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Original scientific paper
This paper has presented and discussed machinability in the drilling of SMC (Sheet Mould Compound) A-Class composite materials using Taguchi's DoE
method. The thrust forces, surface roughness and push-out - peel-up delamination behaviour in drilling process for glass fibre reinforced SMC composites
have been evaluated. The experimental results and the contribution ratio of parameters on machinability outputs have been statistically analysed by
ANOVA. Analysis of variance shows that drill bit angle is the prominent parameter followed by feed rate and cutting speed that contributes towards
output responses. Confirmation experiments performed with the optimum parameter condition levels show a reduction in thrust force by 9,8 %, surface
roughness by 33,3 %, push-out delamination by 2,5 % and peel-up delamination by 1,38 %. A detailed deformation analysis was investigated for SMC
composites. For the empirical modelling of machinability, outputs of SMC composites can be modelled with the quadratic polynomial regression model in
a higher range of accuracy.
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Optimizacija parametara obrade u busenju SMC komposita primjenom Taguchi metode

[zvorni znamstveni ¢lanak
U radu se predstavlja i razmatra obradivost kod buSenja SMC kompozitnih materijala A-klase primjenom Tagucijeve Doe metode. Procjenjivale su se
potisne sile, povrSinska hrapavost i raslojavanje listanjem - ljuStenjem SMC kompozita ojacanih staklenim vlaknima u postupku busSenja. Eksperimentalni
rezultati i veliina doprinosa parametara na rezultate obrade analizirani su pomoéu ANOVA-e. Analiza varijance je pokazala da su vazni parametri za
izlazne rezultate prije svega kut alata za busenje te brzina posmaka i brzina rezanja. Potvrdni eksperimenti provedeni uz optimalne parameter pokazuju
smanjenje potisne sile od 9,8 %, povrsinske hrapavosti od 33,3 %, raslojavanja od 2,5 % i raslojavanja listanjem od 1,38 %. Provedena je detaljna analiza
deformacije SMC kompozita. Za empirijsko modeliranje obradljivosti, rezultati SMC kompozita mogu se modelirati kvadratnom polinomskom regresijom

u visi stupanj to¢nosti.

Kljucéne rijeci: SMC (Sheet Mould Compound); buSenje; raslojavanje; Taguchi; ANOVA

1 Introduction

Polymer matrix composites are important class of
materials in advanced structural applications due to their
lightweight, high modulus and high specific strength.
There is a large application area in automobile, aerospace,
aircraft and sport goods industry due to their high
modulus, high specific strength and lightweight. Because
of high production rate, moulding composites such as
sheet moulding compounds (SMC) produced by
compression are widely and increasingly applied in
different industry branches to produce thin parts such as
truck bumper, fender, and windbreaker etc. in automotive
industry. Suitable charge flow, temperature distribution in
moulds, moulding design and moulding parameter are
very important for obtaining a paintable brilliant smooth
surface. However mould system looks alike to plastic
injection mould, the flow of SMC charge is very hard
during mould compression. So the desired gaps like bolt-
rivet holes or headlight-signal holes in a bumper must be
ignored in SMC-mould design to obtain a suitable flow.
The gaps like holes must be obtained by additional
machining operations (drilling-milling) in SMC parts.
However, because of their anisotropic, heterogeneous and
brittle nature, these materials are difficult to machine
[1+3].

Drilling process is the most frequently used
machining operation for composite materials owing to the
need to produce holes for subsequent assembly operations
of FRP components. Because of the importance, a lot of
researches are carried out in the field of machining of
composite materials. Researchers reported that the

parameters such as tool geometry, tool material, feed rate
and cutting speed etc. affect the quality of a drilled hole.
As a matter of fact, Faraz et al. pointed out that as many
as 55 000 holes are drilled in a single unit production of
an Airbus A350 aircraft on FRP composites parts [4]. It is
essential to highlight here that due to the actions of
machining forces, FRP composites exhibit a number of
material damage or machining induced damage, which
would not be normally observed during machining of a
metallic material. These types of damage include
delamination, sub-surface damage, fibre pull out, fibre
bridging, spalling, and matrix cracking [5, 6]. Some
researchers conducted studies by using unusual special
tools for inducing the delamination in machining of
composites [7, 8]. Tsao proposed a model with response
surface methodology (RSM) based on the Taguchi
method. The author evaluated the effect of drilling
parameters on delamination by compound core-special
drills [9].

