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ABSTRACT

Extensive research efforts has been made in the conventional drilling of glass fiber reinforced polymer, where
most researches focused in the studies of drilling parameters and thrust force relationship to delamination and tool wear.
The effect of drilling generated heat was suggested frequently in these studies, but not many in-depth researches was done
in this area. In this paper, an experiment was performed to study the effects of thrust force and drilling generated
temperature generated from drilling parameters on delamination factor. A response surface method (RSM) integrated
model consist of two phases was developed. The first phase of RSM modelling explained the relationship of drilling
parameters with thrust force and drilling generated heat as mediator. The relationship between the mediator and the
delamination factor were developed in the second phase of RSM modeling. The final RSM integrated models were
validated and it resulted in a low percentage error delamination factor estimation equation from drilling parameters, while
understanding and controlling the thrust force and drilling generated temperature.

Keywords: glass fiber reinforced polymer, high speed drilling, response surface methodology modeling.

INTRODUCTION

The application of polymer composite materials
became a highly sought exposition, especially in 1950s.
Due to the superior properties and high cost of metals and
metal processing, polymer composite materials become
more popular during the last decade. The applications of
composite materials are increasing in aircraft, spacecraft
and maritime industries due to their high strength to
weight ratio [1]. Approximately 30% of external body of
Boeing 767 is made of carbon or glass fiber composites,
while the 777 comprises more than 50% [2]. The use of
glass fiber reinforced polymer (GFRP) is becoming
increasingly vital especially in electronic industry where it
is used in wiring printing board [3].

Delamination is the most critical defect
reoccurring during the drilling of GFRP. Several studies
using different approaches have been conducted to
understand the mechanism of delamination in GFRP.
Mohan et al [6] studied the effects of drilling parameters
on the delamination using S/N ratio method. V. Sonkar et
al. [7] also used S/N ratio method to analyze multiple
responses such as entrance, exiting delamination and
thrust force in optimizing the drilling parameters. Murthy
et al.[8, 9] studied the effect of drilling parameters on the
thrust force generated during conventional drilling. Most
published research is focused on the thrust force generated
during the conventional drilling. While researchers agreed
that thrust force is the main factor that -causes
delamination, they also pointed that drilling generated
temperature may be another critical factor that affects the
delamination in GFRP during the drilling process [1, 3, 6,
9-12].

In conventional drilling of metal, the drilling
generated temperature is always related to the tool wear.

Higher drilling generated temperature affects the cutting
tool under continuous drilling operation and tends to
accumulate higher thermal effects thus causing tool wear;
whereas the metal work piece having higher thermal
properties has little effect on its finishing quality. Unlike
metal, polymeric composites are more liable to the effects
of drilling generated temperature. Khashaba et al.[13—15]
reported that increasing cutting speed in drilling of GFRP
raises temperature at the cutting zone. J. Campos Rubio et
al.[5] studied the effect of high speed in drilling of GFRP
on its delamination factor and they concluded that high
speed machining is more efficient in drilling of GFRP by
controlling the drilling parameters. Although their study
focused on the thrust force related delamination, drilling
generated heat was also suggested to be the cause of
delamination. It was also agreed in these studies that
drilling generated temperature plays a key role in the
quality of the drilled work piece, but not many researchers
have ventured into the studies of drilling generated
temperature in high speed drilling. The development of
higher efficiency machine also changes the manufacturing
and machining industry. With lower cost, less machining
time and better yield become highly sought opposition;
high speed machining becomes a staple requirement where
the study of drilling generated temperature becomes more
vital.

In order to understand the effects of drilling
parameter on the thrust force, drilling generated
temperature and delamination factor, a large number of
experiments have to be performed in order to develop a
mathematical model which is complex and expensive [6].
Therefore, empirical model became a more viable
modeling solution and widely adapted due to its higher
application accuracy and lower experimental cost. In this
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study, a relationship of drilling parameters with thrust
force and temperature generated during the high speed
drilling of GFRP was examined with the development of
first phase RSM model. The relationship of thrust force
and drilling generated temperature with delamination
factor were then examined, with the development of
second phase RSM model. Finally, the integration of first
and second phase empirical model was developed where
independent variables were the drilling parameters; drill
entrance and drill exit delamination factor as dependent
variable or output, while thrust force and drilling
generated temperature were the mediators.

MATERIALS AND EXPERIMENT TECHNIQUES
The GFRP test samples fabricated for this study
and the drilling experiment is discussed in this section.

Drill bit and work piece materials

In this study, GFRP of thickness 3mm, Smm and
7mm were fabricated into dimensions of 350mmx 350mm
with  EWR600 0°/90° woven glass fiber and epoxy
(Epicote 2820) using vacuum infusion molding with -
90kPa pressure which were then cured in the furnace at 90
°C for 2 hours. The thickness was controlled by numbers
of woven glass fiber plies used in the fabrication process.
The cured GFRP were tested for their physical and
mechanical properties adhering to ASTM standards. The
test samples were cut into 125mm x 15mm for the drilling
experiment. Five holes were drilled on each GFRP test
samples.

