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Abstract: Nanomaterials are gaining extensive application
in the manufacturing sector due to favorable properties. Its
rapid growth in highly sensitive, robust, and lightweight
sensors and biomedical components has attracted
considerable attention worldwide. Nanomaterial uses with
fiber-reinforced polymeric material have increased
significantly. In order to manufacture structural
components in a near-net shape, laminated nanocomposite
machining is required. Due to the need for product
assembly in mechanical structures, Milling is the primarily
machining process in the manufacturing industry to create
slots, channels, etc. The present work optimized the
process variables affecting the Milling process by adopting
the minimize criterion to control the delamination factor
using the Taguchi method. The process parameters include
cutting speed, feed, depth of cut, and filler material
Graphene Oxide. The optimized conditions were found as
cutting speed (Vc) 37.12 m/min, spindle feed (F) 80
mm/min, depth of cut (D) 0.5 mm and filler material
Graphene Oxide (G) 1 wt.%. The percentage contribution
of the process parameter on the delamination factor (Fd)
was determined using the Analysis of Variance (ANOVA)
method, and it has been found the feed rate (62.60%) is the
most influencing factor. The delamination factor obtained
in the confirmatory experiments carried out under
optimized conditions was found lower than the Taguchi
design test runs. The findings indicate that process
parameter optimization under the given set of experimental
conditions is effective for a manufacturing environment.

nanotubes with polymer matrix multifaceted carbon
nanotubes. Most of the studies focussed on the
fiber/polymer composites. Hence, the supplement of
carbon nanomaterial into the fiber-reinforced
polymers could be useful for the manufacturing
sector. In this series, Kumar and Singh [4]
successfully improved the laminates' inter-laminar
shear strength and bending strength in their
experimental study. They found that with this
strategy, bending strength and inter-laminar shear
resistance enhanced by about 24% and 28%,
respectively. The results demonstrated that the
surface roughness improved with 1.5wt % of the
multiwalled carbon nanotube. Graphene oxide
consists of a high aspect ratio, surface area, and high
strengthening of mechanical properties among the
various nanomaterial. Jiang et al. [5] accomplished an
electrochemical synthesis technique to prepare a CFs
graphene reinforcement composite and prepared
another graphene-coated sample onto the CFs. They
concluded that the result enhanced mechanical
strength by 59.4% and 12.8%. Coated graphene
material onto the CFs using the simplest hand layup
method and showed enhanced engineering properties.
The composite strength increased by 52%,
accompanied by renovated electrical conductivity. In
recent days, carbon fibers have played an important
role in hybrid composite fabrication and
nanomaterials. Hence a study related to the
machining of laminated hybrid nanocomposite in the
recent trend of research work. Machining of
nanocomposite materials is a challenging task for
manufacturing industries such as assembling
automobile structures, batteries, spacecraft, Turbine,
etc. Various challenging issues addressed by
manufacturers
during
laminated
polymer
nanocomposite machining include circularity error,
roughness, burr, fiber pull, matrix delamination, etc.
[6–8]. The uncontrolled process parameters of this
machining enriched with the complexity of materials,
tool geometry, environment condition beyond the
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1. INTRODUCTION
Research work focused on carbon nano-reinforced
materials that exhibit better properties compared to
the macro filler reinforced polymers materials from
past decades. Carbon allotrope like Graphene Oxide
Graphene nanoplates, reduce Graphene oxide, Carbon
nanotube, and carbon nano onions [1–3], have a
dominant application in aerospace industries,
automotive sector and construction field. By
combining polymer matrix multifaceted carbon
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specified criteria lead to serious damages and result
in severe material failure. Thus, the exploration of the
Milling process of nanocomposite demands highly
durable, cost-effective, and productive to avoid
failure of the engineering component. Several
investigations are carried out considering parameters
cutting speed, feed, depth of cut, tool geometry, tool
materials, and tool coating for delamination-induced
Milling operation. However, these methods endure
from several setbacks in the form of nanomaterials
laminated machining. Nanomaterial weight % is
observed as a process constraint to the control
delamination factor while Milling process [9, 10].
The aspect of delamination has a major influence on
the performance and efficiency of components [11].
Several eminent academics investigated various
methods and approaches for controlling the
delamination factor. It was also correlated to other
factors like tool wear and interface temperature when
it comes to cutting performance [12, 13]. The
traditional optimization outcomes of altering one
parameter while holding the other variables fixed are
considered comprehensive and costly. However, the
computational development of research procedures
makes the optimization of many operating variables
easier and equally effective. Evolutionary functioning
is a commonly used test design tool, Taguchi method
[14–16] and Response surface methodology [17, 18].
The Taguchi array is a valuable experimental pattern
that reduces the trial run in a mathematically
balanced way. It is a highly recommended
experimental design method in manufacturing, multicriteria assessment, decision science, and other areas.
This approach has been applied to improve
machining processes in a variety of fields. Therefore,
the current work investigates the Milling process of
G/CF polymer nanocomposite optimized using the
Taguchi method. Asjadi et al [19] investigated the
impact of several controllable Milling parameters
(table frequency, feed/tooth, and cutting depth) on the
MRR and roughness in a CNC Milling machine
process. Multi-criteria decision-making (MCDM)
techniques are used to determine the best machining
condition for a CNC Milling machine. Nine
experiments were performed on machine parameters
according to the standard L9 orthogonal array of
Taguchi.
Multi-response
optimization
was
subsequently carried out in the optimal setting.
However, the drilling of polymer nanocomposite has
been investigated by various eminent scholars.
Hossein Heidarya et al. [10] investigated the thrust
force, delamination, and residual flexural strength of
woven E-glass epoxy fiber composites modified by
multiwall nanotubes. The feed rate, spindle speed,
drill diameter, and carbon nanotube weight percent
were considered as process parameters for the
experiment. Experiments were carried out using the

