Machine (VMM) 2D software (MITUTOYO v5.0). The surface roughness was
measured using a contact-type surface roughness tester, as shown in Figure 5. Damage
due to delamination factor Fd was measured during onyx composite drilling; such damage
was observed on both sides of the onyx composite, i.e., jet entry and exit. The delami-
nation factor was calculated using the standard formulae (Fd = Dmax/Do), as reported
by Vigneshwaran et al. [45], where Dmax is the maximum diameter of the delaminated
area and the Do is nominal or actual diameter of the drilled hole. Dmax was calculated for
the peel up at the entry hole and push out at the exit hole using VMM followed and a2D
software (MITUTOYO) three-point method. Each measurementwas madeten times and the
average values were recorded [46]. In the current study, the Minitab ‘17’software was used
to analyze process parameters such as traverse speed rate (mm/min), drilling diameter
(mm), and abrasive mass flow rate (g/min). To identifythe best possible solutions for the
machining process parameters of the onyx composite, optimization techniques such as
the Moth-Flame Optimization (MFO) algorithm and genetic algorithm (GA) were used.
The algorithms use a list of parameters, as shown in Table 4. These input parameters were
selected based on aliterature survey, drawing on the findings ofGeetha et al. [47], Lenin
et al. [48], Yang et al. [49], Chohan et al. [40], Antil et al. [30], Nadimi et al. [50], Shehab
et al. [51], Mirjalili et al. [29], and Buch et al. [52].
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Table 3. Design of control factors and levels for Taguchi Analysis.

Level
Factors

Drilling Diameter
(mm)

Traverse Speed Rate
(mm/min)

Abrasive Mass Flow
Rate (g/min)

I 8 30 250

II 10 40 350

III 12 50 450
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Table 4. List of algorithm parameters.

Algorithms Parameters Values

GA

Population size 100

Stopping criteria—Maximum number
of iterations 100

Selection for reproduction Roulette wheel selection

Crossover probability 0.45

Crossover method Single point

Mutation probability 0.02

MFO

Maximum number of moth 100

Stopping criteria—Maximum number
of iterations 100

Adaptive number of flames round((mf-(itr*(mf-1)/max_itr)))

Adaptive convergence constant (r) −1 to −2

Next position of moth close to flame (t) r to 1

3. Results and Discussion
3.1. Delamination Factor on Onyx Composite

Machinability studies (drilling) were carried out on the onyx composite, using AWJM
to assess the impact of the machining process parameters on work piece damage. Figure 6
shows the maximum measured damage drilled hole diameter (Dmax). Table 5 shows the
effect of the machining process parameters on the delamination factor for peel up and push
out. It can be seen that as the abrasive mass flow rate increased, the delamination factor
value decreasedfor both the peel up and push out. We found that alower traverse speed
rate could reduce the delamination factor and improve thesurface roughness (Ra).

Table 5. Design of theL9 orthogonal array used for Taguchi analysisand measured values for delami-
nation peel up at the entryhole, push out at the exit hole, and surface roughness.

No of
Experimental

Drilling Hole ID

Delamination Factor (Fd)

Surface
Roughness
(Ra) (µm)

Machining Process Parameters
Peel Up at
Entry Hole

Push Out at
Exit HoleDrilling

Diameter (mm)
Traverse Speed
Rate (mm/min)

Abrasive Mass
Flow Rate

(g/min)

1 8 30 250 1.281 0.9976 3.7705
2 8 40 350 1.3443 0.9402 3.5335
3 8 50 450 1.36077 0.9128 3.2965
4 10 30 350 0.9684 0.7816 3.0675
5 10 40 450 1.0518 0.7542 2.6305
6 10 50 250 1.4378 1.112 3.8025
7 12 30 450 0.696 0.6856 2.3445
8 12 40 250 1.0719 0.9434 3.3365
9 12 50 350 1.1553 0.916 3.0995