In aerospace and automobile parts bolt-rivet joining
quality critically depends on the quality of the machined
holes. The micro cracks, delamination and fibre pull out
near the hole may cause the premature fatigue failure near
the bolts and rivets. The quality of drilled holes in failure
formation of GFRP directly depends on the appropriate
choice of the machining parameters. Machinability is
affected greatly by the non-homogenous structure of
GFRP composites. Machinability of GFRP is also more
complex than the traditional materials such as ferrous and
non-ferrous materials. Mechanical and physical properties
of matrix material and the fibre reinforcements, fibre
types and fibre orientation, volume fraction of fibres have
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higher influence on the machinability of GFRP
composites [10+14]. The review of previous works about
damage free machining was carried out by Kumar. Author
pointed out the concentration on tool geometry and
materials, surface roughness of drilled surface, thrust
force, push and pull out delamination at entry and exit
with influence of point angle of drill bit, feed rate, spindle
speced and conventional and non-conventional
applications [15]. Ramesh et al. [16] worked on the
influence of tool materials on thrust force and
delamination in drilling of GFRP composites. Three
different tool materials (TiN coated and uncoated solid
carbide and HSS) were compared in the experiments.
Two distinguished delamination mechanisms at the drill
entrance (peel up) and exit (push out) were examined with
image processing technique.

Sunny et al. [17] implemented the experiment by
using twist drill, end mill and Kevlar drill to find the
optimum drilling parameters using the Taguchi’s method.
Author analysed the effect of drill bit material and
geometry on delamination. Results of the experiments
revealed that reducing feed rate and increasing the spindle
speed can reduce the delamination within limits of
specified speed and feed rates. Author also reported that
feed rate is a more efficient factor on push and pull out
delamination than spindle speed, the higher deformation
ratio is observed on twist drill and the minimum
deformation is observed on Kevlar drill. Davim et al. [18]
examined the behaviour of two cemented carbide K10
Drill Bit with different geometry when machining GFRP
with Taguchi. The results show that thrust force increased
with feed rate; however, lower values were recorded
when using the "Brad and Spur" drill. The feed rate has
higher effect on the specific cutting pressure and the
"Stub Length" drill bit causes higher delamination on the
fibre reinforced composites than the "Brad & Spur" tools.

Kavad et al. [19] reported a review work about
drilling of GFRP and the following conclusions can be
drawn: Cutting speed feed rate and tool material are the
most influential factors on the delaminating in
conventional area. So machining at higher cutting speed,
hard tool material and lower feed rate cause lower failure
of the GFRP. For reaching low damage levels, high speed
machining is suitable for drilling GFRP. High speed
machining improves productivity and decreasing
production costs. Vibration and Ultrasonic assisted
drilling operations cause lower thrust force hence lower
failure by comparing to conventional machining. The
Ultrasonic and vibration aided machining are more
convenient in drilling operation of fibre reinforced
composite materials.

Hussein et al. [12] studied the influence of milling
and drilling parameters on hole machining process.
Woven laminated GFRP material is used in experiments.
Statistical techniques (ANOVA) were used to determine
the effects of the experimental parameters on the surface
roughness and hole quality. Hussein reported that milling
operations are more appropriate than drilling operations at
higher cutting speeds and lower feed rates. When the hole
quality (minimum roughness and maximum cylindricity)
is important, especially for precision part -assembly
operation hole milling may be preferred.