The drilling test was conducted on Mazak
Variaxis 630 CNC machine without coolant. High speed
steel twist drill bit with 118° point angle was selected for
this study.

Drilling experiment set up

In this study thrust force was measured using
dynamometer 9265B with 9441B holder during the
drilling of GFRP test samples. Some modifications were
made on the 9441B turning tool holder where a special jig
that holds the GFRP test sample for drilling purpose was
designed. Two aluminum plates with 8 studs were
fabricated so that they could be connected to the
dynamometer. Both aluminum plates were pre-drilled with
five 10 mm diameter as the drill guiding hole for the
GFRP test samples. Before drilling process, the
dynamometer was calibrated and tested for its accuracy in
the thrust force measurement to avoid any errors. The
signal from the dynamometer was amplified by the
multichannel charge amplifier 9017b before it is recorded
by a connected computer with Dynoware software.

The drilling generated temperature at the entrance
and exit of the drill bit were measured using infrared
thermometers placed 30cm from the entry point and
exiting point of drill bit at the work piece. Delamination
was measured using Mitutoyo Quick Vision Pro 3D non-
contact measuring system. Experiment was carried out
without any coolant.

The machine parameters considered in this study
were spindle speed and feed rate. Three levels for each
parameter were selected with three different thicknesses of
GFRP test samples as shown in Table-1.

Table-1. Parameters used in this study and their levels.

Drilling : levels
Parameters | kol g 1 2 3

S%{:S;e " mpm | 12000 | 15000 | 18000
Feed Rate 9 mm/min 300 500 700
Tmé§§§°f t mm 3 5 7

These parameters were selected based on
published researches which strongly agreed that these are
the predominant factors that influenced the drilled holes
delamination as well as temperature generated and thrust
force during the drilling operation.

Delamination factor evaluation

Among all the drilling induced damages,
delamination is the most critical often occurring in the
drilling operation. It is one of the main factors that limit
the use of composite laminates in more structural
applications [16, 17]. It results in poor assembly tolerance,
thus lowering the load bearing strength of the joint which
impacts the long term performance of the material [1, 12,
14, 18, 19]. It accounts for almost 60% of the rejection of
component due to machining defects in aircraft industry
[20, 21]. Delamination often occurs both on the entrance
(peel up) and exit (push out) side of the work piece where
the exit delamination is commonly more severe [2, 6, 14,
20, 22, 23]. Figure-1 illustrates the peel up and push out
delamination occurring during the drilling of GFRP. Push
out delamination occurs when the drill bit first makes
contact with the work piece.

Peeling action

™ Push-out
(a) (b)

Figure-1. Mechanism of delamination a) peel up
delamination at entrance b) Push out delamination at exit
[18].

The orthogonal cutting geometry of the tool bit
creates an upward pulling force whose the main function is
to draw cutting chips away from the drilling point while
the cutting lips remove the material [19]. When the pulling
force exceeded the laminar force of the composites, the
upper layer of the laminate may not be enough to
withstand the upwards pulling force thus separates from
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the rest of the composite causing pull up delamination.
When the tool approaches the exit plane of the drill hole,
the stiffness and laminar force of the remaining uncut
composite may not be able to withstand the thrust force,
causing the separation of lamina which is observed as a
push out delamination [24].

[ - Damage

Figure-2. Delamination factor assessment [25].

J. Campos Rubio et al. [5], suggested that a
quantitative evaluation is needed for assessing the drilling
induced damage. Although there is still no standard
procedure in drilling induced damage evaluation in
composite, most authors agreed that a ratio based
delamination factor is to be used as the damage evaluation
which allows comparisons among the result from different
researches3. Figure-2 illustrates the measurement of
maximum delamination, and drilled diameter. Therefore, a
delamination factor was introduced and has been widely
practiced in recent years. The delamination factor was a
dimensionless factor devised based on the total extend of
delamination diameter along the peripheral over the drilled
diameter [5, 11, 12, 18, 25-27]; where the calculation is
given in Equation. (1).

Fg =D 0
Do

Where;

Fq = Delamination factor

Dmax = maximum delamination diameter

Do

drilled diameter

Response surface methodology

Response Surface Methodology (RSM) is a
statistical approach that is based on actual data from
experiment or computer simulation to develop an
approximation model [28]. An accurate overview of the
various parameters and its relationship to the responses for
a system were analyzed. This method is useful when
multiple responses are analyzed with various parameters in
a complex and high cost study [29]. The application of
RSM is aimed at reducing the cost of expensive analyses
methods (e.g. finite element method or CFD analysis); to
obtain optimized responses and to avoid the theoretical
associated numerical noise [8]. The convergence of the
optimization process can be improved with smooth
approximated functions because they reduce the effects of
noise by analysis and they allow for the use of derivative-
based algorithms. A second order model given in
Equation. (2) is utilized in the response surface method

Drillng Paamitirg W

analysis due to the non-linear response obtained from the
ANOVA analysis.

