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Abstract: Cutting parameters were evaluated and optimized based on multiple performance characteristics including tool wear and
size error of drilled hole. Taguchi’s L,;, 3-level, 4-factor orthogonal array was used for the tests. It is shown that generally abrasive
wear and built up edge (BUE) formation were seen in the tool wear, and the corner wear was also of major importance. Flank wear of
the cutting tool was found to be mostly dependent upon particle mass fraction, followed by feed rate, drill hardness and spindle speed,
respectively. Among the tools used, TiAIN coated carbide drills showed the best performance with regard to the tool wear as well as
hole size. Grey relational analysis indicated that drill material was the more influential parameter than feed rate and spindle speed.
The results revealed that optimal combination of the drilling parameters could be used to obtain both minimum tool wear and

diametral error.
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1 Introduction

Due to their high specific strength, superior wear
resistance, lower thermal expansion and lightweight,
metal matrix composites (MMCs) are used as substitute
for conventional materials in some engineering
applications such as aerospace, electronics, automotive,
medical and military industries [1—10]. They are
preferred in wide variety of applications such as bearings,
pistons, connecting rods, automobile brake rotors, sliding
electrical contacts, turbo charger impellers, space
structures [11,12]. Matrix, reinforcement and nature of
the interface affect the properties of these composites,
and reinforcement materials are generally used in the
form of particles, whiskers or fibers in different fractions
ranging from few percentage up to 60% [13]. Selecting
and combining of suitable reinforcement and matrix
qualification are key factors in their fabrication. Various
matrix materials such as Al, Ti and Mg are used, while
mostly used reinforcements are SiC, AL,O; and B4C. In
addition, several production methods such as powder
metallurgy (PM) and stir casting are used to produce
MMCs. The major disadvantages of the latter method are
agglomeration of the ceramic reinforcements, formation

of porous structure and poor wetting between the
particles and matrices [14,15]. On the other hand, PM
has some important advantages such as simplicity, cheap
processing,  homogenous  distribution  of  the
reinforcement particles and high quality mechanical
properties [16]. However, the machinability of these
composites is difficult because of hard abrasive
reinforcement particles causing rapid tool wear, thus
leading to labor losses, high tool cost, size error, poor
surface roughness and less tool life. Therefore, the
cutting tool may be used more effectively by knowing
the wear mechanisms dependent on the cutting
parameters and machining conditions.

2 Literature review

The tool geometry of a drill is more complicated
than other cutting tools. Because of this complexity,
majority of the researches on the tool wear in drilling are
based on the investigation of experimental data [17]. The
common wear types in drilling are, in general, crater and
flank wear. Owing to the high tool-chip interface
temperature, crater wear caused mostly by diffusion
occurs on the rake surface where chip flows through
the cutting tool. However, flank wear (Vp) is usually
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considered as criterion of tool life or a significant guide
to assess the tool performance in machining. More than
that, two abrasive wear mechanisms namely two-body
and three-body are dominant when machining MMCs
[18].

Currently, although there are a number of studies on
MMCs drilling, limited studies exist on the drilling of
B,C reinforced composites regarding the cutting tool
performance and drilled hole size accuracy. Until now,
mostly Al,O; and SiC particles, whose hardnesses were
HV 2100-2300 (Vickers Hardness) and HV 2700-3500,
respectively, were used as reinforcement elements [4,10].
Past studies on the drilling of MMC:s stated that the main
wear type is flank wear, and abrasive and adhesive wear
mechanisms are prevalent in the cutting tool [1-10,
19-21]. Abrasive hard particles create micro grooves on
the tool’s cutting edge and these grooves get larger with
increasing cutting speeds, resulting in built-up edge
(BUE) formation by filling these micro grooves with the
squeezed workpiece material [10]. Additionally, there
has been an increase on BUE formation as the hole
number increases [7].

Some earlier researchers argued that the BUE layer
plays an important role in the protection of tool-chip
surface [9,10]. Nevertheless, other researchers claimed
that the continuous slipping of the BUE particles through
the tool-chip interface might caus the tool wear [20,22].
From the point of view of cooling, through-tool cooling
improves the tool wear and reduces the BUE formation
in comparison with the conventional cooling and dry
cutting [19,20].