On the other hand some of the researchers focused on
the effect of fibre orientation angle and tool rake angle. It
is reported that the fibre orientation has a higher effect on
the cutting forces, surface roughness and deformation
factor [20]. Vinod and Wanketasvarlu [21] investigated
the various effects of geometrical and process parameters
on the machining characteristics of Bidirectional GFRP
composites with Taguchi and Anova. Authors indicated
that the most effective parameter is feed rate which
influences the thrust force, followed by cutting speed,
chisel edge width and drill bit angle respectively; cutting
speed is the most significant factor affecting the drilling
torque and the circularity of the hole followed by feed
rate, chisel edge width and drill bit angle.

Uysal et al. [3] reported an experimental study about
tool wear behaviour drilling SMC composite. In this work
SMC composite was machined under different cutting
speeds, feeds, and drill point angles. The feed and drill bit
angle were found to be the most effective factors while
cutting speed was the least important parameter on tool
wear. Tool wear reduced by increasing feed and
decreasing drill bit angle. Most of the previous
researchers carried out the experiments with composites
manufactured with woven or unidirectional fibre
reinforcement directions and with different resins. The
works about machining of SMC A-Class composites are
very limited. The SMC composites have some differences
from conventional GFRP composites such as unsaturated
polyester matrix, chopped random fibre orientation and
the filler (CaCOs) in the structure. In the present study the
drilling experiments were implemented with SMC A-
Class composite to analyse the effect of drill bit angle and
cutting parameters on machinability output such as
delamination, thrust forces and surface roughness.

2 Experimental Equipment and Materials

SMC charge containing 30 wt% chopped glass
bundle mats (length 25 mm) embedded in a pasty matrix
essentially made of CaCO3 (45 wt%) and solvent based
unsaturated polyester resin (25 wt%) were used in the
experiments. SMC charge sheet is placed on the lower
platen of a hot mould (140 °C) before the mould is closed.
Then, in a second stage the upper hot mould plate (150
°C) is closed with high press force (1500 tons). After 180
s curing stage the solidified Truck Bumper is removed
from mould by ejectors. The experimental plates with size
of 130x65%5 mm were derived from the scraps region of
bumper derived by machining 5 axis milling robot.

The drilling experiments were performed on a
MAZAK Variaxis 500-5X five axis machining centre
under dry conditions. During the experiments,
machinability data such as machining forces, surface
roughness and the factor deformation were acquired. The
machining forces during machining were measured along
the Z-direction (FT — Thrust Force) by 3-axis
piezoelectric dynamometer (Kistler®, Model: 9257B)
connected to a Kistler® amplifier and a PC with
DynoWARE Daq. system. The surface roughness was
measured with Mitutoyo® Surftest SJ301. The average
roughness, Ra was used to characterize the surface
quality. Uncoated tungsten carbide Drill Bit of 6 mm
diameter was selected as the cutting tool. The specimen
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plates were mounted with a special fixture on the
dynamometer. Canon® high resolution scanner was used
for determining the macro deformation scale around the
hole. A Nikon Stereo microscope (X1000) was used for
determining the micro deformation scale as fibre pull out
and delamination around the hole.

Taguchi method is an immensely popular statistical
DOE approach that has been employed in diverse
engineering  applications  [22+25]. Taguchi DoE
Methodology is a very efficient and economical way of
experimental design that drastically reduces the number
of required experiments. The fundamental principle of
Robust Design methods is product improvement through
minimization of the effects of various causes of variation.
This has been achieved through Taguchi DoE
methodology, in which carefully designed trials of
different experimental factors and levels have been
considered [4]. Three main drilling parameters, Feed Rate
(f), Cutting Speed (V) and Drill Bit Angle (K), were
selected with three levels. These are the most effective
parameters on the Thrust Force (7F), Surface Roughness
(Ra) and Factor of Deformation for push out-peel up
(FDO-FDU). In the classical full factorial
experimentation, (three levels"three factors) 3/3=27 tests