Y =bo+bixi+thaxa -+ XiXj 2)

In this study, two phases of RSM modeling were
generated, and integrated. The main objective of this
approach is to study the effect of thrust force and drilling
generated heat on the delamination by controlling the
drilling parameter. By using thrust force and drilling
generated temperature as mediator, it enables the analyses
that bridge the relationship between drilling parameters
and delamination. With the understanding of thrust force
and drilling generated temperature behavior, it provides an
alternative method in predicting delamination while the
results can be used in the design of composite cutting
tools. Figure-3 illustrates the concept of two phase RSM
integration model.

Intgrtin of . 24 phasereqression madel

Hediatar -
Thiustferce and ciiling iy mm EHTL: Wies Wi
gunerdet et Oril exiing delaminaticn

factr

Figure-3. Two phase RSM model integration flow chart.

The first phase second order RSM modeling of
three drilling parameters on mediator (thrust force and
drilling generated temperature) is expressed as Equation.
(3) and (4) below.

F:b0+b1V+b2f +b3t+b12Vf +b13Vt+b23ft (3)

+by V2 +by £ +bast?

T :b0+b1V+b2 f +b3t+b12Vf +b13Vt+b23 ft (4)

O o L

The analysis was repeated for the second phase
second order RSM modeling of mediator (thrust force and
drilling generated temperature) on the drill entrance and
exiting delamination factor. It is expressed as Equation. (5)
and (6) below.

DFin=bo+bi F +0,T +bi, FT +by F* +bpT? Q)

DFout =bo+bi F +0,T +bi FT +by F? +1y, T (6)

Where;

DFin = Dirill entrance delamination factor

DFot = Drill exiting delamination factor

F = Thrust Force

T = Dirilling generated temperature

v = Spindle speed

f = Feed rate

t = GFRP thickness

bij = Coefficient of main and interaction effect

4178



VOL. 11, NO. 6, MARCH 2016

ISSN 1819-6608

ARPN Journal of Engineering and Applied Sciences

©2006-2016 Asian Research Publishing Network (ARPN). All rights reserved.

www.arpnjournals.com

The first phase RSM models were integrated into
the second phase RSM models to link the drilling
parameters to the delamination factor, while retaining
mediators as gauging elements in these integrated models.
The models were examined for their good of fits with a
new random set of experiments to evaluate their prediction
accuracy.

RESULTS AND DISCUSSIONS

The results from the mechanical and physical
evaluation of the GFRP test sample and the experimental
results are discussed in this section.

Mechanical and physical properties of GFRP

The GFRP samples were tested for their
mechanical and physical properties. The testing
procedures were done adhering to ASTM. Table-2 shows
the results of the mechanical and physical testing.

Table-2. Physical and mechanical properties of the GFRP.

GFRP . p Tensile
Thickness s {,‘/ E [L[[S,S Strength
(mm) (%e) (MPa) (MPa)
3 57.76 36 148
3 57.83 39 164
7 58.87 64 178
Glass transition temperature 76°C
Degradation temperature 350°C

The drilling experiment was performed according
to the Design of Experiment (DOE) where run orders were
randomized to avoid noise factors. The experiment
consists of 15 runs with 5 replicates for each grade of twist
drill bit.

ANOVA analysis

Table-3 shows the mean results for 15 runs in 5
replicates and their results in high speed drilling GFRP
using high speed steel (HSS) twist drill bit. 5 replicates
with 75 runs were performed to determine the mean value
for each set of drilling parameters performed.

Table-3. Design of experiment and their mean results.

Drilling Parameters Drilli
Run Thrust force (N) G;;i& Drilling entrance Drilling exiting
Order Spindle Speed Feed rate GFRP g Temperature (°C) damage factor damage factor
(rpm) (mm/min) thickness (mm)