Taguchi technique. Finally, Grey relational analysis
(GRA) was used to optimize the various performance
features of the process parameter. They revealed that
feed rate, followed by spindle speed, has the greatest
impact on thrust force and delamination factor. Quan
et al. [20] examined the effects of drill speed and feed
and the geometry of the drilling hole on delamination
at the drill hole using an infiltration method with gold
chloride solution. The findings found that the closer
to the entry or exit of the hole, the more damaged.
Xin Wang et al. [21] used a series of standard drill
tool (carbide drill and high-speed steel) performed
tests on GFRP, CFRP and printed circuit board. As
the drill axial feed increased, there was a constant
reduction in the thrust force. Experimental findings
indicate that the vibration drilling thrust is lower than
that of traditional drilling and claimed that the
vibration of drilling technique is optimal to produce
micro-holes on fiber reinforced polymer composites.
From literature work very few studies have been
found in the area of nano materials and hybridization
of laminated nanocomposite. In the current work, an
effort is made to fabricate a laminated nanocomposite
with the low (reduced) delamination behavior under
Milling test. Microscope image processing methods
measured the inductive delamination. Signal to noise
ratio for the analysis of the findings obtained in this
work with the aim of reducing the delamination effect
for graphene-carbon fiber reinforced polymer (GCFRP) nanocomposites Milling as an modified
material for industrial use.
2. MATERIALS AND METHOD
2.1 Development of G-CFRP nanocomposite
material
In sample fabrication, Graphene Oxide with a high
impurity (Carbon purity >99) was used. 400 grams
per square meter (GSM) woven CF and thermoset
epoxy 520, hardener-D of the laminated polymer
nanocomposites. Laminated nanocomposite G-CFRP
were prepared by hand layup technique with
considering appropriate quantities weight percentage
of Graphene oxide, epoxy and 18 layers of Carbon
fiber. The sonicate solutions with different weight %
(1, 2 and 3%) of Graphene oxide concentrated were
modified epoxy. The prepared sample (100×100×10
mm) was prepared for the machining process.
Machining (Milling) studies were carried out on a
computerized numerical control vertical setup with
the TiAlN cutter tool.
2.2 Delamination factor analysis
The computerized tomography industrial equipment
microscope (Model No. ZSM3780 T2) uses analytical
software
ULTRA-CMOS5100
to
evaluate
delamination, as displayed in Figure 1. The control
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process constraints and their operating range are
listed in Table 1. For the computerized microscopic
procedure, each sample was imaged with three slots
for one graph (Figure 2). The Milling delamination
factor (Fd) was employed to characterize machined
specimens' delamination region (Milling slot). Fd is
described as the ratio of the maximum damage slot
length of the machined zone to the nominal slot
diameter. The following expression is used to
compute the Milling induced delamination factor.
𝐷𝑒𝑙𝑎𝑚𝑖𝑛𝑎𝑡𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟 (𝐹 ) =