As shown in Table 5, the delamination aspect ranged from 0.69600 to 1.43780 for peel
up delamination and from 0.6856 to 1.1120 for push out. These factor values werelower
than those reported by several other researchers in previous studies usingconventional
drilling forGFRP and CFRP composites [12,28,46,53]. ATaguchi statistical analysis was
performed using the S/N ratio characteristics for the observed response value, as shown in
Figures 7 and 8. The machining process parameters variedfrom levels1 to 3. Based on the
results shown in Figures 7 and 8, it is clear that the drilling diameter significantly influences
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the delamination damage (hole entry and exit), as do the traverse speed rate and the
abrasive mass flow rate. The latter appears to be the most influential factor fordelamination,
as evidenced inthe response graph from level 1 to 3. Adrilling diameter of 12 mm, a traverse
speed rate of 30 mm/min, and an abrasive mass flow rate of 450 g/min were found to be the
optimal drilling process parameters for minimizing delamination factor peel up and push
out. As such, it was noted that a larger drilling diameter, a lower traverse rate, and a higher
abrasive mass flow rate were desirablefor drilling onyx composite. Conversely, a smaller
drilling diameter, a higher traverse speed, and a lower abrasive mass flow rate yielded
poor-quality holes (with a higher delamination factor) in the onyx composite. For such a
composite, during AWJM, the drilling diameter has a major influence on the delamination
factor and surface roughness. Table 5 shows the delamination factor (peel up and push out)
and surface roughnesswith different drilling diameters (8 mm to 12 mm). Notably, with
drilling diameters of 8 mm and 10 mm, ahigher delamination factor and greater surface
roughness wereobserved than when using adrilling diameter of 12 mm.
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Figure 7. Response graph of S/N ration for delamination peel up at entryhole.
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Figure 8. Response graph of S/N ration for delamination push out at exithole.

3.2. Surface Roughness on Onyx Composite Fiber

Table 5 shows the effect of the machining process parameters on surface roughness
values, similar to the effect of delamination factor peel up and push out. It can be seen
that as the abrasive mass flow rate increased, lower surface roughness values were noted.
Additionally, the higher the traverse speed rate, the higher the surface roughness. In
contrast, alowerdrilling diameter, a higher traverse speed, and a lower abrasive mass flow
rate produced higher surface roughness values. The surface roughness response for each
factor and level was summarized using the S/N ratio, as shown in Figure 9. The drilling
process parameters varied from level 1 to level 3.
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Based on the response graph of the S/N ratio shown in Figure 9, it is clear that the
abrasive mass flow rate significantly influences the surface roughness, as do the traverse
speed rate and the drilling diameter.

From the mean effects plots in Figures 10 and 11 and Table 5, it may beobserved that a
higher abrasive mass flow rate, a lower traverse speed rate, and a higher drilling diameter
resulted in a lower delamination factor at both hole entry and exit. This is because of the
increased momentum of the abrasive particles with higher water jet pressure (380 MPa). The
abrasive particles tend to obtainmore cutting energy with a low traverse speed rate, which
explainsthe lower delamination and smooth surface roughness value. Similarly, in the effects
plot of surface roughness shown in Figure 12, it was noted that with ahigher abrasive mass
flow rate, lower traverse speed rate, and higher drilling diameter, lower surface roughness
was observed. This is due to the fact that at a higher abrasive mass flow rate and lower
traverse speed rate, the cutting action and overlapof abrasive particles on the surface occur in
a shorter timeframe, thereby increasing the smooth surface roughness value.
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Figure 10. Main effects of delamination factor at hole entry.
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Figure 11. Main effects of delamination factor at hole exit.
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Figure 12. Main effects of surface roughness (Ra).

3.3. Multiple Linear Regression Model and ANOVA

In the current study, correlation regression analysis of multiple linear regression
analysis was used to determine the delamination factor peel-up, push-out, and surface
roughnessresponse of an onyx composite. The R2 (99.1%) of the regression coefficient
delamination factor peel-up standard is in good qualitative agreement with the adjusted R2

(96.4%) value obtained. Similarly, in ourstudy, the delamination factor pushes out standard
of the regression coefficient R2 (99.6%) isin conformity with the adjusted R2 (98.5%), as
isthe corresponding surface roughness standard of the regression coefficient R2 (99.6%)
with the adjusted R2 (98.3%).