would be needed. Based on the selected levels and
parameters, the tests were performed using the L9
Taguchi OA with nine tests. All the test levels were
repeated 3 times and the outputs were averaged. Three
levels of three cutting parameters (Cutting Speed, Feed
Rate and Point angle) used in the experiments are
depicted in Tab. 1. with the results of the experiments, for
as a function of the Taguchi-DoE parameters the factor of
deformation (FD) can be calculated as the ratio of
damaged (delaminated) diameter (D) to hole drilling
diameter (D) [8,16,18]. The delaminated diameter around
the holes was measured using a high resolution scanner.
The scanned images were exported to AutoCAD
environment. The damage factor (FD=D,/D) was
determined after measuring the maximum diameter (D)
in the damage zone. The FD value was calculated for both
input (FDU-peel up) and output (FDO-push out) surface
of the composite materials. As detailed above the
experimental results; thrust forces (Ft-N), the Surface
Roughness (SR-um) and the delamination factors (FDU-
peel up - FDO-push out) were calculated and analysed
using the "lower is the better" signal-to-noise (S/N) ratio.

Table 1 Experimental Results and the Calculated S/N ratio

No |A|[B|[C| m/';jm) . n{/{rev) (K) &F) SN | Foo | SNo | FDU | S/Nepy (f;;) S/Neg
1T [t 11| 40 0,05 100 | 13,49 260 | 120 | 144 1,08 | —0,72 | 021 | 13,55
2 |12 2] 40 0,1 118 | 13,78 | 22,78 | 1,16 | —1,35 1,13 —1,10 | 0,22 | 12,95
3 |1 [3]3] 40 0,2 140 | 2490 | 27,92 | 1,18 | —1,61 129 | —222 | 0,56 | 495
4 21112 56 0,05 118 96,70 —39,70 1,38 -2,83 1,21 —1,68 0,33 9,49
5 21213 56 0,1 140 113,15 —41,07 1,43 -3,11 1,23 -1,85 1,27 | 2,07
6 |2 |3]1] 36 0,2 100 | 67,27 | —36,55 | 1,17 | —141 1,16 | 135 | 1,53 | 3,72
7 | 31]3] %0 0,05 140 | 89,18 | —39,00 | 133 | 2,49 1,31 238 | 054 | 535
8 |3 ]2]1] 80 0,1 100 | 3640 | 3122 | 126 | —1,65 1,19 | -1,52 | 1,19 | 1,51
9 31312 80 0,2 118 59,47 —35,48 1,27 —2,08 1,23 -1,49 0,92 0,67

3 Results and discussion
Table 2 Response and Anova Table for S/Nz»

Tab. 2 shows the response table for calculated means Level K 1% 2 Error /
and S/N ratios for thrust forces. It is clearly shown that * * Total
from Tab. 2 the suitable machining parameters for L —24.44 33,77 | —30,13

L. . e . 2 —39,11 —31,69 —32,66
minimum thrust forces are: drill bit angle at Level 1 3 3504 3332 | 3600
(K=100°), feed rate (f) at Level 1 (=0,05) and cutting Del 2 2 .

. .. clta 14,68 2,08 5,87
speed at Level 2 (F=56). It is clear that combination of Rank 1 3 5
lower level of drill bit angle and feed rate reduces the DF 5 5 5 278
thrust forces in drllhng of SMC comp0s1tes. ANOVA was seqss 347’09 7,17 52’09 0’11 /406,47
applied to obtain the relative influence of machining MS 173,54 3.58 26,04 0.05
parameters on each of the machinability outputs. ANOVA F-Value | 3091,67 63,90 464,01
analyses were applied for all S/N ratios of the P 0,000 0,01 0,002
experimental machinability outputs to predict the optimal % Cont 85,4 1,76 12,81
parametric combination for obtaining the best machining R"2 =99,97 % * Optimum parameter level - TF

conditions. Tab. 2 shows the ANOVA analysis for S/N of
Thrust Forces (S/N7r). The F-value of the factors, which
is higher than the statistical F-Table value; F.05,(2/8)=
4,459, is considered as significant at 95 % confidence
level. As it can be seen from the Anova Tab. 2 of S/Nyr it
is statistically proved that Drill Bit Angle (K) is the major
factor (85,4 %) affecting the Thrust Forces. Then the Feed
Rate (f) is the second affecting (12,81 %) parameter on
the thrust forces. This interaction between the Drill Bit
Angle, Feed Rate and Thrust forces is depicted as 3D
surface plot in Fig. 1.