Cutting tool performance is influenced by certain
machining parameters such as particle fraction, cutting
speed, feed rate and cutting tool material when drilling
MMCs. One of the important factors affecting the tool
wear is workpiece material, i.e. particle fraction and the
matrix. Grinding effect and abrasive forces on the cutting
tool, which cause the wear rate to grow, increase as the
particle fraction increases [4]. Heat treatment conditions
also have an important effect on the tool wear, and the
highest tool wear is observed when drilling 18%
SiC/AI2618 composite material aged for 20 h [19]. These
literature results showed that an increase in the particle
fraction or workpiece hardness results in an increase in
the tool wear. Nevertheless, due to lubricating property,
the inclusion of Ni coated graphite particles to the Al
composite causes the tool wear rate to decrease [4].

A study on the drilling of AlI356/20/SiC MMC:s [8]
claimed that the highest influence on the tool wear is
cutting time (50%) and the next one is feed rate (24%). It
can also be understood from most of the previous studies
that tool wear improves with increasing the feed rate due
to less contact time between the cutting tool and
workpiece [2,3,6,7,10,21]. Moreover, tool wear increases

linearly until the cutting depth of 10 mm and then
increases slowly [3].

The next important factor affecting the tool wear is
cutting tool material. In the literature, several drill
materials such as HSS, carbide and PCD are used when
drilling MMCs. Among these, PCD tools have the best
wear and BUE resistant, and carbide tools show
acceptable hole quality and wear [1,7]. It is also stated
that WC drills can be used for small lot production
especially at lower cutting speeds and higher feed rates
[18] while PCD drills might be used for large lot
production in terms of investment cost [2]. However, the
high cost of the PCD tools limits the preferability of
these tools. Researchers suggested that HSS and ceramic
cutting tools are not suitable for drilling metal matrix
composites due to excessive tool wear and poor surface
quality. More than that, TiN coating on the HSS drills
does not considerably increase the tool performance with
respect to the uncoated ones [1,2,7,18].

Even though there has been some contradictory
studies [1,10], many researchers reported that tool wear
slightly increases with increasing cutting speed, but this
effect is insignificant when drilling Al matrix composites
[2,3,5,6,21]. Due to increasing cutting forces and torques
at lower speeds, the effect of cutting speed on the tool
wear become more important, especially at lower cutting
speeds and less important at higher speeds [1].

Up to now, dimensional accuracy and profile of the
drilled hole have been studied together with the tool wear
[19,23-26]. It is argued that BUE formation increases
when drilling with dry and conventional cooling, and this
condition results in widening the tool cutting edge
causing higher hole diameters [20]. On the other hand, if
the corner wear of the cutting tool increases, the drill
diameter can decrease depending on the produced hole
number. For this reason, hole dimensional accuracy
depends on the tool wear, drilled hole number and BUE
formation. For example, in an earlier study, although
hole size decreased depending on the tool wear between
the first and the 20th hole, there was an increase in the
hole diameters as the hole number increased more [19].
Another study on the investigation of the effect of cutting
tool coating material on the drilled hole size and profile
was performed under dry and coolant conditions with
three types of cutting tools [23]. TIAIN/TiN coated drills
showed better dimensional accuracy than the uncoated
drills under the wet cutting conditions. However, under
dry cutting conditions, dimension of the upper side of the
produced hole was larger than that of the lower side due
to the thermo-elastic deformation through the hole walls.
Additionally, the hole diameter from the upper side
through the bottom was less steady with dry and
conventional cooling than with through-spindle cooling.
Cooling with through-spindle cutting fluid produces
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better hole quality than spray mist method [26].
According to another study on the effect of cutting
parameters, tool tip angle and coating materials on the
hole size, HSS drills having 5% cobalt showed better
performance compared to TiN, TiNAIN coated and
uncoated drills. On the other hand, the tool tip angle has
a more important effect on the hole diameter than the
other cutting parameters [25].

The aim of this study was to investigate the wear
mechanisms as well as the hole diameter accuracy, and to
introduce the Taguchi method in determining optimum
drilling conditions on the tool’s flank wear and hole
dimensional accuracy when drilling Al 7xxx alloy
(Al-5%Zn—3.5%Cu—2.5%Mg) reinforced with three
different contents of B4C particles. The drilling
parameters were set by Taguchi’s Ly; orthogonal array.
After the drilling experiments with HSS, TiAIN coated
and solid carbide drills, tool wear phenomena were
evaluated. Furthermore, the influence of the tool’s corner
and flank wear on the dimensional accuracy of the hole
was analyzed. Grey relational analysis was applied to
investigate how the cutting parameters affect the quality
targets of the tool wear and hole dimensional accuracy.
The analysis of variance (ANOVA) was conducted for
the factors, and their contribution rates were determined.
This work will be a good guide for selecting optimal
machining parameters for the tool flank wear and
diametral error of the drilled hole.