Regression equations for the delamination factor peel-up, delamination factor push
out, and surface roughnesswerecreated:

Delamination peel up = 1.7632 − 0.08857 Drilling diameter (mm) + 0.016808 Traverse speed (mm/min) −
0.001137 Abrasive mass flow rate (g/min)

(2)

Delamination push out = 1.2396 − 0.02547 Drilling diameter (mm) + 0.00793 Traverse speed (mm/min) −
0.001167 Abrasive mass flow rate (g/min)

(3)

Surface roughness = 5.587 − 0.1517 Drilling diameter (mm) + 0.01693 Traverse speed (mm/min) −
0.004397 Abrasive mass flow rate (g/min)

(4)

According to Equations (2)–(4), the drilling diameter, traverse speed rate, and abrasive
mass flow rate all play a significant role in the response of the onyx composite delamination
factor (peel up, push out) and surface roughness. The drilling parameters (i.e., drilling di-
ameter (12 mm), traverse speed rate (30 mm/min), and abrasive mass flow rate (450 g/min))
were optimized based on the response graph of the S/N ratio and the mean analysis shown
in Figures 7–12. ANOVA was performed and pseudocode of the optimization algorithms
wascreatedusing MINITAB 17.0 and MATLAB 18.0 to accurately verify the desired drilling
process parameters and the corresponding importance of each factor onthe delamination
and surface roughness.

Based on the ANOVA, the p-value wasless than 0.05, as shown in Tables 6 and 7; it
was determined with a 95% confidence level that the drilling operation parametershavea
clear impact. Tables 6 and 7 show the percentage of contribution (PC) of each parameter in
the last column. According to Table 6, the drilling diameter and traverse speed rate are the
most significant contributing factors to delamination peelup at the entry hole. In contrast,
the abrasive mass flow rate and traverse speed rate (30 mm/min) were found to be the
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most important contributing factors to push out at the exit hole and surface roughness;
see Table 7. The S/N ratio and the ANOVA results were consistent with each other. For
delamination peel-up, the PC results of the drilling diameter (41.163 %) and traverse speed
rate (38.430%) were found to befar more influencing factors than the abrasive mass flow
rate (19.498%). In contrast, the delamination push out at hole exit was shown to be more
influenced by the abrasive mass flow rate (58.116%) and the traverse speed rate (28.301%)
than the drilling diameter (13.212%) foronyx composite materials. In ANOVA, the abrasive
mass flow rate (59.69088%) wasthe most influencing factor on surface roughness, followed
by drilling diameter (28.89676%) and traverse speed rate (10.66138%), as shown in Table 7.

Table 6. ANOVA analysis for delamination peel up at the entry hole and push out at the exit hole.

Drilling Parameters Delamination Peel Up at Hole Entry Delamination Push Out at Hole Exit

Factors DF SS MS F-Value p-Value PC% SS MS F-Value p-Value PC%

Drilling diameter (mm) 2 12.5937 6.2969 45.38 0.022 41.163 1.8197 0.90986 35.79 0.027 13.212

Traverse speed rate
(mm/min) 2 11.7576 5.8788 42.36 0.023 38.430 3.8978 1.94892 76.65 0.013 28.301

Abrasive mass flow rate
(g/min) 2 5.9656 2.9828 21.49 0.044 19.498 8.0042 4.00209 157.40 0.006 58.116

Error 2 0.2775 0.1388 - - 0.907 0.0509 0.02543 - - 0.3695

Total 8 30.5945 - - - 100 13.7726 - - - 100

Note: SS—Sum of squared deviation, DF—Degree of freedom, F—Fisher’s F ratio, PC—Percentage of contribution,
MS—Mean squared deviation, p—Probability of significance at 5%.

Table 7. ANOVA analysis for surface roughness.

