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Experimental Investigation on the
Influence of Process Parameters in
Thermal Drilling of Metal Matrix
Composites

Friction Drilling is a special drilling technique that utilises the Frictional
heat generated between the rotating conical drill bit and the stationary
workpiece to soften and penetrate the work. The material which interests
our study is the metal matrix composite Copper Silicon carbide (CuSiC)
due to its high thermal conductivity which would accelerate the drilling
process. Friction drill bits of various cone angles are made out of
Tungsten High speed steel. Friction drill bits of various cone angles are
made out of Tungsten High speed steel. The purpose of our study is to
analyse the influence of the drilling parameters: Friction angle, Feed rate,
Workpiece thickness and Spindle speed on Thrust force and Torque both
graphically and by means of employing Taguchi’s parametric design
approach. Experimentation is to be conducted using Taguchi’s orthogonal
array and the results have to be assessed by analysis of variance
(ANOVA).

Key Words: Friction drilling, CuSiC, Metal matrix composite, Thrust
force, Torque.

1. INTRODUCTION

Drilling is one of the widely used machining processes.
Almost 75% of the products need some sort of hole
making process, hence drilling is inevitable. Unlike
Conventional drilling where surface finish and
dimensional accuracy is affected by the chips adhering
to work piece friction drilling is a novel ‘no chip’ and
dry hole making process where the friction between the
rotating tool and the work piece softens the metal
penetrating the tool inside the work piece. A bush is
formed around the hole strengthening it and hole quality
is on par when compared to the conventional drilling. It
is also named as flow drilling, friction stir drilling or
thermal drilling. [1]

Metal Matrix composites with various reinforce—
ments are finding increased applications mainly in
aerospace, automotive and non-structural industries as
they provide better structural efficiency, reliability and
strength. Metals like aluminium, copper, titanium are
widely used as matrices. Reinforcing ceramic particles
in the metal matrices result in better wear resistance,
strength, rigidity modulus and make them reliable for
high temperature applications. SiC reinforcements are
widely used due to their high strength, hardness,
stiffness, low density and easy availability [2]. Silicon
Carbide (SiC) reinforced Aluminium matrix MMC’s are
mostly used for electronic packaging. Copper matrix
MMC with SiC particles is a better candidate due to
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high thermal conductivity of Copper which would
accelerate the drilling process [3]. Although SiC is
brittle in nature, high reinforcement rates and better
bondage with ductile copper matrix increases the overall
ductility, toughness of the composite [4].

As the drill rotating at high rpm with significant
axial pressure comes in contact with the work piece
[Figure 1: Stage 1] it softens the material thus penet—
rating it [Figure 1: Stage 2]. Meanwhile the displaced
material forms a strong bush around the drill making it
ideal where riveting is to be done [Figure 1: stage 4].
The softened material forms the bush hence there is no
chip forming and material wastage. More ever coolant is
not required, hence it is a dry process too.

There are various publications which are focussed only
on friction drilling of various alloys of stainless steel.
Copper Silicon carbide MMC is a high potential
composite mainly used in electronic packaging with
very little research done on it. Ching Yern Chee and
Azida Azmi have mentioned a method of preparation of
the above mentioned metal matrix composite [3]. In our
study we are concerned with the influence of drilling
parameters Friction tool angle, tool feed rate, work
piece thickness and spindle speed on thrust force and
torque. The material which interests our study is
uncoated copper silicon carbide composite and the
friction drill bit is made up of Tungsten High speed
steel. Studying the thrust force and torque will help us
in understanding the tool wear and in deciding the
optimum conditions for smooth and efficient drilling.
Thrust force generally increase with increasing feed
rates and thickness of the sample and decrease with
increasing spindle speeds[5] and torque also show the
same trends[6].Various graphs are drawn showing the
effect of the drill parameters on the analysed factors and
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analysis is also done employing Taguchi’s parametric
design approach. Waleed [7] has deployed Fuzzy
modeling for Thrust force and Torque analysis during
flow drilling of CuSiC and has got good results.
Regression Modeling is done in this study to predict the
parameters Thrust Force and Torque and to evaluate the
effectiveness of the model.