Tab. 3 shows the response table for the calculated S/N
ratios and Anova results for push out delamination
(FDO). 1t can be derived from the values that the greatest
influence on the FDO is performed by Drill Bit Angle (K)
followed by feed rate as realized like the previous thrust
force results.

This similarity situation can be explained by the fact
that higher feed rates affect thrust force, resulting in
serious delamination. There is an interaction between
increased thrust forces and increased push out
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delamination. It is clearly shown in Tab. 3 that the
suitable machining parameters for minimum push out
delamination are in order to rank; drill bit angle at Level 1
(K=100°), feed rate (f) at Level 1 (=0,05) and cutting
speed at Level 3 (F=80). It is clear that combination of
lower level of drill bit angle and lower feed rate reduces
the thrust forces and it is reflected on lower push out
deformation. This interaction is depicted as 3D surface
plot in Fig. 2a. As it can be seen from the Anova Table of
S/Nrpo it is statistically proved that Drill Bit Angle (K) is
the major factor (41,6 %) affecting the push out
delamination. Then the Feed Rate (f) is the second
effected (36,1 %) parameter on the push out delamination.

) aL

M- E<118
<1200 <111
<1210 <106

(b)

Figure 2 Effects of parameters on Push out-Peel Up delamination

Tab. 4 shows the response table and Anova results for
calculated S/N ratios for peel up delamination S/Ngpy. It
can be derived from Tab. 4 that feed rate has greater
influence on the FDU than (f) Drill Bit Angle (K). Notice
that this order is reverse of the order of previous push out
delamination. Cutting speed has minor influence on peel
up delamination as realized like the push out
delamination. It is clear that combination of lower level of
feed rate and drill bit angle reduces the push out
deformation. This interaction is depicted in Fig. 2b as a
surface plot.

Table 3 Response and Anova Table for S/Nrmpo

Level K Vv f Error / Total
1 -1,47 -2.30 -1,69"
2 2,45 2,18 —2,09
3 -221 -1,65" -2.36
Delta 0,979 0,65 0,67
Rank 1 3 2
DF 2 2 2 2/8
Seq SS 1,46 0,47 1,26 0,32/3,51
MS 0,73 0,23 0,63 0,16
F-Value 4,57 1,46 3,96
P 0,18 0,40 0,20
% Cont 41,6 13,31 36,1
R"2=90,90 % * Optimum parameter level - FDO

As it can be seen from the Anova Table of S/Ngp the
Feed Rate (f) is the major factor (63,45 %) affecting the
peel-up delamination. Then the Drill Bit Angle (X) is the
second affecting (21,78 %) parameter on the push out
delamination. The lower feed rate and lower drill bit
angles reduces the peel-up delamination.

Table 4 Response and Anova Table for S/Nrpu

Level K |4 f Error / Total
1 -1,35 —1,56 -1,197
2 -1,62 -1,49" —1,54
3 -1,91 -1,80 -2,15
Delta 0,56 0,32 0,95
Rank 2 3 1
DF 2 2 2 2/8
Seq SS 0,48 0,15 1,40 | 0,17/2.21
MS 0,24 0,07 0,70 0,08
F-Value 2,82 0,91 8,22
P 0,26 0,52 0,11
% Cont 21,78 7,04 63,45

R"2 =92,28 % * Optimum parameter level — FDU

Table 5 Response Table and Analysis of Variance for S/Ng,

Level K Vv f Error / Total
1 10,49" 947 2,77
2 1,23 3,12 7,71
3 1,50 0,63 2,74
Delta 9,25 8,83 4,96
Rank 1 2 3
DF 2 2 2 2/8
Seq SS 0,84 0,71 0,35 | 0,01/1,93
MS 0,42 0,35 0,18 0,008
F-Value 48,94 41,72 20,79
P 0,02 0,023 0,046
%Cont 43,52 37,1 18,48

R"2=99,11 % * Optimum parameter level - Ra

Tab. 5 shows the response table and Anova results for

calculated S/N ratios of average surface roughness (Ra). It
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can be derived from Tab. 5 that the greatest influence on
the surface roughness is exerted by Drill Bit Angle
followed by cutting speed and feed rate. It can be
explained that the fibre bundles can be machined
smoothly by pointed drill. It is clear that the combination
of lower level value of drill bit angle and lower level
value of cutting speeds reduces the thrust forces and it is
reflected in lower fibre push out and lower matrix
cracking of machined hole surface which has a significant
effect on the surface roughness.