Drilling Parameters Surface Roughness

Factors DF SS MS F-Value p-Value PC%

Drilling diameter (mm) 2 4.5020 2.25102 38.48 0.025 28.89676

Traverse speed rate
(mm/min) 2 1.6610 0.83048 22.20 0.046 10.66138

Abrasive mass flow rate
(g/min) 2 9.2996 4.64978 79.48 0.012 59.69088

Error 2 0.1170 0.05850 - - 0.750982

Total 8 15.5796 - - - 100

3.4. Interaction Plot for Delamination Factor and Surface Roughness

The interaction plots, as shown in Figures 13–15, revealed an increasing trend inthe
abrasive mass flow rate, a decreasing trend inthe traverse speed rate, and an increasing
trend inthe geometry of the hole, indicating a lower delamination factor (peel up, push out)
value and reduced surface roughness. The maximum delamination factor peel-up (1.43780)
was observed with a higher traverse speed rate (50 mm/min), lower drilling diameter
(8 mm and 10 mm), and lower abrasive mass flow rate (250 g/min) because of insufficient
kinetic energy. In addition, the chipping effect was observed as a result of fiber interfacial
debonding, as shown in Figure 16. Similarly, the chipping effect was observed due to the
pull-out mechanism for the delamination factor push-out, as shown in Figure 17. Because
of better fiber interfacial bonding, the delamination factor push out (1.1120) was lower
value than the delamination factor peel up. In contrast, whenthe abrasive mass flow rate
(350 g/min) increased the delamination factor peel up and the push-out value decreased
(Figures 13 and 14). However, chipping was observed in both cases (Figures 18 and 19)
at a faster traverse speed rate (50 mm/min), lower abrasive mass flow rate, and lower
drilling diameter (8 mm and 10 mm), which led to insufficient kinetic energy over the target
material. Similarly, as shown in Figure 15, the maximum surface roughness (3.8025 µm) was
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observed with a higher traverse speed rate (50 mm/min), lower drilling diameter (8 mm),
and a lower abrasive mass flow rate (250 g/min). Compared to anabrasive mass flow rate
of 250 g/min, a traverse speed rate of 50 mm/min, and adrilling diameter of 8 mm, the
increasing trend of abrasive mass flow rate (350 g/min, 450 g/min) and drilling diameter
(10 mm, 12 mm) and the decreasing trend of traverse speed rate (30 mm/min) resulted
in a lower surface roughness value (Figure 15 and Table 5). According to the interaction
plot, the optimized machining (drilling) process parameters of drilling diameter (12 mm),
traverse speed rate (30 mm/min), and abrasive mass flow rate (450 g/min) resulted in
the lowest delamination factor and surface roughness. Furthermore, the chipping effect
was not observed with these parameters due to the higher kinetic energy over the target
material (good fiber interfacial bonding) (Figures 20 and 21).
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Figure 16. Delamination peel up on a drilled hole surface with adrilling diameter of 10 mm, a traverse
speed rate of 50 mm/min, and an abrasive mass flow rate of 250 g/min.
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Figure 18. Delamination peel up on a drilled hole surface with adrilling diameter of 12 mm, a traverse
speed rate of 50 mm/min, and an abrasive mass flow rate of 350 g/min.
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traverse speed rate of 50 mm/min, and andabrasive mass flow rate of 350 g/min.
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Figure 20. Delamination peel up on a drilled hole surface with adrilling diameter of 12 mm), a
traverse speed rate of 30 mm/min, and anabrasive mass flow rate of 450 g/min.
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30 mm/min, and anabrasive mass flow rate of 450 g/min.

Comparative Study of Unconventional Machining Process Methods and Other Methods

By using special equipment, the material removal which occurs in unconventional
machining process (UCM) methods is based onminimal cutting force, high pressure, high
frequency vibration, and high temperature. This is completely different from conventional
material removing techniques [54]. Wire electro discharge machining (WEDM) has lim-
itations for machining operations, as only conductive materials can be used [55]. Other
types of unconventional machining processesinclude laser, water jet, electrochemical, and
ultrasonic machining [45]. Compared to UCM processes, with AWJM, machining is based
on the machining process parameters and thematerial properties. Table 8 shows the delam-
ination damage and surface roughness resulting fromthe AWJM process compared to those
of other methods. Conventional machining techniques often lead to poor surface finish,
fiber pullout, harsh damage to sub surfaces, and a high level of matrix removal, resulting
inuneven surfaceroughnessdue to the higher thrust force and torque which are applied, as
reported by Vinod et al. [56], Azmi et al. [57], Debnath et al. [58], and Dvivediet al. [59].

Table 8. Delamination damage and surface roughness in the AWJM process compared to those
resulting from other methods.

S. No Machining Methods Materials Used Delamination
Factor Value

Surface
Roughness (µm) References

1 Computer numerical control
vertical drilling machine

Glass fiber reinforced
plastics (GFRP) - 3.50 Vinod et al. [56]

2 Vertical drilling machine Carbon fiber reinforced
polymers (CFRP)

1.55 -

3 Electro Discharge Machining 1.60 - Korloset al. [60]

4 Vertical drilling machine CFRP 1.30 - Feitoet al. [61]
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Table 8. Cont.

