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Abstract Glass fibre reinforced polymer (GFRP) composites possess lightweight,
high strength, high stiffness, good fatigues resistance and good corrosion resistance
and are proven successful substitutes over traditional reinforcement methods. Due to
the increasing demand of alternative materials in the industry, an in-depth research in
the machining of GFRP is found necessary. Turning is the most practical machining
operation for removing excess material to produce a well-defined and high-quality
surface, and this study has used a glass fibre reinforced epoxy composite as material
for the experimentation. In this study, a Taguchi’s L27 orthogonal array was used for
the experimental design. The turning parameters, such as tool nose radius, cutting
speed, feed rate and depth of cut at three levels, were optimized with multiple perfor-
mance considerations, such as force, material removal rate and surface roughness.
Grey-Taguchi method enables the determination of the optimal combination of turn-
ing parameters for multiple process responses. Based on the analyses, the optimal
cutting force, surface roughness and material removal rate were achieved, with the
tool nose radius 1.2 mm, cutting speed 200 m/min, feed rate 0.05 mm/rev and depth
of cut 1 mm (A3B3C1D2) for lesser cutting force and improved surface finish.
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1 Introduction

Glass fibre reinforced polymer (GFRP) composites are extensively used in a vari-
ety of industrial applications, such as aerospace and automotive sectors, electrical
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power generation and distribution systems. Composite materials have lightweight,
high strength, high stiffness, good fatigues resistance and good corrosion resistance.
With the forthcoming usage of glass fibre reinforced polymer (GFRP) composites in
various areas of applications formaking structural parts,machining of thesematerials
has become a main concern for the manufacturing industries.

Vasudevan et al. [1] presented an overview of the various aspects, such as cutting
mechanism, influence of tool material, tool geometry, surface quality and health and
safety aspects in machining FRPS, involved in the conventional machining of GFRP
types of composite material. Gupta and Kumar et al. [2] investigated turning of a
unidirectional GFRP composite material using polycrystalline diamond tool (PCD).
Three input variableswere selected in the study to optimize themachining parameters
involved in the process of turning for determining the minimum radial cutting force,
the simulated annealing, and a meta-heuristic optimization technique was used. The
results of this study revealed that themost significantmachining parameters for radial
cutting force are the depth of cut, followed by feed rate.

Altin et al. [3] presented the review article on machinability properties of GFRP
and CFRP composite materials during conventional machining (turning, drilling,
milling, etc.) and nonconventional machining. They stated that in the conventional
machining of GFRP and CFRP composite materials higher compressive forces could
be obtained as a result of increasing feed rate. In a review on the machinability of
glass fibre reinforced polymer composite by Alessandra Caggiano, problems related
with the conventional and unconventional machining process of composite materials
such as delamination, uncut fibres, cracking are pointed out. Moreover, they pro-
posed hybrid machining method to reduce machining defects [4]. Hussain et al. [5]
investigated the machinability aspects such as surface roughness and cutting force of
turning operation on glass fibre reinforced polymer composite tubes manufactured
by filament winding process with altered fibre orientation using three different types
of cutting inserts such as carbide, cubic boron nitride and poly-crystalline diamond.
They concluded that better surface finish and lower cutting force are achieved by
poly-crystalline diamond tool inserts followed by cubic boron nitride inserts.

Sivasankaran et al. [6] investigated on the influence of cutting parameters and
workpiece type GFRP composite pipes with PCD tool during turning operation. The
results revealed that good quality machinability was obtained at lower feed rate,
cutting speed and depth of cut for E-Glass mat fibre reinforced GFRP pipe. Rajguru
et al. [7] investigated the optimization of the drilling operation, using grey relational
analysis coupled with Taguchi method to achieveminimum delamination and cutting
force. They found that the optimal process parameters were achieved at spindle speed
1500 rpm, feed rate 75mm/min, thickness 8mm and drill size 6mm.Vasudevan et al.
[8] used Taguchi method with GRA for the optimization of turning operations with
multiple performance characteristics. From the above studies, it has been found that
the GRA is one of the important optimization techniques, and it could be successfully
applied in machining processes, such as turning.

Quality and productivity are two important aspects, but often providing a trade-
off in results, while performing machining operations. Hence, it becomes essential
to evaluate the optimal cutting parameters setting in order to satisfy contradicting
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requirements of quality and productivity. In this context, the aim of this research
study was to analyze the problem of optimization of process parameters in CNC
turning of woven fabric based glass fibre reinforced polymer (GFRP) composites
using Grey Relational Analysis coupled with Taguchi method.