Tab. 5, Fig. 3a and Fig. 3b show the suitable
machining parameters for minimum surface roughness at
Level 1 (K=100°, V=40) and feed rate (f) at Level 2
(7=0,1). As it can be seen from the Anova Table of S/Ng,
the Drill Bit Angle (K) is the major factor (43,5 %)
affecting the surface roughness. Then the cutting speed is
the second affecting (37,1 %) parameter on the surface
roughness. As expected the higher feeds increase the
surface roughness. But, it is derived from response table
and figure that the lower feed rates in medium drill bit
angles increase the surface roughness surprisingly. It can
be explained by the fact that the lower feed rate increases
the friction time between the broken hard fibres, fillers
(CaCO3) and the machined surface. The friction of
powder shaped hard particles may propagate scratches
which cause an increase of surface roughness of machined
surface. The medium feeds (f~0,1) are optimal within the
lower and medium drill bit angles.
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Figure 4 Comparison of experimental outputs with the estimated results
4  Empirical modelling

Polynomial regression models are developed to
analyse the quadratic, cubic and higher-order effects of
continuous predictor variables (regresors). The models are
developed by wusing Statistica, statistical software.
Correlations have been modelled using Regression
Analysis (RA) between machining parameters and the
machinability outputs. The general quadratic polynomial
regression model can be defined as:

Y= Byt BiK+ LK APV BV + Bsf + Bof (1)

Y is the machinability output, f, is intercept, 54, are
coefficients of the empirical model, K is the drill bit
angle, V is the cutting speed, and f is the feed rate.
Respective intercept and coefficients obtained for TF,
FDO, FDU and Ra are as follows:

TF = —-2008,44 +3447K +0,14K* - 2,16V +
+0,01V%+512,921-1073,22 /2

FDO =-293+0,067K —0,00027K* -
—0,001037 —0,000017% + 2,967 f — 8,299 1>

(R*=0,988) (2)

(R*=0,909) (3)

Tehnicki viesnik 24, 2(2017), 435-442

439



Optimization of process parameters in drilling of SMC composites using Taguchi method

A. Can, A. Uniivar

—_ — 2 —
FDU =1,0709 + 0,0020§K 0,000001K i (R2:O,926) o)
—0,0082) +0,000074V - +1,0027 f — 0,463 f

Ra=-19,69+ 0,29521( —0,0012K% + (R2:0,99l) (5)
—0,102V —0,0007V% —223 1 +84,2 1>

The determination coefficients R are higher for TF
and Ra equations compared by the FDO and FDU. Egs.
(3) and (6) can be used to determine reliable estimates of
thrust forces and surface roughness during drilling of
SMC composites. Although the R* values of FDO and
FDU are lower than the TF and Ra, these models can also
be used to obtain an acceptable delamination factor.

Comparisons of machinability output with the
estimated results from regression analysis are presented in
Figs. 4a + 4d. As can be seen in the comparison figures
the estimated values from Regression Analysis are very
close to experimental machinability outputs.

5 Confirmation experiment

The confirmation experiment is the final step of the
Taguchi DoE. Its purpose is to verify that the optimum
machining conditions suggested by the matrix experiment
do indeed verify the projected improvement for a desired
machinability output such as thrust force, delamination
and surface roughness. The procedure for S/N ratio
calculations from experimental data could be run
reversely for determining the predicted value from S/N
ratio of optimal levels [9, 17]. The procedure is to back-
transform S/N to find expected value and the prediction
value. The confirmation experiment with the optimal
levels decreased the Thrust force 12,2 N, Push out
delamination 1,14, Peel up Delamination 1,09 and surface
Roughness 0,14 um.

