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ABSTRACT: This paper reports the effect of thrust force
during drilling of 10mm diameter holes in 20mm thick
Carbon Fibre Reinforced Plastic composite laminate
using HSS, Solid Carbide (K20) and Poly Crystalline
Diamond insert drills. Experiments are conducted on a
vertical machining centre using Taguchi design of
experiments. A model is developed to correlate the
drilling parameters with thrust force using Response
surface Methodology (RSM).The results indicate that the
developed model is suitable for prediction of thrust forces
in drilling of CFRP composites. The influence of different
parameters on thrust force of CFRP composites have been
analyzed through contour graphs and 3D plots. The
investigation has revealed that the type of drill geometry
affects the thrust force significantly followed by the feed
rate and the speed.
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I. INTRODUCTION
CARBON FIBER REINFORCED PLASTIC
(CFRP) composite materials are continuously replacing
conventional metals and alloys in many applications such
as automotives, aircraft etc. The combination of superior
mechanical properties such as high specific strength,
stiffness and fatigue strength, enable the structural design
more reliable than conventional metals [1]. They can be
easily fabricated to near net shapes by processes such as
hand lay-up, filament winding, pultrusion; etc.Machining
is required in places where composites are assembled by
joining processes. Machining of composites has been
recognized as a process different from that of
conventional materials. A proper selection of cutting
parameters facilitates good machinability since the
coexistence of hard abrasive fibres and a soft matrix
behave differently during machining [2].
Drilling is a frequently employed in industries
owing to the need for component assembly in mechanical
structures. Many researchers [3-5] reported that the
quality of the drilled surfaces depend strongly on the tool
geometry, drilling parameters and tool material. An
inappropriate selection of these parameters can lead to
material degradations, such as fiber pull-out, matrix
cratering, thermal damage and delamination [3].
Tsao [6] reported that the feed rate and the drill
diameter are recognized as the most significant factors
affecting the thrust force. The radial basis function
network is demonstrated more effective than multivariable regression analysis for the evaluation of drilling-

induced thrust force and surface roughness in drilling of
composite material. Latha and Senthilkumar [10] used
fuzzy logic technique to predict thrust force in drilling of
composite materials. Davim [11] presented a study for
selecting the cutting parameters for damage-free drilling
in carbon fiber reinforced epoxy composite material
which was based on a combination of Taguchi’s
techniques and on the analysis of variance (ANOVA).
Karnik et al., [12] carried out drilling as per full
factorial design using cemented carbide (grade K20) twist
drills that serve as input–output patterns for ANN training
and reported that the developed ANN model shows a
good correlation both for training and testing data sets,
thus validating the model. Two-factor interaction effects
were also analyzed by generating 3D surface plots. The
interaction effects analysis demonstrates the advantages
of employing a high spindle speed for drilling CFRP
composite material which reduces the delamination at the
entrance of the holes.
This paper investigates the effect of different
drilling parameters on Thrust force in drilling CFRP
composites. The experiments were conducted on a
Vertical machining centre using HSS,Carbide(K20) and
PCD drills of diameter 10mm. Response surface model is
developed to correlate the thrust force with respect to
different drilling parameters. The machining parameters
considered for the experiments are spindle speed, feed
rate, and type of drills. The results proved that the
developed model can be effectively used for the
prediction of Thrust forces in machining of CFRP
laminates.

II. EXPERIMENTAL
2.1Materials and Methods
The CFRP laminates were fabricated using the hand layup technique. Carbon fibre (Zoltek, PANEX® 35)was
used as a reinforcement in the Epoxy matrix(Huntsman,
Warm curing epoxy system based on Araldite® LY 1564
SP/Hardener XB3486formulated amine hardener) and
was cured at 220 deg Celsius for 90 minutes. This
composite laminate was produced with a fiber orientation
of 0/90 degrees with 20 layers of the fabric and resin used
successively. The properties of the fibre are listed in
Table 1.The different types of drill used in this study are
shown in Fig 1.
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Figure 1.a) HSS Ball Nose, b) Carbide Ball Nose, c) PCD
Ball Nose
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2.2Experimental Procedure:
The experimental setup is shown in Fig.2 Arix VMC 100
CNC drilling machining centre was used for making drills
in the CFRP composites using different drill bits such as
HSS, Solid Carbide and PCD.The experiments were
conducted as per the L27 orthogonal array. The computer
controlled data acquisition system was used to collect and
record the data during experiments. The Kistler
dynamometer was used to record the cutting forces.

The process parameters, their notations, and their ranges
are given in Table 2.The experiments for the present work
have been carried out using full factorial taguchi design
of experiments. In the current investigation the number of
variables considered for the response surface modelling is
three and the numbers of experiments conducted are 27.
The independently controllable process parameters
identified for the experimentation are: Spindle speed (V)
rpm, feed rate (f) in mm/min, and type of drills (d) used.
The steps involved in the RSM technique [3] are as
follows: (i) designing of a set of experiments for adequate
and reliable measurement of the true mean response of
interest, (ii) determination of mathematical model which
best fits; (iii) finding the optimum set of experimental
factors that produces maximum or minimum value of
response; and (iv) representing the direct and interactive
effects of process variables on the best parameters
through two-dimensional and three-dimensional graphs.
Table 2.Process Parameters used for modelling
Control
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In most RSM problems, the form of relationship between
the response and the independent variable are
unknown.When the experimenter is close to optimum, a
model that incorporates curvature is usually required to
approximate the response. Usually a second order model
is utilized in response surface methodology.