3 Experimental

3.1 Composite material production

Composite materials consisting of 10% B4C, 15%
B,C and 25% B,C were produced by PM method in
prismatic dimensions of 50 mmx70 mmx12 mm. This
method was similar to the fabrication route used by
previous researchers [27]. The powder with average sizes
of 8 um for Zn, 15 pm for Cu and 30 pm for B4C and Al
were used for composite productions. For this purpose,
metal powders of Al, B4C, 3.5% Cu, 5% Zn and 2.5%
Mg were weighed with Symmetry EC4000 electronic
balance having 0.1 g accuracy and then uniformly mixed
in a mixing bowl. The ball milling method, having 36
Zr0O, balls, was used for mixing of the powders. After
packing the mixture with Al foil, it was cold pressed into
the mold under 25 MPa. Later, in order to fill the voids
between metal and ceramic powders with Zn, the furnace
temperature was kept at a constant temperature of 540 °C
and composite specimens were fabricated by liquid phase
sintering for 0.5 h at the temperature. Finally, the mold
was kept inside the furnace until the furnace temperature
reached 250 °C and then placed in the open air to
complete the cooling. Hardness and tensile tests were
also performed on the produced composites.

3.2 Experimental setup and drilling process

In this work, Taguchi method which is a useful tool
for the design of performance characteristics was used
[28]. Ly; (3") orthogonal array was chosen since it has
the ability to control the interactions among the factors [8,
29, 30]. For drilling experiments, the control factors and
the levels of each parameter are given in Table 1.

Table 1 Drilling parameters and levels

Level
Control parameters ~ Unit
2 3
Content of B4C (4) % 10 15 25
Feed rate (B) mm/r 0.1 0.2 0.3
Spindle speed (C) t/min 1500 2000 2500
Drill material (D) HSS Carbide TiAIN

coated carbide

108 drilling experiments were carried out with CNC
controlled vertical machining center under dry cutting
conditions (Fig. 1(a)). Three different cutting tool
materials, which were HSS, TiAIN coated and uncoated
carbide, were used. The materials and geometrical
properties of the cutting tools are listed in Table 2.
Picture of the produced composite after the drilling test
was depicted in Fig. 1(b).
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Fig. 1 Experimental set up and drilled workpiece: (a) Overview
of CNC controlled vertical machining center; (b) MMC
specimen after drilling test
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Table 2 Cutting tool properties
Drill material Drill Drill Point Helix Clearance Manufacturer Hardness
diameter/mm type angle/(°) angle/(°) angle/(°) (HV)
HSS 8 Spiral 135 30 10 Format prof. 880
quality
Uncoated carbide 8 Spiral 140 30 10 Kennametal 1500
TiAIN coated carbide 8 Spiral 140 30 10 Kennametal 2800

3.3 Measurement of tool wear and hole diameter

Wears of flank and corner were measured with a
Mitutoyo-TM-20X optical microscope having 5 pm
accuracy. For this aim, two special tool holders
depending on the tool’s tip angle, one for HSS tools at
67.5° and the other for carbide tools at 70°, were
manufactured in order to keep the cutting tool edge
parallel to the horizontal (Fig. 2). A similar method was
used by AHAMED et al [10]. Additionally, in order to
examine the wear mechanisms, drill bits were cut into 5
mm distance by using wire EDM machine, and scanning
electron microscope (SEM) images of the cut drills were
taken.

Mitutoyo-TM-20X
optical microscope .

Double
adhesive tape

4\ Microscope table

Fig. 2 Measuring method of flank wear, =67.5° for HSS tools,
6=70° for carbide tools

The measurement of the hole size is of significant
importance for a variety of applications [31]. For
evaluating the dimensional accuracy, hole diameters
were measured with the ABERLINK-AXIOM II 965
CNC CMM machine having 0.1 pm accuracy. Two
measurements were made at 5 mm distance from the hole
entrance and hole-exits for each hole. Total error of the
hole diameters was used.

4 Results and discussion

4.1 Microstructure and mechanical properties

SEM image of the fabricated composite specimen
having 10% B,4C reinforcement was presented in Fig. 3
where black powders indicate B4C and the others
indicate the metal matrix content. A homogeneous
distribution of the ceramic particles over the composite

alloy can be seen from this figure. The Zn, whose
melting temperature is lower than that of other metals,
transformed into liquid phase and filled the voids
between metal and ceramic powders. Tensile and
hardness test results of the produced composites are
listed in Table 3. The hardness of the composites
increased as the reinforcement rate increased due to the
hard nature of the ceramic particles. Moreover, ultimate
tensile strength (UTS) increased with an increase in the
content of B,C particles, and it was much higher than
that for pure Al (90 MPa) and Al 7075 alloy (220 MPa)
[32]. The results showed that UTS improved as
increasing the particle mass fraction until the 15% B4C
which was an optimum fraction with regard to the
strength. The reduction in UTS can be attributed to the
size, sharp-edged and separation of the particles at some
locations as well as poor bonding with the Al matrix
[33].