(

)

objective optimization that requires minimal trials to
find the desired solution. The approach to assessing
the impact of variables on the responses of
parameters and their optimal status is easy and
systematic. Traditional optimal techniques that
involve changing one variable while remaining the
others constant are frequently seen to be complicated
and expensive. However, the experimental method of
design gives a more comfortable and effective
method to enrich various operating variable
quantities. The evolutionary operation is one of the
most commonly used experimental design procedures
using the Taguchi method [14, 15, 22] and Response
surface methodology [17, 18, 23]. Asghar et. al. [24]
conducted a comparison study of two alternative
designs. However, practical findings achieved under
optimum settings (Taguchi technique) and Central
composite design (CCD) were near predicted values.
They found that optimizing the Taguchi method's
operating parameters is suitable and economical and
can be used as a substitute for central composite
design. Taguchi methods have been used for
optimization in various fields of the machining
process. Myers et al [25] analyzed a comparative
study between Taguchi and CCD for a case study and
found Taguchi produced a positive impact and quality
enhancement with statical over CCD. Therefore, the
current work investigates the Milling process of G/CF
polymer nanocomposite optimized using the Taguchi
method. For research, Taguchi method L9 (nine
experiment Table 2) uses an orthogonal array (OA).
The OA design has nine experiments that can display
different combinations of factor responses. The
performance of the orthogonal arrays is optimized
rather than the responses themselves, reducing
variation in processes. This function distinguishes the
Taguchi approach from traditional statistical
techniques.

(1)

( )

where, W = Maximum damage slot width and
W = Nominal damage slot width
Table 1. List of controllable parameters and range of level
Parameters
Cutting Speed
Feed
Depth of cut
Wt.%
Graphene

Nomenclature/
unit
Vc (m/min)
F (mm/min)
D (mm)

Level
1
12.56
80
0.5

Level
2
25.12
160
1

Level
3
37.68
240
1.5

G (wt.%)

1

2

3

Fig. 1. Measurement setup for Delamination factor

2.4 Methodology: ANOVA approach
It is observed as a main criterion for the mathematical
function estimation, analysis of variance (ANOVA)
models is used as assessment process responses.
ANOVA is used to analyze experimental responses
for estimating the contribution of each factor and
significance level. The correlation among outcome
(responses) and one or more independent variables is
used to research and model.
Table 2. L9-Taguchi design and observed Fd
Process Parameters
Exp.
No.

Fig. 2. Sample (1-3 wt.%) for delamination factor
assessment

2.3 Methodology: Taguchi approach
Taguchi method is a statistical technique for multi111

Vc
(m/min)

F
(mm/min)

D
(mm)

G
(Wt.%)