S. No Machining Methods Materials Used Delamination
Factor Value

Surface
Roughness (µm) References

5 Laser machining GFRP 1.30 7 Hejjaji et al. [16]

6 Electrochemical Discharge
Machining (ECDM) CFRP 1.42 - Mukund et al. [62]

7 Laser drilling kenaf/high-density
polyethylene composites - 3.83 Renuet al. [63]

8 Electrical Discharge
Machining (EDM) CFRP 1.30 6 Guu et al. [64]

9

AWJ drilling—Abrasive mass
flow rate (3 g/min), Traverse

speed rate (20 mm/min),
Drilling diameter

(10 mm),Abrasive Water jet
pressure (300 MPa)

CFRP 1.92 2.38 Hom et al. [34]

10

AWJM—Abrasive mass flow
rate (450 g/min), Traverse
speed rate (30 mm/min),

Drilling diameter (12 mm),
Abrasive Water jet pressure

(380 MPa)

3D Printed Onyx
composite 0.69 2.34 Present work

AWJM is the most suitable machining method for fiber-reinforced composites because
of the minimal cutting force used and the absence of aheat-affected zone (HAZ). Due to
the absence of cutting tools during machining, delamination damage isreduced drasti-
cally when compared to other machining techniquesand thermal distortion effects are
eliminated. Moreover, choosing appropriate variables for AWJM, such as lower traverse
speed rate, higher abrasive mass flow rate, and higher water jet pressure, leads to reduced
delamination of onyx composites. Higher abrasive mass flow rate and water jet pressure
lead to increasedkinetic energy ofthe abrasive particles impacting the work piece surface,
enhancing the drilling of the material, i.e., achieving better surface roughness and high
jet penetration and minimizing the delamination factor. Lower traverse speed rates may
increasethe number of abrasive particles, which has an influence on the work piece over
time, resulting in improved surface roughness andminimization of the delamination factor
and penetration depth (Momber et al. [65] and Karakurt et al. [66]). The other input process
parameters and interactionsamong themwere found to be less significant due to the failure
of astatistical test. Compared to other methods, AWJM is a low-cost production technique,
a time saving process, and is more environmentally friendly. It can be applied in the
machining of metals, non-metals, and synthetic and natural fiber composite materials.

3.5. Probability Plot for the Delamination Factor and Surface Roughness

Figures 22–24 show the normal probability function plotted between the response
values in the Xaxis and the percentage in the Yaxis. The response values of delamination
peel up, delamination push out, and surface roughness points were fitted within the central
line, as indicated by the central limit theorem. The goodness of fit is also shown for the
data response values. As shown, the response data are typically distributed close to the
central line. Similar analyses were reported by Vankanti et al. [56]. The presentwork will
be useful for industries for the selection of process parameters to improve thequality of
drilled holes in onyx composite materials by reducing delamination.
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3.6. Pseudocode of Optimization Algorithms

The optimum drilling process parameters were identified and validated using pseu-
docode of optimization algorithms such as the Moth Flame Optimization Algorithm 1
(MFO) and the Genetic Algorithm 2 (GA), as shown in Figures 25–27.

Algorithm 1 Moth-Flame Optimization Algorithm

Read the lower and upper bounds of each parameter along with the number of Flames (mf )
Initialize Moth position Pij randomly (i = 1,2,3 . . . mf and j = 1,2,3 . . . np)
For each i = 1:mf
Compute the response values Rik(i = 1,2,3 . . . mf and k = 1,2,3 . . . nr)
End
While (itr ≤ max_itr)
Update the position of Pij
Calculate the number of flames (nf) = round((mf-(itr*(mf-1)/max_itr)))
Evaluate the fitness function Rik
If (itr = =1) then
F = sort (Pij)
OF = sort (Rik)
Else

F = sort (Pt-1, Pt)
OF = sort (Pt-1, Pt)

End
For each i = 1:mf do
For each j = 1:npdo

Update the values of r = −1 + (itr*(-2-1)/max_itr) and t = randbetween(r,1)
Calculate the value of D as abs(Fj.− Pi.)
Update Pijw.r.t. corresponding Flame

End
End
End

Using Deng’s Method, we computed the best parameters and theirresponse values:
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Algorithm 2 Genetic Algorithm (GA)

Initialize population of chromosomes (Pij)
While (itr≤max_itr)
Compute Response values Rik
Select pareto optimal solutions
Select N chromosomes for reproduction
Crossover (new chromosome created by crossover operator from N)
Mutation (new chromosome created from both reproduction and crossover chromosomes)
End

Using Deng’s method, we selected the best chromosomes and theirfitness values from pareto
optimal front solutions.
mf —maximum number of moth flames
np—number of parameters
nr—number of responses
nf —number of flames

Pij—ith moth’s jth parameter value
Rik—kth response value of ith moth flame
Flj—lth flame’s jth parameter value