.N':_J' fi LI T

Fig. 3 SEM image of composite with 10% B,C

Table 3 Tensile test and hardness results of produced

composites
Mass . .
fraction of Yield - Tensile Elongation/ Arga Hardness,
strength/ strength/ reduction/
B.C MPa  MPa % % HRB
particle/% ’
10 491 527 22.2 1.113 61
15 532 599 6.87 2.110 79
25 328 408 4.8 3.870 87
4.2 Tool wear

Figure 4 illustrates typical wear types and BUE
formation developed during the drilling process. Flank
wear of the tool gets larger starting from the drill center
toward the drill corner due to increasing peripheral speed
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of the points on the drill bit [34]. For this reason, the
highest tool wear occurs at the drill corner where the
cutting speed and contact length are at maximum and
where the cutting tool is subjected to both horizontal and
vertical forces. According to the experimental results, the
most important tool wear mechanism was abrasive wear,
and no edge chipping was observed after drilling for one
time each drill. B4C particles, with hardness HV 4200,
caused flank wear extending from chisel edge to the drill
corner through the cutting edge. This flank wear growing
from the cutting edge through the flank surface was
caused by the abrasive effect of B4C particles [4,7,10].
The tool wear is related to the time and nature of the
tool-workpiece contact. Increase of the temperature,

Corner wear
Flank wear

Chisel edge

Culﬁng
edge
/BUE

-

(a)

Flank wear/mm

Flank wear/mm

0.2
Feed rate/mp,

-r—l')

Vﬂmux

~——«| Corner wear
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contact time and abrasive effects of the ceramic particles
specifies the tool wear. For example, since the contact
time is relatively higher at the combination of lower
cutting speeds and lower feed rates, the tool wear
increases. This condition can be attributed to the fact that
abrasive wear mechanism at the tool’s flank face is
dominant at lower cutting speeds. Although diffusion
wear is effective at higher cutting speeds for nonferrous
materials due to higher cutting temperatures, generally
abrasive wear is more dominant when machining MMCs.
Regarding the effect of the feed rate on the tool wear, it
is known that tool wear decreases with increasing feed
rates due to lower cutting time [1,10]. Figure 5 depicts
the effects of the drilling parameters on the flank wear.

Flank surface

Chip direction

(b)

Flank wear/mm

)0»3 TiAIN coated

carbide
0.9 .
(d) o — Particle mass
fraction
0.8 F o — Feed rate
A= E‘[,)p!ndle speed
s + — Drill material
E 07}
]
g /“\
= 061
=
[ ~
0.5F
Ay B\B,B; GGG DDyDs

Fig. 5 Effects of process parameters on flank wear (VB) according to: (a) Feed rate and spindle speed; (b) Feed rate and cutting tool;
(c) Feed rate and particle mass fraction; (d) Mean response graphs for flank wear
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It can be deduced from Fig. 5(a) that the tool wear can
improve if the feed rate is increased over the used range
of feeds. Besides, the rate of increase in the flank wear
for HSS tools was higher than that for carbide tools (Fig.
5(b)).

Figure 5(c) shows the flank wear variation with
particle fraction and feed rate. From this figure, one can
understand that flank wear increases with reinforcement
content for all feed rates. The reason was that contact
ratio between the B4C particles and the cutting edge
increased with increasing the content of the abrasive
particles in the composite. Furthermore, there was more
rubbing activity against the abrasive B,C particulates.
This idea was supported by previous studies stating that
abrasive forces and thus wear rate increased when the
density of the hard particle increased [4,35].