1 18000 700 5 24879 425 1.359 1.531

2 18000 300 3 17.152 305 1.319 1.507

3 15000 700 3 10.866 283 1.340 1.460

4 12000 700 5 19.038 206 1.362 1571

3 15000 500 5 10.034 413 1341 1413

6 15000 300 3 8.474 283 1.287 1414

7 15000 700 7 24.509 55.8 1.389 1.436

8 15000 300 7 15.968 76.7 1.293 1.457

9 18000 500 7 23.296 62.5 1.329 1.460

10 18000 300 5 11.916 69.6 1.370 1.454

1 15000 300 5 10.034 413 1341 1413

12 15000 500 5 19.352 421 1.365 1411

13 12000 500 3 14.019 26.9 1.321 1.563

14 12000 300 7 16.344 46.4 1.202 1455

15 12000 300 5 12.923 504 1311 1.520

ANOVA tests were performed on the experiment
data which evaluate the main and interaction effects of
each parameter. It is observed in Table-4, feed rate has the
highest effect on the thrust force and drilling generated
temperature. When higher feed rate was used, the
temperature and thrust force increased significantly.
Although feed rate contributed to the increasing thrust
force and drilling generated temperature, it was observed
that the interaction between spindle speed and feed rate
might also affect the thrust force and temperature
generated. When higher spindle speed was used, it
relatively lowered the thrust force and drilling generated
heat. This occurred when higher spindle speed with higher
material removal rate, dampened the thrust force generated
by removing materials before the drill bit was able to push

through the work piece when high feed rate was used.
Thrust force was also increased when GFRP thickness
increased. This was due to longer time needed for removal
of higher volume of materials, hence progressively
elevating the concentrated thrust force at the cutting zone.

First phase RSM modeling

RSM analysis was performed to generate the
coefficient for each main and interactive effect in order to
develop an empirical model that relates the drilling
parameters to thrust force and temperature generated
during GFRP high speed drilling using HSS twist drill bit.
The coefficient calculated using RSM approach is shown
in Table-5.
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Table-4. ANOVA results for thrust force and drilling generated temperature.

Thrust force Drilling Generated Temperature
Source . . P Conn;l/l;utmn . o P Conn;l/l;urmn
Line

Feed Rate (mm/min) 170.22 3.8774 0 3148 112.59 2.6393 0 54.22
Spindle Speed (RPM) 22.96 3.8774 0 425 2742 3.8774 0 4.40
Thickness (mm) 62.22 3.8774 0 11.51 23.54 3.8774 0 3.78

Square
Feed Rate *Feed Rate 0.08 3.8774 0.771 0.02 35 2.6393 0.016 1.69
Spindle Speed*Spindle Speed 0.12 3.8774 0.727 0.02 9 3.8774 0.003 1.44
Thickness*Thickness 0.15 3.8774 0.703 0.03 1.49 3.8774 0.224 0.24

Interaction

Feed Rate*Spindle Speed 22,51 3.8774 0 4.16 4.91 2.6393 0.002 2.37
Fead Rate*Thickness 0.7 3.8774 0.402 0.13 1.17 3.8774 0.28 0.19
Spindle Speed*Thickness 1.74 3.8774 0.188 0.32 7.41 3.8774 0.007 1.19

Table-5. RSM analyzed coefficient of drilling parameter
on thrust force and drilling generated temperature.

Coefficient Coefﬂ.c bent .

drilling

Term for thrust
P generated
temperature

Constant 34,0312 100.805
Feed Rate (mm/min) -0.0411 -0.135
Spindle Speed (RPM) -0.0026 -0.008
Thickness (mm) -1.1822 4.08
Feed Rate * Feed Rate 0 0
Spindle Speed * Spindle Speed 0 0
Thickness *Thickness 0.0644 0.054
Feed Rate * Spindle Speed 0 0
Feed Rate *Thickness 0.001 -0.008
Spindle Speed *Thickness 0.0001 0

From the RSM analysis, the first phase RSM
models between drilling parameters with thrust force and
temperature generated during GFRP high speed drilling
using HSS twist drill bit can be expressed as Equation. (7)
and (8) below.

F =0.0411f —0.0026v —1.1822t + 0.0644t>
+0.001ft + 0.0001vt + 34.9312

O

T =-0.135f —0.008v + 4.08t + 0.054t>

®)
—0.008 ft +100.805
The empirical model in Equation. (7) shows the
relationship between drilling parameters and thrust force
generated during the high speed drilling using HSS. While
Equation. (8) shows the relationship between drilling
parameters and temperature generated during the high
speed drilling using HSS.

Second phase RSM modeling

In the second phase of RSM modeling, thrust
force and drilling generated temperature were analyzed as
mediators. It is agreed in published researches that thrust
force and drilling generated temperature significantly
affect the delamination factor during the GFRP drilling

operation. By analyzing the thrust force and temperature
as mediator between drilling parameters and delamination
factor, an in-depth understanding of thrust force and
drilling generated temperature can be obtained. The
understanding of thrust force and drilling generated
temperature were particularly important, where it provides
an overview for future tool bit design and drilling
operation.

1.344

1.334

1.31 \

1.304

Delamination Factor

1.294

1.284

1.274

1.00-7.99  8.00-14.99 15.00-21.99 22.00-28.99 29.00-35.99 36.00-42.99 43.00-49.99
Range of Thrust Force (N)

Figure-4. Effect of thrust force on drill entrance
delamination factor.