TR R

(8) Stage | (D) Stage 2 {C)Stage 3 (d) Si-:tgc 4

Figure 1. Stages in Friction drilling process [8]

2. EXPERIMENTAL DESIGN

2.1 Flow drill tool

The flow drill bit was machined from a cylindrical
Tungsten High speed steel work piece in a local industry
here in Chennai. The Geometrical structure of the tool is
shown in Figure 2. The Drill consists of four regions:

(a) Conical Region: - It has a steeper angle k and is
small in length. It is the region which enlarges the hole
and pushes the plasticized work which was created due
to friction between its surface and the work sideways.
(b) Cylindrical Region: - This is a cylindrical region of
diameter d which decides the diameter of the hole and it
is relatively longer.

(c) Shank region: - This is the curvature of the tool that
is gripped by the tool holder [9].

Shank Region

Cylindrical Region

[x Conical Region
Figure 2. Geometry of Flow drill

Although most flow drills have a shoulder region we
neglected it as it does not interests our study. Tools with
angle k as 30, 45 and 60 degrees were manufactured.

k=30 degrees

k=45 degrees
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k=60 degrees

Figure 3. Top view of flow drills used

2.2 Work piece

Machining is done on the metal matrix composite Copper
Silicon carbide (CuSiC). Here, Copper is the matrix and
uncoated powdered silicon carbide is added as reinforce—
ments. The work was made using powder metallurgy tec—
hniques. The steps involved in making the composite are:

(a) Preparation of a powdered mixture of Cu and SiC
containing 95% Cu and 5% SiC.

(b) Mixing of the mixture via ball milling method using
tungsten carbide ball. The drum was rotated at 300 rpm.
(c) Compacting the mixture by cold pressing under 250
bar in a steel die.

(d) Sintering under 850C for 3 hours.

2.3 Machine setup

A 3 axes, computer numerical controlled vertical mac—
hining centre Makino S33 with a maximum spindle
speed of 12000 rpm and spindle motor of 22 kW was
used for machining. The setup is shown in the Figure 4.

Figure 4. Vertical CNC machine

Figure 5. Setup for Drilling
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The CuSiC composite work pieces of thickness 2, 3
and 4 mm is set on the table of the CNC machine with
suitable holding devices as shown in Figure 5. The
drilling operation is performed by changing the feed rate
and spindle speed inputs in the CNC programming. A
drilling tool dynamometer made by SYSCON was con—
nected to the drilling machine which gave the Thrust
force and Torque values for each drilling operation as
seen from Figure 6.

Figure 6. Drill dynamometer

3. EXPERIMENTAL PROCEDURE

The Experiments are conducted in accordance with
Taguchi’s L9 array. Taguchi’s unique method helps in
easy understanding of the dependent parameters with
minimum number of experiments and provides an
ordered way to collect and analyse the data to satisfy the
requirements of the experiment. Thus, saving both time
and cost.

The machining parameters-Spindle Speed, feed Rate,
thickness of work piece and Tool Cone angle are used in
three levels. The three levels are denoted as Level 1,
Level 2 and Level 3. The Parameters along with their
values are given in Table 1.

ush

Figure 7. Work piece after drilling.

The work piece was rigidly fixed on the vertical
machine bed using various fixtures. The digital dyna—
mometer which directly gives the thrust and torque
values was attached to the port in the table of the
machine and machining was done was performed mani—
pulated through CNC programming. Figure 7 shows the
CuSiC work piece with a bush around the drilled hole
after friction drilling.

Table 1. Values of Machining Parameters.

Parameters Level 1 | Level2 | Level 3
Spindle Speed(rpm) 3000 3500 4000
Feed Rate(mm/min) 50 60 70
Thickness of work (mm) 2 3 4
Cone Angle(degrees) 30 45 60
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4. RESULTS AND DISCUSSIONS
4.1 Thrust Force

The variation of Thrust force during drilling operation
under different machining conditions is shown in Figure
8. Thrust forces show an increasing trend with increase in
feed rate as the tool must withstand vibrations which
increase with the feed rate. It is observed that thickness of
the work piece has a dominating effect on thrust force as
greater forces are needed to penetrate thicker work. Work
piece with thickness 2 mm has lowest thrust values.
Further they depend on the cone angle. Greater the cone
angle more is the thrust force due to the greater area that
will be in frictional contact with the work. Thus tool with
friction angle of 60 degrees show high thrust values.