3.7. Confirmation Test of the Drilling Process Parameters on Onyx Composite

The best delamination peel up (PU), delamination push out (PO), and surface roughness-
were obtained using optimized drilling process parameters, i.e., drilling diameter—12 mm,
traverse speed rate—30 mm/min, and abrasive mass flow rate—450 g/min, as shown in
Table 9. The experimental results were almost identical—with a margin of error of less than
6%—to those predicted using the regression model equation, Moth-Flame Optimization
algorithm (MFO), and a genetic algorithm (GA). Additionally, both the experimental and
predicted values, obtained through Taguchi analysis and Pseudocode of Optimization Algo-
rithms (Figures 25–27), were satisfactory. As such, it may be stated that the proposed model is
suitable for determining the drilling process parameters foronyx composite using AWJM.
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Table 9. Results of confirmation tests for delamination peel up (PU), pushout (PO), and surface
roughness (SR).

Optimized Machining
Process Parameters Experimental Values Algorithms and

Regression
Model

Predicted Values of Delamination
Factor and Surface Roughness (Ra)

DD (mm) TS
(mm/min)

AMF
(g/min) PU PO SR (µm) PU PO SR (µm)

12 30 450 0.696 0.685 2.344

GA 0.705 0.651 2.318

Error (%) 1.29 4.96 1.12

MFO 0.693 0.646 2.296

Error (%) 0.43 5.69 2.09

Regression
model equation 0.692 0.646 2.295

Error (%) 0.57 5.69 2.09

Note: DD—Drilling diameter, TS—Traverse speed, AMF—Abrasive mass flow rate.
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AM techniques, which are less expensive than conventional methods, can produce
be used to produce complex structures and freeform features such as lattice structures.
In contrast, in conventional manufacturing methods, the design of complex geometriesis
limited. However, the cost of the model must be considered when AM is used. Conven-
tional manufacturing methods increase the costof the moldand suffer from greater material
wastage and manufacturing costs. The presence of cavities, part size, shape complexity,
and tolerances influence the choice of the molding material. In this present study, an
onyx composite was fabricated using a Markforged Mark Two Desktop composite 3D
printer. It wasmachined using abrasive water jet machining (AWJM), and the optimized
process parameters were found to create a cheaper manufacturing method compared to
conventional methods.

4. Conclusions

The machinability (drilling) using AWJM of anonyx polymer composite was evaluated.
Subsequently, Taguchi statistical analysis andANOVA were performed, and the results
were validated using a GA and MFO.

The concluding remarks for the present study are as follows.

â Based on the Taguchi analysis, S/N ratio, ANOVA, GA, and MFO, the optimal combi-
nation of AWJ drilling parameters was identified toachieve low delamination factor
peel up, push out, and surface roughness.

â Process parameter combinations were identified which conformed to the response
of the closeness coefficients: abrasive mass flow rate—450 g/min, traverse speed
rate—30 mm/min, and drilling diameter—12 mm.

â ANOVA was undertakento investigate the significance of each parameter onthe
performance characteristics of AWJM. On this basis, the p value was found to be the
most significant factor, followed by abrasive mass flow rate, traverse speed rate, and
drilling diameter. The delamination factor and surface roughness couldbe reduced by
reducing the traverse speed rate, increasing the abrasive mass flow rate and drilling
diameter, and using a constant water jet pressure of 380 MPa. Further increasing the
traverse speed rate and reducing the abrasive mass flow rate and drilling diameter
increased the delamination factor due to the resulting insufficient kinetic energy over
the target material.

â Aregression model, a genetic algorithm, and the Moth-Flame Optimization algorithm
were used to mathematically model the influenceof the machining operation param-
eters. Aconfirmation test indicatedthat the experimental results were close to the
predicted values fordelamination factorpeel up and push out and surface roughness.
It was found that the proposed combination of Taguchi analysis, ANOVA, and the GA
and MFO algorithms was more effective in solving AWJM multi response problems.

â Finally, it was discovered that the AWJM process is superior to conventional meth-
ods for machining onyx composite materials. It can be used in various industrial
applications, such as aerospace, automobile, and construction, among others.

The mechanism of the interlaminar deformation of onyx composites during drilling
could be further analyzed with the help of the finite element method, and delamination
couldbe monitored via the Internet of Things. Variationsin theabrasive water jet pressure
will be considered infuture work.
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