Figure 5(d) presents the response graphs regarding
the effects of the factors on the tool wear. From the point
of view of the cutting speed, the results of Fig. 5(d)
shows that increasing the spindle speed do not
significantly influence the tool Moreover,
variations in the tool wear as a function of spindle speed
are weak compared to that of particle fraction or feed
rate (Fig. 6). The reason was that the tool wear
mechanisms on the machining of ferrous and nonferrous
materials were different. For example, flank and crater
wear grow with increasing the cutting speed during the
drilling of ferrous materials and certain high strength
alloys due to higher interface temperature between the
cutting tool and workpiece [2]. However, an increase in
the cutting speed has a less influence on cutting
temperature at the interface during the drilling of
nonferrous materials. Accordingly, cutting speed does
not significantly affect the cutting of Al since the melting
temperature of the Al alloys (550—660 °C) is close to the
softening temperature of the HSS tools (540—600 °C)
and is much smaller than that of carbide tools (870—1100
°C) [36]. Furthermore, the machining forces and
temperatures are usually small due to good heat
conductivity of the aluminum. For this reason, majority
of the generated heat during the cutting is dissipated
outside the drilled hole [35]. As a result, although some
of the past studies claimed that flank wear increases
somewhat with increasing cutting speed [9,10], most of
them asserted cutting speed play a minor role on the
tool’s flank wear when machining Al alloys [2,3,5,6].
But in many of the cases, the tool damage is caused by
adhesion of the machined material on the tool surface.

In addition to the abrasive wear because of hard
ceramic particles, diffusion wear was also expected
owing to ductile Al when machining Al matrix
composites. The material transfer from the cutting tool
through the chip causes the formation of adhesion layer,
BUE or crater on the rake face. The BUE has important

wear.
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Fig. 6 Flank wear according to cutting speed when drilling 10%
B4C composites: (a) /~0.1 mm/r; (b) f/~0.2 mm/r; (c) f=0.3
mm/r

effects on the machining forces, temperatures, friction
coefficient, size accuracy of the machined parts, surface
finish, chip size, tool life, and so on. In practice, BUE,
which is an irregular and unstable structure formed
mainly on the rake face during machining ductile alloys,
is greatly influenced by cutting conditions, workpiece
and tool material. Generally, BUE is formed under lower
cutting speeds and higher feed rates [37,38]. However
there is a conflicting study arguing that adherent layer
continuously increases at higher cutting speeds, leading
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to accumulation of chip material on the cutting edge [39].
Additionally, the heat treated materials or those having
more hardness were subjected to less BUE formation.
The SEM microstructure of the worn flank surface of
HSS tool under 0.3 mm/r feed rate, 1000 r/min spindle
speed, 10% B4C particle fraction is shown in Fig. 7.
From the figure, one can observe that BUE was formed
mostly at the tool’s rake face and chisel edge since the
cutting speed close to the chisel edge was very low.
Moreover, micro grooves, indicating that the major wear
mechanism was abrasive wear, were also produced
parallel to the cutting direction due to abrasive B,C
particles, as seen in Fig. 7(b). In this work, BUE
formation increased with lower particle fraction at higher
feed rates. Moreover, with uncoated and coated carbide
tools, considerably less BUE formation was observed
than HSS tools, as seen in Figs. 8(a) and (b). The reason
was that coated tools prevented the diffusion and
adhering activity by making a thermal barrier. In addition,
lesser micro grooves caused by abrasive B4C particles
were detected with coated and uncoated carbide tools
compared with HSS tools.

In addition to all of these, cutting tools were tested
for the purpose of determining the variation of tool wear
when drilling two holes successively with 1000 and 1500

\
zBkU 41 a8 SEI\

X
0
=

SEE s

Fig. 7 SEM images of HSS drill at »=1000 r/min, f~0.3 mm/r
(b) Higher magnification of flank face
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r/min spindle speeds, and 0.1, 0.2 and 0.3 mm/rev feed
rates. The composite specimens having 25% B4C could
not have been drilled continuously two times with HSS
tools. Figure 9 represents the results of the flank and
corner wear values for single and successive two
drillings of 15% B4C composite at 1500 r/min spindle
speed. Furthermore, after two successive drillings, the
rate of increase in the tool wear for HSS tools was found
to be more than that of the carbide tools compared to
single drilling especially at lower feed rates. Decreasing
of tool wear with increasing feed rate at both single hole
and successive two-holes drillings can be clearly seen
from these figures. Additionally, Fig. 9 indicates that
cutting tool hardness is very important for abrasive wear,
and HSS drills are not suitable for drilling of B4,C
reinforced MMCs. More than that, BUE formation
increased after all of the successive two hole drilling
operations for all cutting tools. No edge chipping and
breakage were observed after the two successive drilling,
similar to the single drilling.