Main Effects Plot for Thrust Foree (N)

Data Means

500 Spindle Speed (rpm) Feed rate (mmymin)}

700

500 \ "

500 \‘-—k__._. —

400
E T T T T T T
3 3000 3500 4000 50 60 70
= 500 Cone angle (Degree] Thickness of plate (mm)

700 . /

600

500 /

400

0 450 500 H 3 4

Figure 8. Thrust force variation with respect to different
machining condition

High Spindle speeds give less thrust values as the high
temperature due to friction between rotating tool and work
melts the work faster near the drill area. Boopathi [10] has
shown that with increasing spindle speed and depth of tra—
vel of the friction drill tool, Thrust force increases. Vimal
[11] has also reported that with increasing Spindle speed
during drilling of composites, material removal is high but
Thrust Force is low. The highest values of thrust forces are
obtained for the set with all the parameters having maxi—
mum values, while the spindle speed is having the lowest
(3000) rpm. This is mainly due to uncomfortable combi—
nation of high thickness of work and low spindle speed.

4.2 Torque

The variation of Torque under different machining con—
ditions is shown in Figure 9.

Main Effects Plot for Torque (N-m)
Data Means
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Figure 9. Torque variation with respect to different
machining conditions
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It is noted that Torque increases with feed rate but it
seems to become saturated beyond a feed rate of 60mm/
min. Increase of torque with tool angle is similar to the
variation of torque force. The values of torque are seen
increasing with the thickness of the work. Dependence
of torque on spindle speed show same trend as thrust
force.

4.3 ANOVA Table

Anova Table for Thrust Force is given in Table 2. It is
noted from the Anova table that Feed rate contributes
50.92% amongst the various parameters to the thrust
force Hence it is ranked at first position.

Table 2. ANOVA Table for variation of Thrust force

D

SOURCE |0 | Sumof | Meanof | Percentage | p, \

F Squares | Variance | contribution

Tool cone 2| 13734 | 06867 0.29822 2
angle (deg)

Spindle | 5 | 044347 | 02217 | 0096207 | 3
speed(rpm)

Feedrate 15 | 5 40007 | 120003 | 052116 1
(mm/min)
Thickness of | » | 38877 | 0.19413 | 0084311 | 4
work (mm)

Error 0

Total 8| 4.6052

Thickness of the work piece also contributes for
22.37% of the thrust force. It is closely followed by
Tool Cone angle which contributes 22.19% to the force.
Spindle speed has a least contribution of 5%.

Anova Table for Torque is shown in Table 3. Feed
rate contributes a maximum of 52.12% to the torque and
is ranked at first position. While the tool angle contri—
butes for 29.88% of the torque, Spindle speed and
Thickness of the work contribute only 9.63% and 8.42%
respectively to the torque.

Table 3. ANOVA Table for variation of Torque

SOURCE 0 Sum of Mezfm of Perc§ntage Rank
F Squares |Variance| contribution

Tool cone 2| 139262 | 69631 0.2219 3
angle (degrees)

Spindle. |1 31380 | 15690 | 0.05001 4
speed(rpm)

Feedrate 1,1 316376 | 158188 |  0.5042 1
(mm/min)

Thickness of '\ | 140355 | 70177 0.22371 2
the work(mm)

Error 0

Total 8| 627373

4.4 Regression Modelling

For Prediction of Thrust Force and Torque for different
parameter values, Regression Modeling is used. The
Regression Equation was evaluated for Thrust force and
Torque and is given by:

174 = VOL. 46, No 2, 2018

ThrustForce(N) = —86—0.253* SpindleSpeed (rpm)
+7.23%* Feedrate(%) +11.32* Coneangle(deg rees)
+200.8 * ThicknessofPlate(mm)