1

12.56

80

0.5

1

2

12.56

160

1

2

Response
S/N
(Fd)
ratio
(dB)
1.19
1.510
1.61
4.136

3

12.56

240

1.5

3

1.86

4

25.12

80

1

3

1.52

5

25.12

160

1.5

1

1.36

6

25.12

240

0.5

2

1.79

7

37.68

80

1.5

2

1.28

8

37.68

160

0.5

3

1.31

9

37.68

240

1

1

1.63

based on geometrical precision. Figure 3 shows the
main effect plot of the optimal Milling outcomes
(geometrical accuracy) supported by appropriate
levels of machining slots. It shows that the 'optimal'
Milling conditions were 37.68 m/min cutting speed,
80 mm/min feed rate, 0.5 mm depth of cut, and 1%
nano content. The optimum parameter setting for
lower delamination factor (1.04) assessment values.
Large material flow with the cut fibers was observed
during machining at lower cutting speeds, resulting in
low efficiency. The chips are mainly of the less
deformed matrix at medium cutting speed and
therefore, maximum cutting speed is preferable to
desirable output [27]. As a result, shearing of the
material becomes an elementary phenomenon during
the machining process as the cutting speed increases.
The higher cutting force is caused by the fact that
more material is cut every revolution of the
workpiece, which necessitates a greater quantity of
energy, leading to a larger cutting force [29].
Deformation of the work material becomes more
accessible with a higher cutting speed, and surface
roughness is reduced in general. In this study, a lower
delamination factor was reported with increasing
speed, which could have been due to the work
material's simple deformation. The following merits
spread over to high-speed cutting: a low bending
level for the cutting tool that occurs by reduction of
the cutting force, flat chip discharges, while the chip
discharge rate surpasses the cutting speed, and uncut
fiber yarn burrs are reduced [30, 31]. With an
increased feed rate, the cutting force increases
regardless of the Milling condition [29]. In the
machining of all composite materials, increasing the
feed rate directly increases the surface roughness
[32]. It is feasible to find a better surface finish using
a higher cutting velocity and a lower feed rate [33].
Furthermore, the research reveals that as the feed rate
increases, the Fd increases. The results of fiber and
resin interfacial debonding and a low resin
solidification at high temperatures. This leads to a
poor resin-supporting function for carbon fibers.
When the temperature of the machined surface or
surface layer reaches that of the polymer matrix,
epoxy degradation occurs, which results in poor
machinability. As a result of the fibers' inability to
obtain adequate support from the matrix resin, the
machining efficiency of polymer is poor [34].
However, it decreases for filler-loaded samples due to
improved epoxy laminate mechanical properties [35].
CNTs have been added to the epoxy, which has led to
a more consistent surface finish in doped CFRPs
without extensive fiber breakings [36]. The
nanomaterial raises the contact surface between the
reinforcement and the matrix because of its high
aspect ratio, resulting in improved stress distribution
and strength properties [9]. As the intensity of the

5.390
3.636
2.670
5.057
2.144
2.345
4.243

3. RESULT AND DISCUSSION
3.1 Contribution of process parameters: Analysis
of variance test
Table 3 displays the Delamination factor ANOVA
results. As shown in the table, feed rate contributes
most to the delamination factor, contributing with
62.60 %, followed by filler content at 9.79 %, cutting
pace at 7.28 %, and depth of cut at 1.66 %. Moreover,
Davim and Reis [26] similarly found feed rate main
important factor (influence 83.9%) during the CFRP
composite Milling process. High feed rate values
induced a higher delamination effect and depth of cut
shows a very less significant effect in the composite
machining process [27, 28]. ANOVA test used to
check the adequacy of the developed model and the
significance of each factor. Taguchi methodology
developed the model after the testing with ANOVA.
This shows the factors which is non-significant
factors. A value of Prob > f higher than 0.05
indicated that the factor was non-signiﬁcant.
Table 3. ANOVA for delamination factor (Fd)
Source

DF

Seq SS

Contribution

F-Value

P-Value

Vc

1

0.032267

7.28%

1.56

0.280

F

1

0.277350

62.60%

13.41

0.022

D

1

0.007350

1.66%

0.36

0.583

2.10

0.221

G%

1

0.043350

9.79%

Error

4

0.082706

18.67%

Total

8

0.443022

100.00%

Regression equation
𝐹𝑑 = 0.982 + 0.002687 𝐹

(2)