2 Experimental Details

2.1 Work Material and Cutting Tool

The specimen material used in conducting this experiment was GFRP/E composite
as shown in Fig. 1. The work specimens were in tubular form with the dimensions of
50 mm long, inner diameter of 20 mm and outer diameter of 55 mm. Carbide inserts
of fine grade were used as cutting tool for turning GFRP/E composite, manufactured
by SANDVIK Coronmant.

2.2 Experimental Details

The experiments were planned using Taguchi’s design of experiments (DOE) [9],
and the input variable parameters for the experiment chosen were feed rate (mm/rev)
0.05, 0.15, 0.25, depth of cut (mm) 0.6, 1, 1.6, tool nose radius 0.4, 0.8, 1.2 and
cutting speed (m/min) 120, 160, 200. The responses chosen were cutting force,
surface roughness parameters (Ra) and MRR. The process of turning was done on
an Ace Jobber XL CNC machine, as shown in Fig. 2.

The cutting force generated during the turning operation was measured with
Kistler dynamometer. The surface roughness measurement of the machined compo-
nents was done on Taylor Hobson Talysurf-5, machine set up with data acquisition
by Se-surf software and the results are given in Table 1.Material removal rate (MRR)

Fig. 1 GFRP/E composite
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Fig. 2 Experimental setup

could be calculated from the difference in weights of the workpieces before and after
the experiment.

3 Multi-response Parametric Optimization

The grey system theory was proposed by Deng in 1982. This theory is suitable
for handling various problems with meagre, inadequate and ambiguous informa-
tion. The grey relational analysis (GRA) based on this theory can be productively
adopted for solving multi-objective optimization problems. Grey relational grade
(GRG) calculated using this analysis is treated as the composite objective function
for simultaneous optimization of multiple responses.

Three different equations are used for this normalization procedure, depending
upon the type of quality characteristics. If the original sequence data has a quality
characteristic as “larger-the-better”, then it is pre-processed by using the following
equation.

x∗
i (k) � x0i (k) − min x0i (k)

max x0i (k) − min x0i (k)
(1)

x∗
i (k) � max x0i (k) − x0i (k)

max x0i (k) − min x0i (k)
(2)

γ
(
x∗
0 (k), x

∗
i (k)

) � �min + ξ�max

Δik + ξ�max
(3)
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Table 1 Taguchi’s L27 OA and the measured mean values of the responses

Experiment
No.

Design of experiments Force (N) Ra (µm) M.R.R.

A B C D

1 1 1 1 1 30.72 3.411 236.80

2 1 1 2 2 47.94 2.619 1173.33

3 1 1 3 3 94.88 3.039 3086.22

4 1 2 1 2 34.84 2.925 521.48

5 1 2 2 3 66.41 2.516 2468.98

6 1 2 3 1 36.6 3.662 1578.67

7 1 3 1 3 35.91 3.023 1028.74

8 1 3 2 1 31.37 3.064 1184.00

9 1 3 3 2 62.4 3.566 3259.26

10 2 1 1 1 29.02 2.832 236.80

11 2 1 2 2 42.18 2.075 1173.33

12 2 1 3 3 86.57 3.956 3086.22

13 2 2 1 2 32.62 3.514 521.48

14 2 2 2 3 64.22 3.525 2468.98

15 2 2 3 1 30.8 2.921 1578.67

16 2 3 1 3 37.23 2.213 1028.74

17 2 3 2 1 27.85 2.692 1184.00

18 2 3 3 2 55.18 3.108 3259.26

19 3 1 1 1 24.8 2.321 236.80

20 3 1 2 2 39.56 3.621 1173.33

21 3 1 3 3 76.29 3.177 3086.22

22 3 2 1 2 29.54 1.785 521.48

23 3 2 2 3 54.83 4.543 2468.98

24 3 2 3 1 31.63 2.839 1578.67

25 3 3 1 3 36.82 2.247 1028.74

26 3 3 2 1 26.28 2.244 1184.00

27 3 3 3 2 46.43 3.186 3259.26

where, max x0i (k) and min x0i (k) are the maximum and minimum values, respec-
tively of the original sequence x0i (k). Comparable sequence x∗

i (k) is the normalized
sequence of original data. ξ is the distinguishing coefficient and ξ ∈ (0, 1).