Figure-4 shows the effect of thrust force on the
drill entrance delamination factor using HSS twist drill bit.
The graph exhibits a quadratic relationship where the drill
entrance delamination factor increased from 1N to 22N of
thrust force while the drill entrance delamination factor
decreased when thrust force increased from 22N to S0N.
This is in contrary to the published researches that
concluded increasing thrust force increased the
delamination factor. The reason may due to the spindle
speed used in the study. Most published researches
focused on conventional drilling, which utilized a set of
lower spindle speed. The higher spindle speed in high
speed drilling generates higher material removal rate,
which successively lowers the thrust force generated. The
mean thrust force generated in this study of high speed
drilling was also 80-150% lower as to compare to
conventional drilling.
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Delamination Factor

01-07 08-14 15-21 22-28 29-35 36-42 43-49
Range of Thrust Force (N)

Figure-5. Effect of thrust force on drill exiting
delamination factor.

Drill exiting delamination factor (Figure-5)
shows a linear increment when thrust force increased. This
may due to high thrust force generated during the high
speed drilling, penetrated the work piece before any
material removal process was completely executed. This
forced the tool bit to push through the work piece instead
of shearing through.

Effect of Drilling d Temp on D
1.344

2z //\\
1.32

P

Factor for HSS

1.314

1.301

1.294

Entrance Delamination Factor

1.284

T T T T T T T
25-359 36-459 46-559 56-659 66-759 76-859 86-959
Drilling Generated Temperature (°C)

Figure-6. Effect of drilling generated temperature on drill
entrance delamination factor.

The effect of drilling generated temperature on
the drill entrance delamination factor is illustrated in
Figure-6. It is observed that the drill entrance delamination
factor increased slightly with increasing temperature from
25 °C to 70 °C. A Drastic decrement in drill entrance
delamination factor is seen when drilling generated
temperature exceeded 75 °C to 96 °C. The decrease in
drill entrance delamination factor may due to the drilling
generated temperature reached the glass transition
temperature. At 76 °C (epoxy glass transition
temperature), the epoxy matrix in the GFRP softened into
a rubbery state which gradually lowers the stiffness of the
matrix. This assisted the tool flank to shear through the
GFRP work piece without chipping the surface with pull
up force generated by the tool bit flute.

1.575+

1.550

1.5254

1.500

Delamination Factor

1.4754

1.450 .’/\_//

T T T T T T T
25-35 36-45 46-55 56-65 66-75 76-85 86-95
Range of Temperature (°C)

Figure-7. Effect of drilling generated temperature on drill
exiting delamination factor.

The drill exiting delamination factor responded
differently to drilling generated heat as illustrated in
Figure-7. It is observed that the drill exiting delamination
factor decreased at the range of 36 °C — 55 °C. The
thermal conductivity of high speed steel is relatively lower
compared to other drill bit such as solid carbide coated and
non-coated twist drill bit. Due to the low thermal
conductivity, the tool bit dissipated heat slower, this
phenomenon was seen to escalate when higher feed rate
and lower spindle speed was used. With low heat
dissipation rate, the temperature at the cutting zone
increased drastically when heat at the cutting zone
throughout the drilling process accumulated. Drill exiting
delamination factor increased when drilling generated
temperature exceeded 65 °C. the stiffness of the lower
surface of the work piece decreased with the softening of
epoxy at high temperature. This causes the lower surface
of work piece unable to withstand the push down force
generated by the drill bit, thus increased the drill exiting
delamination factor by chipping prematurely before the
shearing motion is completed.

The above results were analyzed using RSM
approach, the coefficients of drilling generated heat and
thrust force is shown in Table-6.

Table-6. RSM analyzed coefficient of thrust force and
drilling generated temperature on delamination factor.

Coef  for

Ti Coef for DF;,

erm oef for DF,y
Constant 1.21117 1.51204
Drilling Generated Temperature (°C) 0.00272 -0.00741
Thrust Force (N) 0.00425 0.00974
Drilling Generated Temperature *
Drilling Generated Temperature i i
Thrust Force*Thrust Force -0.00004 -0.00011
Drilling Generated
Temperature*Thrust Force b o

From Table-6, the second phase RSM models can
be expressed as Equation. (9) and (10);
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DF in = 0.00272 T + 0.00425 F — 0.00003 T > ©9)
~0.00004 F2 —0.00001 TF +1.21117

DF out = —0.00741T +0.00974F +0.00008T >

(10)
—0.00011F* —0.00003TF +1.51294

Equation. (9) relates the effect of thrust force and
drilling generated temperature to the drill entrance
delamination factor; whereas Equation. (10) explains the
relationship between thrust force and drilling generated
temperature to the drill exiting delamination factor.

Contour and surface plot were generated using
Equation. (9) and (10). The contour plot and surface plot
enabled the understanding of how both the thrust force and
drilling generated heat affected the delamination.