6 Deformation analysis

As mentioned before there are several damage types
in machining process of reinforced material. The types of
damages are fibre pull-out, delamination, matrix cracking,
uncut fibre and matrix, fibre breakage. Two general types,
peel up (peel ply) and push out delamination, because the
most important damage observed near the holes. In the
other hand, for both of them there are two modes of
delamination damage, one damage fibre around the hole
and the other mode is existing uncut fibre and matrix that
can propagate near the hole [21, 26]. In initial
observations the deformed regions could not be
determined because of the lower contrast in white colour
of A-Class SMC material surface. Penetration ink was
infiltrated to deformed region for increasing the contrast
between the deformed and undeformed region. A sample
push-out deformation is depicted in Fig Sa.

The microscopic observations show that SMC A-
Class composites have a resin rich outer layer as depicted
in Fig 5b. This is caused by the melted unsaturated
polyester resin adhering to the hot steel mould surface
while moulding. So, almost never can fibre bundle and
filler powder be holding on the hot mould surface and do
not exist on this tiny layer. It provides a waterproof, shiny
and paintable surface on SMC A-Class composites. A
fibre and filler rich zone exists under this layer. A

transition zone or an interface exists between the outer
resin rich and inner filler-fibre rich zone and it causes a
shell cracking-spalling. The resin rich layer can be
laminated with no ruptured fibre bundles downward along
the drilling direction which causes an uncut matrix-fibre
near the hole as depicted in Fig. 5c, 5d and 5Se.

“._ Uncut Fibers

(d)

DELAMINATION

Figure 5 Deformed regions of sample holes

The penetration ink has exposed the laminated but no
ruptured (spalled) shells near the holes. This delaminated
but no ruptured regions are depicted in Fig. 5a. The grey
colour regions in dashed circles are laminated resin rich
shells and exposed by penetration ink. On the other hand,
the randomly scraped fibre bundles bounded to uncut
matrix are slided-dragged along the downward-drilling
direction and it causes a fibre push out delamination as
depicted in Fig. 5e. The resin rich shell-layer can be
laminated and ruptured with fibre bundles downward
along the drilling direction which causes delamination
near the holes as depicted in Fig. 5f.

7 Conclusions

The optimization and drilling machinability results
for SMC (sheet mould compound) A-Class composites
are presented and discussed in this paper. The thrust
forces, surface roughness and push out and peel up
delamination behaviour in drilling process for glass fibre
reinforced SMC composites have been evaluated under
different cutting conditions with various bit angles of
uncoated cement carbide drill bits. Based on the results
the following conclusions can be drawn:

In general, the use of proper drill bit angle is the most
important in reducing the Thrust force, major defect
namely delamination and surface roughness in drilling of
SMC composite materials. The drill bit angle has been the
first rank for all response tables of machinability output.
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And the optimal level of the drill bit angle has always
been Level 1 of parameter factor (K=100°). The optimal
level of feed parameter factor has almost been at level 1
(7=0,05) except in surface roughness responses. The
suitable cutting speeds for achieving high quality hole on
SMC composites are middle range cutting speed (56
m/min) for minimum thrust forces and peel-up
delamination, higher range cutting speed (80 m/min) for
minimum push-out delamination and lower range (40
m/min) for a minimum surface roughness.

Confirmation experiments performed with the
optimum parameter condition levels show a reduction in
thrust force by 9,8 %, surface roughness by 33,3 %, push-
out delamination by 2,5 % and peel-up delamination by
1,38 %. For the empirical modelling of machinability
outputs of SMC composites can be modelled with the
quadratic polynomial regression model in a higher range
of accuracy.

In deformation analyses: the randomly scrapped glass
fibre bundles can be observed near the hole in-out surface
as a no ruptured shape with matrix. And these fibre
bundles increase and facilitate the delamination near the
hole. The resin rich shell on the SMC surface can be
laminated (spalling) near the hole.
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