Torque(Nm) = 2.53 —0.000823 * SpindleSpeed (rpm)

—0.0065 * Feedrate(m) +0.111* Coneangle(deg rees)
min

REGRESSIONYVS EXPERIMENTAL-

THRUST FORCE
1000 /

500

THRUST FORCE (N)

0
1 2 3 4 5 6 7 8 9
= Experimental EXPERIMENTAL NUMBER
==fr=Regression

Figure 10. Regression V/s Experimental Values for Thrust
Force

REGRESSIONVS EXPERIMENTAL-
TORQUE

w

TORQUE (N-M)

0
1 2 3 4 5 6 7 8

== == Experimental

=== Regression

[t}

EXPERIMENTAL NUMBER

Figure 11. Regression V/s Experimental Values for Torque

The Graphs (Figure 10 and 11) shows the Regre—
ssion modelled values and Experimental values of Thrust
Force and Torque for each one of the experiment. Both
the regression and the experimental values are close to
each other for most of the experiment.

THRUST FORCE s 111484
RS 840%
€2=91.71 +0.839% CI Reyadi)  817%

°
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200
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Experimental Value(C1)

Figure 12. Evaluation of Model Effectiveness for Thrust
Force
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Figure 13. Evaluation of Model Effectiveness for Torque

Additionally, Graphs between Regression and Expe—
rimental values is drawn for both Thrust force and Torque
(Figures 12 and 13) and R squared value is found for each
of the graphs to find out the efficiency of the model.

The R-squared value for Thrust Force and Torque is
81.7% and 81.5% respectively.

5. CONCLUSION

Friction drilling was performed on Reinforced metal
matrix composite Copper Silicon Carbide. Based on the
experimental results the following conclusions were
made:
=  Thrust Force and Torque increase with inc—
reasing feed rate, thickness of the work piece
and the tool conical angle.
=  Thrust Force and Torque decrease with
increase in spindle speed.
= The Regression Modelled values for both
Thrust Force and Torque are in close agre—
ement (R? value= 81.7 and 81.5%) with Expe—
rimental values and hence the model can be
used for prediction.
Based on Anova table, the influence of drilling para—
meters on Thrust force and Torque are ranked as follows:

Table 4. Ranking of the parameters based on their effect
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EKCIHHEPUMEHTAJIHO HCTPA’KUBAIBE
YTULHAJA TAPAMETAPA TPOIIECA
TEPMUYKOI' BYHIEIbA HA
KOMIIO3UTE CA METAJITHOM MATPUIIOM

B.A.Banen, A.Yarpujan, P.C.C.Buman

OpuKLHOHO OylIeme je moceOHa TeXHHKa Oyliema Koja
KOPHCTH TOIUIOTY TEHepucaHy TpemeM wuiMmely pora—
[IMOHOT KOHYCHOI' OMT HAacTaBKa OYIIMJIMIE M CTalllO—
HapHOT oOpaTka Ja OM ce OH OMEKIIao W y Hera
npozpio. IIpenmer ucTpaxkuBama je KOMIIO3UT ca Me—
taimaoM MatpuitoM CuSiC 300r BelHKe TOIJIOTHE MPOo—
BOJUBMBOCTH KOja yOp3aBa mpouec Oyiema. Hacraiwu
¢puKIFoOHe OYIIWINIE Pa3IUMYATOr yIiia KOHyca Cy
uspaljienn ox BoJipamMHOr Op3opesHor uenuka. [usb
HCTPaKMBAkha j€ aHaIM3a yTHUIlaja mapamerapa Oylicma:
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yrao Tpema, Op3WHAa TOMONHOT KpeTama, [neOJpMHA TaryuujeBUM mpucTynoM. EKCHepuMeHT je u3BejieH
oOpaTka 1 Op3MHA BpETeHA, HA aKCHjaJTHy CHIy M OOpTHU npumeHoM TarydujeBe OpTO-TOHAJHE MaTpuiEe a
MOMEHT, KakKO TIpaQUuKUM [PUKA3UBAEKEM TaKO U npolieHa pe3yiTata aHaau3oM Bapujance (ANOVA).
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