3.2 Optimization of process parameters to
suppress Delamination factor (Fd)
Deciding on the 'optimum condition' for the Milling
process having a minimum delamination factor is
quite difficult. The variety of applications may
contain different requirements in their use. Each
application requires a certain degree of 'acceptance'
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cutting force increases with feed rate could affect the
surface roughness. The cutting process penetrates
more and cuts more material as the depth of cut
increases, resulting in higher cutting force [29].
Higher depth of cut generated maximum surface
irregularity in a prior study; the reason could be
because increased cutting force and higher tool wear
occurred with higher depth of cut, causing the surface
to deteriorate. The depth of the cut increases, the
deformation of fibers increases, leading to the severe
deterioration [29, 37]. The response table for the
input factors' means of significance over the
delamination factor is shown in Table 4. It has been
found that minimax level F (0.430) is the most
effective controllable factor with the highest value. It
shows that the feed rate is predominant over the
cutting speed of the desired G-CFRP nanocomposite
output.

damage; this ensures that only a small percentage of
the Milling cracks are present within the material
volume to be removed. The degree of the
delamination zone was revealed by SEM analysis in
order to verify the machining quality. A macroscopic
assessment of the affected zone's size was carried out
at 10x magnification in addition to the studies based
on the microstructural analysis.

Fig. 4. Effect of nanomaterials on Milling of G-CFRP
nanocomposite
Fig. 3. The influence of parameters Delamination factor

Table 5. Confirmatory result
Response

Table 4. Response Table for Means
Level
1
2
3
Delta
Rank

Vc
1.553
1.557
1.407
0.150
4

F
1.330
1.427
1.760
0.430
1

D
1.430
1.587
1.500
0.157
3

G%
1.393
1.560
1.563
0.170
2

OA

Predicted
setting

Exp.
No. 7

Fd

1.28

Confirmation
test

Improvement
%

(Vc-3,
F-1,
D-1,
G%-1)
1.043

1.035

19.14%

4. CONCLUSIONS

3.4 Validation: SEM analysis
The principal damage mechanism has been described
as delamination during Milling. The process that
causes delamination is discussed and the crucial
factors that lead to the occurrence of delamination.
The optimal process variable was used to verify the
result for minimal Fd obtained from the Taguchi
process. Experimental results data was used to
confirm the delamination factor's applicability with
high acceptance. The predicted (Vc-3, F-1, D-1, G%-1
from Table 5) crucial delamination factor is the
lowest in Milling. As shown in Figure 4, several of
the failures occur at the slot where high feed rates
have occurred. If the feed rate is low level, the
relative damage is virtually equal to the global

This study investigates the damages to the
delamination of G-CFRP nanocomposites during
Milling. The main emphasis is to optimized
delamination factor generation during Milling.
According to Taguchi design, it is controlled by the
process parameters such as cutting speed, feed rate,
and
incorporation
of
weight
percentage
nanomaterials. For the validation of the established
model, confirmatory experiments are performed. The
following are the findings found as a result of this
research:
-In terms of delamination, the best process
parameters for Milling G-CFRP nanocomposites are
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Vc level-3, F level-1, D level-1, G % level-1, which
corresponds to a cutting speed of 37.68 m/min, a feed
rate of 80 mm/min, and a weight percent of
nanomaterial of 1%.
-The ANOVA findings indicate that the feed rate is
the most crucial factor in altering the delamination
extent and it contributes 62.60 %.
-The findings of the confirmatory experiments
indicate that the appropriate improvement with
19.14% exists.
-According to SEM analysis, a higher amount (G%3) of nanomaterial results in more cracks, pores, and
surface holes (due to agglomeration effect), as well as
more nonuniform surfaces, while adding optimal
level (G%-1) of nanomaterial to the changed epoxy
improves the surface quality, resulting in fewer
defects and cracks.
This works shows that graphene significantly
enhances the machinability aspect with controlled
delamination during Milling. The Taguchi concept
was found to be an effective optimization process and
its overall performance proved to be well-suited to
solve optimization problems in process engineering.
In order to solve machining problems for
optimization, future work can be extended to study
the drilling, turning, and grinding, etc. parameters
using the experimental Taguchi design with other
nanomaterial epoxy modified in comparative
research. The effects of other carbon allotropic
nanomaterials can also be studied.
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