Entrance
Delamination
Factor
= 1250
1250 - 175
1275 —  1.30D
1300 - 1,325
1325 - 1.350
= 1.350

Thrust Force (N)

45

Thrmust Force

Drilling Generated Temprature {(*C)

Figure-8. Contour and surface plot for drill entrance
delamination factor.

From Figure-8, the lowest drilling entrance
delamination factor of less than 1.25 was observed at the
region where drilling generated temperature was at 90 °C
and thrust force at SN. The drill entrance delamination
factor is higher when the thrust force exceeded 30N with
drilling generated heat at 60 °C and lower. This aligned
with the results from published researches stating that
higher thrust force increases delamination factor while
further reinforced that higher drilling temperature
decreased the drill entrance delamination.

(1] 1]
#
1
i

Thrusi Foree (N)

3 40 S0 €0 0 &0
Drilling Generated Temprature (3C)

Delamination Factor

Drilling Generated Temperature (“C)

Figure-9. Contour and surface plot for drill exiting
delamination factor.

The contour and surface plot of drill exiting
delamination factor is illustrated in Figure-9, showing a
saddle form surface plot. This indicates that the drilling
generated temperature that fell between 30 °C to 70 °C
were the most optimum drilling generated temperature
range for minimal drill exiting delamination. It is observed
that the thrust force below 10N generated from the high
speed drilling also contributed to lower drill exiting
delamination factor which is below 1.40.

Integrated model of high speed drilling of GFRP using
HSS

The first phase RSM modeling explained the
relationship of drilling parameters to mediators which
were thrust force and drilling generated temperature;
whereas the second phase of RSM modeling explained the
relationship of mediators which were thrust force and
drilling generated heat with the drill entrance and exiting
delamination factor. The integration of both phases of
RSM modeling will explained the relationship of drilling
parameters and delamination factor.

The first phase RSM models of drilling parameter
on thrust force and drilling generated temperature
[Equation. (7) and (8)] are substituted into the second
phase of RSM model of drill entrance and exiting
delamination factor [Equation. (9) and (10)]. The
integrated models were simply and expressed as Equation.
(11) and (12) below.

DF in = —0.000002 ft > — 0.000009 t* — 0.000001 f 2

+0.000064 ft — 0.000677 t* —0.000002 tv )
+ 0.000515 f — 0.015534 t+ 0.000028 v
+1.244948
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DE out = —0.000007 ft2 + 0.000046 t* + 0.000001 f 2

—0.00015 ft +0.001674t — 0.000006 tv (12)
—0.001075 f +0.032443t — 0.000059 v
+1.79279

Equation. (11) expressed the relationship between
drilling parameters with drill entrance delamination factor;
while Equation. (12) expressed the relationship between
drilling parameters with drill exiting delamination factor.
The models were then tested with a random set of drilling
experiment to validate its fit.

Models validation

Before proceeding to validate the models in
Equation. (11) and (12), it is necessary to perform a
random set of validation experiments. 10 sets of
parameters were selected randomly with 3 sets of
parameters selected beyond the experiment range which is
spindle speed 12000-18000RPM and feed rate 300-
700mm/min to test its range of prediction. The validation
experiment was performed with 3 replicates to obtain the
mean delamination factor. The results from the validation
experiment were compared to the results calculated from
the models.

Table-7. Percentage of error results.

Drilling Parameters esinssis Sl it i A0
£%5 e = £%5 s =
Spindle Speed | Feed rate th(i}cl:l'(];fss = g § % E = E § % g
(rpm) (mm/min) (aminz) = 2 =5 < =2 =5 <
-5 5 g - 5 =
20000 200 5 1.352 1.622 200 1.131 1348 192
17000 600 3 1.709 1612 b 1.421 1.388 232
15000 700 3 1.464 1.506 29 1.415 1.387 2.0
10000 300 5 1.633 1.469 10.0 1.676 1.800 7.4
13000 500 5 1.447 1516 4.8 1.422 1.383 2o
15000 300 3 1.523 1.635 74 1.697 1.741 26
16000 300 i 1.433 1.485 36 1289 1.212 58
15000 600 7 1512 1.452 4.0 1.290 1.183 8.3
9000 800 7 1.597 1256 21.4 1.793 1.063 40.7
18000 400 5 1.533 1.619 5.6 1.145 1.214 6.0
Average percentage of error §.54 070
Table-7 shows the results from the validation CONCLUSIONS

experiment and the values calculated from model
Equation. (11) and (12). The percentage of error was
calculated using Equation. (13) below.

Percentage error = %

Vv

x100% (13)

The average percentage of error obtain from the
validation test was 8.54% for drill entrance delamination
factor and 9.7% for drill exiting delamination. It is
observed that the out of range error was still within
acceptable range with percentage error below 20%. When
9000RPM spindle speed was used, the percentage of error
was 40.7% which indicates that the model prediction limit
for spindle speed is 10000RPM — 20000RPM, feed rate
range from 200-700mm/min and GFRP thickness of 3-
7mm with below 20% error.