4.3 Hole dimensional accuracy

The produced hole diameter depends on the drill’s
corner wear, BUE formation and dynamic behavior of
the machine tool and cutting tool. If the abrasive corner

Cutting edge

Chisel edge

Fig. 8 SEM images of drills at #=2000 r/min, /=0.2 mm/r and 10% B4C: (a) Solid carbide tool; (b) HSS tool
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wear exhibit more dominant character than BUE
formation, drill diameter might decrease due to
decreasing drill diameter. Otherwise drill diameter might
increase because of severe BUE formation especially
when drilling many number of holes [19,20]. In this
work, generally, produced hole diameters decreased with
the tool wear for all drill bits due to corner wear. For 108
drilling experiments, lower and upper limit values of the
hole diameters were found to be 7.959 and 8.14 mm,
respectively. In terms of the hole dimensional accuracy,
the best results were obtained with coated carbide drill

3.5
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E 55l = TiAIN coated
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= == Jncoated carbide
S 201
-
£ 15F
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since coating material limited the diffusion action
making a thermal barrier.

Figure 10 shows the effects of drilling parameters
on the size variation of the drilled hole. This figure
reveals that there is significant variation of the hole size
with regard to the cutting speed and drill material. At
higher spindle speeds, the chatter vibrations as well as
dynamic behavior of the cutting tool changes, increasing
the variation of the diametral error. Regarding the drill
bit material, lower size errors were obtained with carbide
tools than HSS tools. TiAIN coated carbide tools showed
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Fig. 9 Tool wear for single and successive two drilling of 15% B4C composite at 1500 r/min: (a) Flank wear; (b) Corner wear
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the best performance with regard to the hole size.
Furthermore, the diametral error was smaller when
drilling composites having less B4C content. This
condition can be explained by spring back phenomena
that richer Al matrix material expanded and then
contracted because of the temperature fluctuations
[25,40]. Minimum size error was obtained with 15% B,C
content, but at higher reinforcement fractions, tool’s
corner wear increased, leading to more size variations.
As a conclusion, the optimal machining conditions for
the hole quality were obtained as 15% B4C content, 1500
r/min spindle speed and 0.3 mm/r feed rate with TiAIN
coated carbide drill.

4.4 Multi response optimization with grey relational
analysis (GRA)

In this work, drilling parameters were optimized
with GRA, a valuable methodology for the design of
qualitative and discrete parameters. With this method, the
experimental data were analyzed to obtain the influence
of design parameters and to measure the correlation
between the multi responses [41,42]. For this purpose,
after the normalization of the experimental results, a gray
relational grade was determined to assess the multiple
responses. Importance order of the influence of design
parameters on the multi responses (tool wear and hole
size variation) was determined. In order to optimize the
process parameters, the following steps are shown as
follows:

1) The experimental results are normalized (data
pre-processing).

2) The grey relational coefficient and grey relational
grade are computed.

3) The experimental results are analyzed.

4) The optimal levels of the process parameters are
selected.

5) The optimal parameters through the confirmation
experiments are verified.

4.4.1 Normalization of responses

The results of the experiments for the total
diametral error (d.) and tool’s flank wear (¥) conducted
by using L,7(3") orthogonal array are given in Table 4.
For calculating the grey grade, tool wear and diametral
error values were normalized in the range between zero
and one [43]. This process is called the data
pre-processing and is required due to being different
range and unit of each data. Data pre-processing transfers
the original sequence to a comparable one. There are
several methods of data pre-processing such as “smaller
better”, “larger better” and “nominal better” depending
on the characteristics of a data sequence for the grey
relational analysis. In this wrok, calculation method of

“smaller better” was used since minimization of the tool
wear and diametral error was intended. For calculating
the normalized value of jth response of kth experiment
Z(k), the following expression can be used:

_max, [V, (0]-Y,(0)
max, ¥, (k)] - min, [, (k)]

Z;(k) (1)
where Yj(k) is the original value to be normalized;
max;[Y(k)] is the largest value of Yj(k), min[Y;(k)] is the
smallest value of Y(k).

For example, the normalized value for j=1-2,
k=1-27 can be computed as follows:

Yi(1)= (110-18)/(110~1)=0.844 )
Y(1)=(1.78-0.66)/(1.78-0.36)=0.789 3)

The normalized values for the tool wear and
diametral error are presented in Table 4.
4.4.2 Computing grey relational coefficient

Regarding the grey relational analysis, the degree of
the relevancy between two systems is defined as the grey
relational grade. Grey relational coefficient (k) was
calculated to express the relationship between the ideal
and actual normalized experimental results. The grey
relational coefficient can be expressed as follows [41,42,
44,457

&;(k) = (min; min, | Z,(k)~ Zo(j) | +
gmax ; max,, | Z,(k)~Zo (/) D/ Z,(k) = Zo () | +
£max; max, | Z,(k)~Zo(j) ) 4)

where Z(j) is the ideal sequence which is the value of 1,
gi(k) is the grey relational coefficient of jth performance
characteristic of kth experiment.