Least square method is used to determine the
βcoefficients, in the model. Values of the controllable
parameters that results in optimization of response or
discover what values for the‘x’values will result in a
product (process) satisfying several requirements or
specifications can be determined by using RSM [8].A
second-order model is normally used when the response
function is not known or nonlinear. In the present study a
second-order model has been utilized. The thrust force F
is given by
Figure 2.Experiment setup with dynamometer
arrangement
2.3 Response Surface Modelling
Response surface methodology (RSM) is a collection of
mathematical and statistical techniques that are useful for
the modelling and analysis of problems in which a
response of interest is influenced by several variables and
the objective is to minimize this response [10].

Thrust Force = 81.56- 25.56 * V+ 55.22*f + 202.5 * d +
12.67 * V * f -54.58* V * d +9.58 * f * d-5.33*V2 +20 *
f2 +442.83*d2- equation (2)
R2 is called coefficient of determination, is used to judge
the capability of regression model developed,
0≤R2≤1.The R2 value is the variability in the data
accounted by the model in percentage [8].After
estimating the sum of squares (SS) and mean squares
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(MS), R2 value can be used to check the adequacy of the
model developed
R2 = 1-SSerror /SS Total

for PCD because the amount of margin left after
providing the flute is more. This reveals that drill
geometry has significant effect on the thrust force. The
thrust force generally increases as the speed increases but
decreases further in the case of Carbide and PCD tool. On
contrary to carbide, the cutting force observed during
drilling using PCD is quite different. The value of cutting
force is high as compared with the carbide. The analysis
of response variable thrust force can be explained through
contour and surface plots. The typical three-dimensional
(3D) surface plots and two-dimensional (2D) contour
plots for Thrust force in terms of the process variable are
shown in Figures.6-11

There is good concurrence between the experimental and
predicted values since the coefficient of determination
calculated is 95.10%.The diagnostic checking of
developed model can be checked by residual analysis.
The normal probabilities of residuals are shown in
Fig.3.The normal probability plot is used to verify the
normality assumption.
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Figure .3 Normal residuals Plot
From the Fig.3 it is clear that the data are spread roughly
along the straight line. Hence, it can be concluded that the
data are normally distributed. Fig.4 shows predicted
results against the actual results. It is understood that
predicted results are very close to the experimental results
so response surface models are suitable for predicting
Thrust force of CFRP composites.
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Figure 5.Measured thrust force at different speeds
Equation (2) is plotted in Fig.6-8 as contours for each of
the response surfaces .These response contours can be
used to predict of thrust force at any point of the
experimental domain.
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Figure.4 Graph showing variation of Experimental
Values with predicted values

III. RESULTS AND DISCUSSION
It can be seen that effect of cutting speed on the cutting
forces differs with various tool geometry and material. As
expected, the type of drill used has a greater influence on
thrust force. From Fig.5 it is observed that thrust force is
high as feed rate increases due to the change in the shear
area. There is tremendous increase in thrust force values

A: Feed

Figure.6 Estimated contour plots for Thrust force (Drill)
Fig.9 illustrates the surface plot for thrust force by
varying the two variables Spindle speed and type of drill
by keeping the feed as constant. It is found that the thrust
force is high at lower speeds and found to decrease as
speed increases.
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Figure.7 Estimated contour plots for Thrust force
(Speed=3000rpm), Figure.8 (Feed=75mm/min)
PCD drill results in producing high forces. Thrust force
increases as feed rate increases in the case of PCD.This
effect is different in the case of Carbide drill.Fig.10
shows the 3D response surface plot for Thrust force with
constant speed. Effect of keeping the type of drills
constant can be witnessed from Fig.11.It can be seen that
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Figure.11 Estimated 3D response surface plot for Thrust
force (Force vs. V and f).
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Figure .9 Estimated 3D response surface plot for Thrust
force (Force vs. V and d).
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The following are the conclusions drawn from the
experimental work
 For correlating the drilling parameters with respect to
thrust force a second order response surface model
has been developed. The developed model is
significant at 95% confidence level, which shows
that the developed model can be effectively used for
drilling of CFRP composites within the range of the
process parameters.
 Analysis of variance for the developed model
revealed that the type of drill and the feed rate are the
dominant factors that influence the thrust force.
Thrust force recorded for HSS drill was high when
compared to Carbide. Since the hardness of HSS tool
is less than the Carbide drill.
 Medium cutting speed and feed rate provided
optimum thrust forces irrespective of the drills used.
Significant reduction in cost and timing can be
achieved by using this response surface model
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Figure .10 Estimated 3D response surface plot for Thrust
force (Force vs. d)
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