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ABSTRACT
In this research work an attempt has been made to expand empirical relationships to model thrust force in
drilling of GFRP composites by solid carbide twist drill bit. The empirical relationships were developed by response
surface methodology incorporating above drilling parameters. The developed model can be effectively used to
predict the thrust force in drilling of GFRP composites within the factors and their limits are studied. In this study,
drilling experiments are conducted on these composite materials using CNC drilling machine
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1. INTRODUCTION

Glass fiber-reinforced plastic (GFRP) composite materials are finding varieties of applications in automobile
and aerospace industries due to their outstanding properties. GFRP acquire high strength and stiffness, easiness of
molding complex shapes, high corrosion resistance which make the material better-quality to metals for many
applications. GFRP composite components are commonly made-up by string winding, hand lay-up, resin transfer
moulding process. After production, they require further machining for structural assemblies. In machining of GFRP
composites, thrust force is the important decisive factor and large amount successful way of achieving quality holes
while drilling fiber reinforced plastics is by reducing the thrust. The effect of thrust force on drilling of GFRP
composites is studied by a lot of researchers. Murphy and Byrne (2002), investigated the Thrust forces with respect
to the drill bit and the work piece being drilled. They found out that the highest thrust force was observed during an
experiment run when the drilling tool reaches the bottom of the laminate.

El-Sonbaty (2004), report that insufficient range of the tool geometry consequences in higher temperature
due to friction between the primary and secondary clearance faces and wok piece material, accelerated tool wear
rates and higher thrust force and torque, which show the poor hole quality and surface damage. Claudin and
Poulachon (2008), conduct drilling experiments to conclude appropriate drilling bits for machining a low carbon
steel using different drill bits such as solid carbide drills, solid carbide modular drills, and indexable drills. They
modeled axial force and cutting torque as a function of diameter, rake angle, cutting velocity, and feed rate and they
found out the methodology to determine the drill geometry effect.

Stone and Krishnamurthy (1996), utilized a ANN thrust force controller to reduce delamination during
drilling of graphite-epoxy laminates. Researchers successfully modeled and optimized by using a sequence of
designed experiments to obtain an optimal response by knowing less about the process by using RSM. Latha and
Senthilkumar (2009), have successfully applied fuzzy logic for the prediction of thrust force in drilling of GFRP
composites. They used Pareto analysis of variance (Pareto—ANOVA) and analysis of variance (ANOVA) for analysis
of machining parameters in drilling of GFRP composites. Bagci and Ozcelik (2006), studied the effect of drilling
parameters such as drilling depth, feed rate, and spindle speed on the twist drill bit thrust force in the dry drilling of
Al 7075-T651 material and they established a model using multiple regression analysis between the parameters.

Tsao (2007) investigated the surface roughness of core drill with drill parameters (grit size of diamond,
thickness, feed rate, and spindle speed) in drilling carbon fiber-reinforced plastic (CFRP) laminate associated the
drilling induced damage with drilling parameters and proposed a mathematical model for predicting the thrust force.
They considered tool point geometry as a major factor that influences drilling-induced damage. Faria (2009),
investigated the influence of the factors in thrust force on holes generated after drilling glass fiber reinforced epoxy
resin. They indicated that the HSS drill presented severe wear after drilling 1000 holes, thus promoting high thrust
force. Capello (2004), regards delamination of the GFRP composite as the majority serious damage caused by drilling
operations due to the fact that it can strictly impair the performance of the completed component.

Montgomery (2006) concluded that the thrust force is an significant concern and it has to be minimized. To
get minimum thrust force, it is necessary to utilize optimization technique to find optimal cutting parameters and
theoretical models to do predictions. Response Surface Methodology (RSM) is finding vast applications in solving
variety of complex engineering and scientific problems. Khashaba (2004), investigated delamination is accountable
for the refusal of around 60% of the finished components produced in the aircraft industry. In the present work, the
effect of cutting parameters on thrust force on the drilling of GFRP composites by coated solid carbide tool is
evaluated and second order model is developed for predicting the thrust force. The predicted and calculated values
indicate that the developed model can be successfully used to predict the thrust force in the drilling of GFRP
composites.
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Table 1. Properties of fiber and resin
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Eiber/resin Tensile modulus, | Tensile strength, | Density (p) | Shear Ultimate

(E), (GPa) (o) (MPa) (g/cm®) modulus | elongation (%)
E-Glass 69 2400 2.6 27 —
Polyester 3000 50 1.10 — 2%

2. MATERIALS AND METHOD

The Glass Fiber Reinforced Polyester work piece used for this study is prepared by using hand lay-up
method. Unsaturated polyester resin matrix reinforced with 70% weight E-glass fiber is used for preparation and the
thickness of the material is approximately 10 mm. The density of the polymer used is 1.10 g/cm?. The resin used for
the fabrication of composite material is polyester and the hardner used is methyl ethyl ketone peroxide and
accelerator is Kerox C-20. The specimen is having length 200 mm, breadth 100 mm, and height 10 mm. The
properties of the fiber and resin are presented in Table.1. The experiments were conducted in computer numeric
control vertical machining centre (VMC100). The machining center has a maximum spindle speed of 5000 rpm with
a table dimension of 1270 x 254 mm and is presented in Figure.1.