= Experiment was conducted on woven glass fiber
reinforce epoxy fabricated using vacuum infusion
molding with fiber volume fraction of ~60%.

= From first phase of RSM analysis and model
development, it was observed that :

=  Feed rate and GFRP thickness contributes significantly
to the increase of thrust force, while feed rate
significantly affects the drilling generated heat
followed by thickness and spindle speed.

= Spindle speed plays a vital role in dampening the
thrust force and drilling generated heat caused by high
feed rate used in high speed drilling of GFRP in this
study

* From second phase of RSM analysis and model
development, it was observed that :

= Low thrust force with higher drilling generated
temperature lowered the drill entrance delamination
factor.
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* Drilling generated heat in the range of 30-70°C couple
with low thrust force generated low drill exiting
delamination factor.

= Controlling of drilling generated temperature was as
crucial as controlling the thrust force generated during
high speed drilling in lowering the delamination factor.

= The approach of integrated models with percentage
error less than 10% was suitable for predicting the
delamination factor in high speed drilling of GFRP
using HSS.

* The integrated model was still fit to predict drilling
parameters +20% of beyond its developed range.

REFERENCES

[1] J. Campos Rubio, T. H. Panzera, a. M. Abrao, P. E.
Faria, and J. Paulo Davim. Effects of high speed in
the drilling of glass whisker-reinforced polyamide
composites (PA66 GF30): statistical analysis of the
roughness parameters. J. Compos. Mater., vol. 45, no.
13, pp. 1395-1402, Nov. 2010.

[2] H. Hocheng and C. C. Tsao. The path towards
delamination-free drilling of composite materials. J.
Mater. Process. Technol., vol. 167, no. 2-3, pp. 251—
264, Aug. 2005.

[3] M. Abrao, P. E. Faria, J. C. C. Rubio, P. Reis, and J.
P. Davim. Drilling of fiber reinforced plastics: A
review. J. Mater. Process. Technol., vol. 186, no. 1-3,
pp- 1-7, May 2007.

[4] H. Altenbach, J. Altenbach, and W. Kissing.
Classification of Composite Materials. in Mechanics
of Composite Structural Elements SE - 1, Springer
Berlin Heidelberg, 2004, pp. 1-14.

[5] J. Campos Rubio, a. M. Abrao, P. E. Faria, a. E.
Correia, and J. P. Davim. Effects of high speed in the
drilling of glass fibre reinforced plastic: Evaluation of
the delamination factor. Int. J. Mach. Tools Manuf.,
vol. 48, no. 6, pp. 715-720, May 2008.

[6] N. S. Mohan, S. M. Kulkarni, and a. Ramachandra.
Delamination analysis in drilling process of glass
fiber reinforced plastic (GFRP) composite materials.
J. Mater. Process. Technol., vol. 186, no. 1-3, pp.
265-271, May 2007.

[71 V. Sonkar, K. Abhishek, S. Datta, and S. S.
Mahapatra. Multi-objective Optimization in Drilling
of GFRP Composites: A Degree of Similarity
Approach. Procedia Mater. Sci., vol. 6, no. Iecmpc, pp.
538-543,2014.

[8] B. R. N. Murthy, L. L. Raj Rodrigues, N. Yagnesh
Sharma, and D. Anjaiah. Influence of process
parameters on the quality of hole in drilling of GFRP
composites - An experimental investigation using

DOE. ICMET 2010 - 2010 Int. Conf. Mech. Electr.
Technol. Proc., no. Icmet, pp. 87-90, 2010.

[9] B. R. N. Murthy, L. L. R. Rodrigues, and A.
Devineni. Process Parameters Optimization in GFRP
Drilling through Integration of Taguchi and Response
Surface Methodology. Res. J. Recent Sci., vol. 1, no.
6, pp. 7-15, 2012.

[10]V. N. Gaitonde, S. R. Karnik, J. C. Rubio, a. E.
Correia, a. M. Abrao, and J. P. Davim. Analysis of
parametric influence on delamination in high-speed
drilling of carbon fiber reinforced plastic composites.
J. Mater. Process. Technol., vol. 203, no. 1-3, pp.
431-438, Jul. 2008.

[11]P. E. Faria, R. F. Campos, a. M. Abrao, G. C. D.
Godoy, and J. P. Davim. Thrust Force and Wear
Assessment When Drilling Glass Fiber-Reinforced
Polymeric Composite. J. Compos. Mater., vol. 42, no.
14, pp. 1401-1414, Jul. 2008.

[12]S. Arul, L. Vijayaraghavan, S. K. Malhotra, and R.
Krishnamurthy. Influence of tool material on
dynamics of drilling of GFRP composites. Int. J. Adv.
Manuf. Technol., vol. 29, no. 7-8, pp. 655662, Jan.
2006.