Distinguishing coefficient ¢ is defined in the range
0<¢&<1. It is generally taken as 0.5. If this coefficient was
small, distinguishing capability would be higher (the
value may be adjusted based on the practical needs of the
system).

4.4.3 Grey relational grade

Grey relational grade (average value of the grey
relational coefficients) is the measure of geometrical
similarity between Z; and Z; in a grey system and it can
take a value between 0—1. A higher grey relational grade
indicates a strong relational degree between the
comparative and the ideal sequence. Grey relational
grade y, for the kth experiment can be determined from
the following equation:

1 n

v =—2&;(k) )
n'g

where 7 is the number of responses.

For example, the grey relational grade for
factor diametral error (d.) at level 1 can be calculated by
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Table 4 Taguchi experimental design, normalized values and grey grades for diametral error and tool wear

Exp. Coded factor Experimental result (¥))

Normalization (Z))

Grey relation coefficient ()  Grey ~ Optimum

No 4 B Cc D dy/um Vy/mm d, Va d, Ve grade (y)  order
11 1 1 1 18 0.66 0.844 0.789 0.762 0.703 0.733 19
2 1 1 2 2 13 0.46 0.890 0.930 0.820 0.877 0.848 13
31 1 3 3 7 0.49 0.945 0.908 0.901 0.845 0.873 11
4 1 2 1 2 1 0.4 1.000 0.972 1.000 0.947 0.973 1
5 1 2 2 3 6 0.4 0.954 0.972 0.916 0.947 0.931 5
6 1 2 3 1 91 0.51 0.174 0.894 0.377 0.826 0.601 22
7 1 3 1 3 6 0.36 0.954 1.000 0.916 1.000 0.958 2
8 1 3 2 1 25 0.46 0.780 0.930 0.694 0.877 0.785 17
9 1 3 3 2 11 0.39 0.908 0.979 0.845 0.959 0.902 7
0 2 1 1 2 4 0.65 0.972 0.796 0.948 0.710 0.829 15
nm 2 1 2 3 3 0.61 0.982 0.824 0.965 0.740 0.852 12
2 2 1 3 1 110 0.93 0.000 0.599 0.333 0.555 0.444 27
3 2 2 1 3 1 0.45 1.000 0.937 1.000 0.888 0.944 3
4 2 2 2 1 22 0.63 0.807 0.810 0.722 0.724 0.723 20
15 2 2 3 2 2 0.48 0.991 0915 0.982 0.855 0.919 6
16 2 3 1 1 5 0.6 0.963 0.831 0.932 0.747 0.839 14
17 2 3 2 2 5 0.41 0.963 0.965 0.932 0.934 0.933 4
18 2 3 3 3 10 0.42 0.917 0.958 0.858 0.922 0.890
9 3 1 1 3 23 0.91 0.798 0.613 0.712 0.563 0.638 21

20 3 1 2 1 41 1.78 0.633 0.000 0.577 0.333 0.455 26

2003 1 3 2 32 0.95 0.716 0.585 0.637 0.546 0.592 23

2 3 2 1 1 32 1.06 0.716 0.507 0.637 0.504 0.570 24

22 3 2 2 2 8 0.72 0.936 0.746 0.886 0.664 0.775 18

24 3 2 3 3 8 0.615 0.936 0.820 0.886 0.736 0.811 16

25 3 3 1 2 2 0.54 0.991 0.873 0.982 0.798 0.890 10

26 3 3 2 3 2 0.515 0.991 0.891 0.982 0.821 0.901 8

27 3 3 3 1 79 0.76 0.284 0.718 0.411 0.640 0.525 25

averaging the grey relational coefficients as follows:

Va1 = %(0.762 +0.703) = 0.733 (6)

The results of calculated grey relational coefficients
&(k) (=1, -+, 2) and grey relational grade y; (k=1, ---,
27) using Egs. (4) and (5), respectively, for different
cutting conditions are given in Table 4. The calculated
grey relational grades for each experiment were put in
order from maximum (optimum) to minimum and then
they are presented in the rightmost of the Table 4. The
optimal value, which was the maximum of the grey
relational grade, was found to be 4th experiment
(Table 4).

In the next step, the main effects of each factor were
calculated from the value of grey relational grade. The

maximum grey relational grades of each factor were
calculated (Table 5) and the effects of the factors are
plotted in Fig. 11. By maximizing the grade values
(Table 5 and Fig. 11), minimum of the tool wear and
diametral error can be obtained at the A;B;C;D; optimal
machining conditions.