Figure.l. Image of Vertical machining Centre (VMC 100)
Coated solid carbide twist drill bits supplied from ONSRUD CUTTER, U.S.A, were used for conducting
tests and are presented in Figure.2.
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Figure.2. Solid carbide twist tools used for experiments
Kistlerpiezo-electric dynamometer is used for capturing the thrust force obtained in drilling of GFRP
composites, which is presented in Figure.3.

s e —
Figure.3. Image of Dynamometer
The thrust force can be measured by using Multi channel amplifier type Dynamometer, specification of the
Dynamometer is presented in Table.2.
Table.2. Specification of the dynamometer

Type Calibrated 9257B

weight 7.3kg

Length x width x Height 170 mm x 100 mm x 60mm
Sensor Type Piezoelectric

No of Channel 8

Multichannel amplifier type 5019/5017

Range of Operating Temperature °C | 0-70

Response Surface Methodology: RSM is a set of mathematical and statistical techniques, which are helpful for
predicting the models and analyze the problems in which more than one response is influenced by a number of
factors. The mathematical model of the response to independent controllable factors can be predicted, by using the
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multiple regression analysis with least number of experiments planned through design of experiments. In this study,
the second order polynomial models have been developed to predict the Thrust force, which is influenced by feed
rate (f) and spindle speed (N) and Drill diameter (d).The values of the regression coefficients of linear, quadratic and
interaction terms of the mathematical models are determined by the following formula:
B=(XtX) XY (1)

Where, B is the matrix of parameter estimates, X is the calculation matrix includes linear, quadratic and
interaction terms, X ‘is the transpose of X and Y is the matrix of response.

Statistical design of experiments is used for experimentation. Due to the wider ranges of parameters selected,
it has been decided to use three levels, spindle speed (N), feed rate (f) and Drill diameter (d).

From the literature the independently controllable predominant machining parameters which influence the
Thrust force through the drilling of GFRP composite work piece have been acknowledged. They are spindle speed
(N), feed rate (f) and Drill diameter (d) Table 3 presents the ranges of factors considered and Table 4 shows the 27
sets of experiment conditions used to form the design matrix, the parameters used, input values and their output
response.

Table.3. Drilling parameters and their level used for experimentation

Drilling Parameter | Symbol | Unit Range Level1 | Level 2 | Level 3
Spindle Speed N rpm 1000-3000 | 500 875 1250
Feed rate f mm/rev | 0.05-0.15 | 0.05 0.10 0.15
Drill diameter d mm 4-12 4 8 12
Table.4. Drilling parameters and their output responses

Trial|Spindle speed|Feed rate,|Diameter|Thrust force

No |V (rpm) f (m/rev) |d (mm) |Fz(N)

1 1000 0.05 4 84.17

2 1000 0.05 8 135.00

3 1000 0.05 12 116.50

4 1000 0.10 4 148.00

5 1000 0.10 8 164.72

6 1000 0.10 12 144,71

7 1000 0.15 4 210.00

8 1000 0.15 8 243.10

9 1000 0.15 12 280.10

10 |2000 0.05 4 170.00

11 |2000 0.05 8 108.20

12 |2000 0.05 12 156.24

13 |2000 0.10 4 118.45

14 12000 0.10 8 150.00

15 ]2000 0.10 12 176.54

16 |2000 0.15 4 160.22

17 2000 0.15 8 220.15

18 ]2000 0.15 12 223.32

19 3000 0.05 4 58.30

20 |3000 0.05 8 70.50

21 |3000 0.05 12 94.00

22 |3000 0.10 4 68.00

23 |3000 0.10 8 86.00

24 {3000 0.10 12 135.00

25 [3000 0.15 4 47.16

26 |3000 0.15 8 140.00

27 |3000 0.15 12 155.00

Modeling of Drilling Parameters using Response:
Surface Methodology: The second order response surface equations for the Thrust force (Fz) in drilling of GFRP
composites can be expressed as:

Fz=1f(N,f,d) )
The general quadratic response-surface model, used to evaluate the parametric effects is as follows:
Y =bo + Zhi xi + Zhii xi? + Zhij xi xj (3)

Where bo is the coefficient for constant term and bi, bii, bij are the coefficients for linear, square and
interaction terms respectively
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The model chosen was a second degree response surface expressed as follows:

Fa=pfo+fr (N) + B2 (f) + fs (d) + fa (N?) + Bs (?) + fis (d2) + 7 (Nf) + Bs (Nd) + S (fd]) (4)

The model developed based on the above is given below;

Thrust force = 30.5911+0.0732117 * V+ 659.933*f+ 9.32222 * d - 1.84700 E - 005 *V 2+ 4674.67*f 2-0.58
4687*d? - 0.516950 V*f+1.65417E-003V*d+45.0042. (5)

Analysis of variance (ANOVA) method is used to ensure the adequacy of the developed empirical model
and is presented in Table 5. The response of thrust force, the model F value of 9.86 implies that the model is
significant. Values of “Prob > F” less than 0.0500 indicate that the model terms are significant. The calculated value
of the F ratio of the developed model is less than the standard F ratio value at a desired level of confidence (say
95%), then the model is said to be adequate within the confidence limit.

Table.5. Analysis of VVariance for Thrust force model

Source DOF Seq SS Adj SS Adj MS F P
Regression 9 96052 96051.9 10672.4 24.03 0.000
Linear 3 83146 83146 27715.3 62.41 0.000
Square 3 3391 3391.4 1130.5 2.55 0.090
Interaction 3 9515 9514.7 3171.6 7.14 0.003
Residual Error 17 7549 77549.1 4441

Total 26 103601

The “Predicted R-Squared” of 0.98 is in reasonable agreement with the “Adjusted R-Squared” value. The
calculated value of the R ratio of the developed relationships exceeds the standard tabulated value of the R ratio for
a desired level of confidence (say 95%), then the relationship may be considered to be adequate within the confidence
limit and hence the model may be accepted. The experimental data and the predicted data by the using aforesaid
model are analysed by using residual analysis.

In this process, confidence interval and prediction interval could be close to each other and narrower intervals
provide a higher degree of precision which is presented in Figure.4 and the predicted value versus the actual
experimental value is presented in Figure.5, which shows the improved correlation.

Normal Plot of Residuals Predicted vs. Actual

Figure.4. Normal probability plot for thrust force Figure.5. Comparison pldf for thrust force using
carbide twist drill

3. RESULTS AND DISCUSSIONS

During drilling of GFRP composites, many troubles encountered including defuzzing, spalling,
delamination, fiber-pull out etc. Among these problems, delamination due to thrust force causes severe damage to
the manufactured goods, which leads to the rejection of material.

In Figure.6a, there is an even surface observed in some area of the work piece, whereas some area does not
show clear effect on the work surface. This may be due to the interrupted drilling takes place due to the solid carbide
twist drill tool used for this reason.
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Figure.6b, shows the SEM microstructure of the work piece observed. The end result indicated that there is
an insufficient distribution of resin and fibre in the cutting surface. During the drilling process, there is a tiny
deviation in surfaces observed, which is indicated in the figure.
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Figure.6b. Enlarged view of the machined surface profile
Effect of Drilling Parameters on Thrust Force: Figure.7(a-c), shows the shows the three dimensional response
surface for thrust force in drilling GFRP composites. The three dimensional surface plots may provide a clearer
picture of the response surface than contour plots. The effect between the parameter spindle speed and feed rate is
presented in Figure.7a.

The figure indicated that the increase of feed rate increases the thrust force in drilling of GFRP composites.
The reason being the increase of feed rate increases the load on the tool, which resulted in increase of thrust force.

Figure.7b, shows the effect of spindle speed and drill diameter versus the thrust force in drilling of GFRP
composites. The result indicate that the increase of drill diameter increase the contact area between the drill and work
piece which resulted in high thrust force, whereas the increase of spindle speed does not show any clear trend as
observed before. Figure.7c, shows the effect of feed rate and drill diameter on thrust force in drilling of GFRP
composites. The increase of drill diameter and feed rate increases the thrust force in drilling of drilling of GFRP
composites as discussed earlier
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Figure.7(c). 3D response graph for thrust force feed Vs diameter
From the above 3D response graphs shows, it has been clearly seen that minimum feed rate, reasonably small
and drill diameter is preferred for minimizing the thrust force in drilling of Glass Fiber reinforced Polyester
composites.

4. CONCLUSIONS
The following conclusions can be drawn from the present investigation on drilling of GFRP composites using
solid carbide drills at different machining parameters.
e Feed rate is the major factor, which manipulate the thrust force in drilling of GFRP composite and as the
feed rate increases the thrust force also increases.
e Thrust forces vary with feed, feed rate affects drilling forces but spindle speed has comparatively less
influence than feed rate.
o Lower speed shows comparatively more thrust force than higher spindle speed.
e The delamination in drilling is also depends on the thrust force.
e The model used in the work is able to predict the thrust force in drilling of GFRP composites, within the
ranges of machining parameters studied.
e The accuracy of the model can be improved further by adopting more machining conditions and more
variables.
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