0 < γ
(
x∗
0 (k), x

∗
i (k)

) ≤ 1 (4)

Γ
(
x∗
0 , x

∗
i

) �
n∑

k�1

Wkγ
(
x∗
0 (k), x

∗
i (k)

)
; (5)

Wk is the weightage assigned by the experimenter to the quality attributeK . Equa-
tions 1 and 2 are used for normalization ofMRR and surface roughness, respectively,
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Table 2 Grey relational coefficient values of the responses and grade

Experiment
No.

GRC values of responses Grey
relational
grade

Rank

(Force) (Ra) (M.R.R.)

1 0.841 0.459 1.000 0.7665 5

2 0.597 0.623 0.617 0.6125 16

3 0.333 0.524 0.347 0.4012 26

4 0.766 0.547 0.841 0.7182 6

5 0.455 0.654 0.404 0.5042 19

6 0.738 0.424 0.530 0.5636 18

7 0.748 0.527 0.656 0.6439 13

8 0.828 0.519 0.615 0.6538 12

9 0.480 0.436 0.333 0.4166 24

10 0.876 0.568 1.000 0.8148 3

11 0.661 0.826 0.617 0.7015 10

12 0.362 0.388 0.347 0.3655 27

13 0.804 0.444 0.841 0.6965 11

14 0.468 0.442 0.404 0.4381 22

15 0.839 0.548 0.530 0.6390 15

16 0.728 0.763 0.656 0.7158 7

17 0.902 0.603 0.615 0.7067 9

18 0.532 0.510 0.333 0.4586 21

19 0.978 0.720 1.000 0.8993 2

20 0.695 0.429 0.617 0.5804 17

21 0.404 0.498 0.347 0.4161 25

22 0.865 1.000 0.841 0.9021 1

23 0.535 0.333 0.404 0.4239 23

24 0.823 0.567 0.530 0.6398 14

25 0.734 0.749 0.656 0.7132 8

26 0.940 0.750 0.615 0.7682 4

27 0.612 0.496 0.333 0.4806 20

and Eqs. 3–5 are used to calculate the grey relation coefficient and grey relation grade
and recorded in Table 2 (Source: Deng [10]).

4 Results and Discussion

The analysis was conducted with the help of Minitab-17 to aggregate the influence
of the machining parameters on surface roughness and material removal rate. It is
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Table 3 Response table for GRG

Level 1 Level 2 Level 3 Max–min (�) Rank

A 0.5726 0.6010 0.6320 0.0594 2

B 0.6073 0.5835 0.6158 0.0323 4

C 0.6420 0.5818 0.5827 0.0602 1

D 0.6150 0.6167 0.5748 0.0419 3

concluded from Table 3 that the input variable setting of test number 22 has the
highest GRG. Thus, the 22nd test gave the excellent multi-objective performance
amongst the 27 experiments.

It is observed from the response table; the feed rate has the strongest effect on
the multiple performance characteristics from amongst the other turning parameters,
followed by nose radius. Based on the analyses, the optimal cutting force, surface
roughness andmaterial removal rate were achieved, with the tool nose radius 1.2mm,
cutting speed 200m/min, feed rate 0.05mm/rev and depth of cut 1 mm (A3B3C1D2)
for lesser cutting force and improved surface finish.

5 Confirmation Tests

The overall mean of GRG (η) could be computed by using the following equations
(Source: Madhav [11]).

ηopt � η̄ + (A2 − η̄) + (B2 − η̄) + (C3 − η̄) + (D1 − η̄) (6)

where η̄ �overall mean of GRG (η)�0.61631; A2 �average value of GRG (η) at
third level of tool nose radius�0.6320; B2 �average value of GRG (η) at third level
of cutting speed�0.6158; C3 �average value of GRG (η) for at first level of feed
rate�0.6420 and D1 �average value of GRG (η) for a second level of depth of
cut�0.6167. Hence, the overall predicted value of mean was 0.65757. The average
value of GRG was found to be 0.70486. This value is more than the predicted value
of 0.65757. Hence, the optimal settings of the process parameters, as found by the
investigation, could be implemented.

6 Conclusion

In this study, experimental investigation into the turning of GFRP epoxy based was
conducted in order to optimize settings of the process parameters on surface rough-
ness and material removal rate.
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It is concluded from the response table that the feed rate has the strongest effect on
the surface roughness and material removal rate amongst the other turning param-
eters, followed by nose radius. Based on the analyses, the optimal cutting force,
surface roughness and material removal rate were achieved, with the tool nose radius
1.2 mm, cutting speed 200 m/min, feed rate 0.05 mm/rev and depth of cut 1 mm
(A3B3C1D2) for lesser cutting force and improved surface finish.
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