Table 5 Main effects of factors on grey grade

Level
Factor Unit
1 2 3
Particle fraction (4) % 0.845*  0.819 0.684
Feed rate (B) mm/r 0.696 0.805  0.847*
Spindle speed (C)  r/min  0.819*%  0.800 0.729
Drill material (D) HV 0.631 0.851  0.867*

*Levels for optimum grey relational grade.
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Fig. 11 Effect of each factor with regard to multiple

performance on grey grade

4.5 Analysis of variance (ANOVA)

After analyzing the effect of machining parameters
on the grey relational grade, the relative importance
among the drilling parameters for multiple performance
characteristics is analyzed in order to find more
definitely the optimal combinations of the drilling
parameter levels. For this purpose, analysis of variance
(ANOVA) is applied to determine which parameter
significantly influences the performance characteristic.
According to the ANOVA results presented in Table 6,
the most efficient factor on the grey grade was found
to be drill material as 47.4%, followed by the particle
fraction (20.33%) and feed rate (16.62%). However, the
effect of spindle speed (6.25%) was found to be the
lowest of all other factors.

Table 6 ANOVA results for grey grade

Factor DF SS \% F-test PD
Particle fraction (4) 2 0.1343 0.0672 14.298 20.33
Feed rate (B) 2 0.1098 0.0549 11.681 16.62
Spindle speed (C) 2 0.0413 0.0206 4383  6.25
Drill material (D) 2 0.3131 0.1566 33319 474
A-B 4 0.0250 0.0063 1.340  3.79

A-C 4 0.0036 0.0009 0.192 0.54

B-C 4 0.0051 0.0013 0277 0.77

Error 6 0.0284 0.0047 4.3

Total 26 0.6606 100

DF: Degree of freedom; SS: Sum of squares; V: Variance; PD: Percentage
distribution; F—table(0,05;2;5)=5.14; F—table(0,05;4;6)=4.53

4.6 \Verification
experiments
In the final step, prediction and verification of the

process through confirmation

performance characteristics regarding the selected initial
parameter setting were carried out. Grey relational grade
at the optimum conditions Yprediced Was predicted by using

the following model:

N
7 predicted =7/m+z(}/0_}/m) (7)
i=1
where yy, is the total mean of the grey relational grade, y,
is the mean grey relational grade at optimal level, and N
is the number of main design parameters that
significantly  affect the multiple performance
characteristics [28].

The predicted grey grade by Eq. (7) was found to be
as 1.02 for the machining conditions of 4,B,C;D;. The
difference between the experimental result (0.958) and
the predicted result (1.02) was 6.5%. This result is within
the confidence interval of the predicted optimal condition.
In addition, Figure 12 shows the comparison between the
predicted and the experimental grey grades at different
cutting conditions. These results show that the predicted
results are compatible with the confirmation experiments.
Thus, the grey relational analysis is a very powerful
method for estimating the grey relational grade in the
drilling of Al/B4C reinforced MMCs.

- {).9584
1.0 0.944
= Predicted 0.886 0.896
= Experimental
0.81
3
s 0.6
St
=] 0,503
. 0.460
)
T
S 04f
021

A\B;C\D; - A3B\C\D, A;B,C.D; A,B,C5D,
Confirmation experiments
Fig. 12 Results of confirmation experiments

5 Conclusions

Drilling experiments of MMCs were carried out to
study the effects of machining parameters such as
particle mass fraction, drill material, spindle speed and
feed rate on the tool wear and dimensional accuracy of
the drilled hole. Machining parameters were optimized
based on the grey relational analysis. According to the
experimental results, mostly abrasive wear and BUE
were observed in the cutting tools, and the tool wear
increased with particle mass fraction and decreased with
feed rate. However, cutting speed had less effect on the
tool wear than the other machining parameters over the
used range of speeds. Additionally, higher BUE
formation was observed with HSS tools than TiAIN
coated carbide tools but uncoated tools were subjected to
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greater BUE than the coated drills. BUE formation
increased as feed rates increased and particle mass
fraction decreased. With regard to the dimensional
accuracy, it was seen that the produced hole sizes were
negatively affected by the tool wear, and the best results
were obtained with coated carbide drills. Generally,
produced hole diameters decreased with the tool wear for
majority of the tools. The influence of the particle
fraction on the hole size variation was not high. From the
grey relational analysis, the largest grey relational grade
was found for the B,C particle content of 10%, feed rate
of 0.3 mm/r, spindle speed of 1500 r/min and drill
material of TiAIN coated carbide. These were the
recommended levels of the drilling parameters when the
minimization of the tool wear and diametral error are
simultaneously considered.
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