[13]U. a. Khashaba. Delamination in drilling GFR-
thermoset composites. Compos. Struct., vol. 63, no.
34, pp. 313-327, Feb. 2004.

[14]U. a. Khashaba, 1. a. El-Sonbaty, a. I. Selmy, and a. a.
Megahed. Machinability analysis in drilling woven
GFR/epoxy composites: Part I — Effect of machining
parameters. Compos. Part A Appl. Sci. Manuf., vol.
41, no. 3, pp. 391-400, Mar. 2010.

[15]1. El-Sonbaty, U. a. Khashaba, and T. Machaly.
Factors affecting the machinability of GFR/epoxy
composites. Compos. Struct., vol. 63, no. 3-4, pp.
329-338, Feb. 2004.

[16]]. Davim, J. Rubio, and a Abrao. A novel approach
based on digital image analysis to evaluate the
delamination factor after drilling composite laminates.
Compos. Sci. Technol., vol. 67, no. 9, pp. 1939-1945,
Jul. 2007.

[17]L. M. P. Durdo, De Moura, and T. Marques.
Numerical simulation of the drilling process on
carbon/epoxy composite laminates. Compos. Part A
Appl. Sci. Manuf., vol. 37, no. 9, pp. 1325-1333, Sep.
2006.

[18]D. Alexander. Delamination Analysis in Drilling of

Glass Fiber Reinforced Plastics (GFRP) by Special
Drill Bits. vol. 83, no. 1, pp. 121-128, 2012.

4184



VOL. 11, NO. 6, MARCH 2016

ISSN 1819-6608

ARPN Journal of Engineering and Applied Sciences

=
©2006-2016 Asian Research Publishing Network (ARPN). All rights reserved. @

www.arpnjournals.com

[19]1D. A. Budan, S. Basavarajappa, and M. P. Kumar.
Influence of fibre volume reinforcement in drilling
GFRP laminates. vol. 6, no. 6, pp. 733-744, 2011.

[20]V. Krishnaraj, a. Prabukarthi, A. Ramanathan, N.
Elanghovan, M. Senthil Kumar, R. Zitoune, and J. P.
Davim. Optimization of machining parameters at high
speed drilling of carbon fiber reinforced plastic
(CFRP) laminates. Compos. Part B Eng., vol. 43, no.
4, pp. 1791-1799, Jun. 2012.

[217V. R. Devadath, H. P. Raju, B. R. N. Babu, and N. L.
Muralikrishna. Study of drilled hole surface
characteristics in GFRP rod generated by different
drill bits. vol. 5, no. 2, pp. 149-155, 2012.

[22]R. Zitoune, F. Collombet, F. Lachaud, R. Piquet, and
P. Pasquet. Experiment calculation comparison of the
cutting conditions representative of the long fiber
composite drilling phase. Compos. Sci. Technol., vol.
65, no. 3—4, pp. 455-466, Mar. 2005.

[23]M.-B. Lazar and P. Xirouchakis. Experimental
analysis of drilling fiber reinforced composites. Int. J.
Mach. Tools Manuf., vol. 51, no. 12, pp. 937-946,
Dec. 2011.

[24]S. R. Karnik, V. N. Gaitonde, J. C. Rubio, a. E.
Correia, a. M. Abrdo, and J. P. Davim. Delamination
analysis in high speed drilling of carbon fiber
reinforced plastics (CFRP) using artificial neural
network model. Mater. Des., vol. 29, no. 9, pp. 1768—
1776, Oct. 2008.

[25]T. Sunny, J. Babu, and J. Philip. Experimental Studies
on Effect of Process Parameters on Delamination in
Drilling GFRP Composites Using Taguchi Method.
Procedia Mater. Sci., vol. 6, no. Iempc, pp. 1131-
1142, 2014.

[26]N. Das Chakladar, S. K. Pal, and P. Mandal. Drilling
of woven glass fiber-reinforced plastic—an
experimental and finite element study. Int. J. Adv.
Manuf. Technol., vol. 58, no. 1-4, pp. 267-278, May
2011.

[27]1T. V Rajamurugan, K. Shanmugam, and K.
Palanikumar. Analysis of delamination in drilling
glass fiber reinforced polyester composites. Mater.
Des., vol. 45, pp. 80-87, 2013.

[28]D. Bas and 1. H. Boyac1. Modeling and optimization I:
Usability of response surface methodology. J. Food
Eng., vol. 78, no. 3, pp. 836845, Feb. 2007.

[29]E. Kilickap. Analysis and modeling of delamination
factor in drilling glass fiber reinforced plastic using
response surface methodology. J. Compos. Mater.,
vol. 45, no. 6, pp. 727-736, 2011.

4185



