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Abstract: - The main purpose of this research paper is
to study experimentally the effects of the thermal friction
drilling process parameters such as the tool geometry, feed
rate, and rotational speed, on the resultant bushing length,
axial and radial forces, hole dimensional error, and
roundness error, while drilling AISI 304 stainless steel sheets
with different thicknesses using tungsten carbide tools. The
experiments were conducted based on the design of
experiments method. A test rig was manufactured at
Showman Company — Egypt to perform the experimental
work, and the tools were offered by Flow drill Company —
Netherlands. Also Fuzzy Logic technique is applied to the
obtained results to find the optimal drilling condition.

1. INTRODUCTION

he product increasing of automobile industry,
development of  mechanical  products,
materials, or design of joining, force the
producers to utilize new technologies [1, 2]. Friction
drilling, thermal drilling, form drilling, flow drilling, or
friction stir drilling is a nontraditional hole-making
method that uses the heat generated from friction between
a rotating conical tool and the work piece to soften and

penetrate the work material and generate a hole [3, 4].
Friction drilling compared to other methods of
making holes and joining, no coolant is needed, which
makes friction drilling a totally clean and environment
friendly process. Also friction drilling is the best solution
for joining sheet materials in simple, efficient and most
economical way. The generated bush can be threaded

with providing high strength load bearing surface due to
more solid connection for attachment [4-9].

Since 1983, non-traditional hole-making methods
were investigated [1-13]. Several authors studied the
thermal friction drilling. Streppel A.H. and Kals H.J.J.
[6], investigate the effect of tool diameter, workpiece
thickness and material on the resulted feed force, contact
temperature, and the driving moment. Miller S.F., Blau
P.J., and Shih AJ. [9, 10] characterized the micro-
structural alterations and subsurface micro-indentation
hardness changes on several materials as a result of the
friction drilling process. Krasauskas P. [11] performed a
statistical five variable linear regression analysis to
evaluate the influence of plate thickness, rotational speed,
feed rate, and materials mechanical properties, on the
axial force and torque. Ozek C. and Demir Z. [12]
investigated the effect of spindle speeds and feed rates in
friction drilling of aluminum alloys, that is on the
generated frictional heat, surface roughness, and bushing
length.

The main purpose of the present work is to
investigate experimentally and analytically using Fuzzy
Logic technique the optimal parameters of thermal
friction drilling process; namely, tool diameter (d),
friction angle (), friction contact area ratio (FCAR), feed
rate (FR), and rotational speed (RS). AISI 304 stainless
steel work material is employed with 1, 2, and 3 mm
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sheet metal thickness. The measured parameters are:
bushing length (BL), axial force (AF), radial force (RF),
hole dimensional error (DE), and roundness error (RE).
Thus, the optimal performance could be ascertained to fit
modern industrial requirements.

2. TEST RIG AND EXPERIMENTAL SETUP
Figure 1, shows the test rig, used in our previous
work [13] that is designed to carry out the experimental

work. The test rig is manufactured at Showman Company
— Egypt, with rotational speed up to 4200 rpm, and feed
rate up to 218.182 mm/min. Total of 18 thermal friction
tools are used to perform all experiments. The tools are
offered by Flow drill Company — Netherlands. They are
made of uncoated tungsten carbide.

Fig. 1. The designed and manufactured test rig

An orthogonal array L18 [14] is applied to design
the required experiments. Table 1, illustrates the
investigated parameters and their values. Table 2, shows
the obtained orthogonal array with 18 experiments’
conditions, while each experiment was conducted three
times. The orthogonal array is applied three times to work
piece thickness (t) of 1, 2, and 3 mm, to study the effect
of t variation.

The resultant bushing length (BL) was measured by a
micro Vernier. The hole dimensional error (DE) and
roundness error (RE) were measured by a coordinate
measuring machine (Status CMM). The axial force (AF)
and radial force (RF) were measured by a multi-
component dynamometer (Kistler-Type 9257B).

Table 1. Process parameters and their levels

Process Parameters Symbol Unit Level 1 Level 2 Level 3
Tool diameter d Mm 5.4 7.3 9.2
Friction angle p Degree 30° 45° 60°

Friction contact area ratio FCAR — 50 % 75 % 100 %
Rotational speed RS Rpm 2500 3000 3500
Feed rate FR mm/min 60 100 140
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Table 2. Five three-levels factors L18 orthogonal array

Exp. No. d(mm) | b(degree) | FCAR FR (mm/min) RS (rpm)

1 5.4 30 50 60 3000

2 5.4 30 75 100 2500

3 5.4 45 50 140 3500

4 5.4 45 100 140 2500

5 5.4 60 75 60 3500

6 5.4 60 100 100 3000

7 7.3 30 100 60 3500

8 7.3 30 100 140 3000

9 7.3 45 50 100 3500

10 7.3 45 75 100 3000

11 7.3 60 50 60 2500

12 7.3 60 75 140 2500

13 9.2 30 50 100 2500

14 9.2 30 75 140 3500

15 9.2 45 75 60 3000

16 9.2 45 100 60 2500

17 9.2 60 50 140 3000

18 9.2 60 100 100 3500
3. RESULTS AND DISCUSSION L (min) = 2 A 1
As mentioned above and illustrated in Table 2,  Le (MiN) = 0.57 (D — 0.64952 p) M
each_ plotted _pomt of the following results is the average A, = T (D — 0.938194 p)? )

of six experiments, each of them repeated three times. 4

Figure 2, shows the effect of the tool operating
parameters on the resultant BL. There is no pronounced
effect of 5, FCAR, FR, and RS, on the BL. Therefore, the
tool with g = 30° is recommended because its ability to
higher penetration into work material. It has been
reported that, the minimum bushing length to be threaded
based onISO 898, is calculated according to the
following Equations (1 and 2) [15].

Where L. is the length of the thread engagement, A is
the screw thread tensile stress area, D is the basic
diameter, and p is the thread pitch. The minimum L, for
M6, M8, and M10 threaded hole are 4.79, 6.48, and 8.18
mm  respectively. Almost all the values of the BL
produced lies within the permissible range according to
the calculated L..

Bushing Length (BL; mm)
(o)}

- — 3, FCAR, FR, or RS
® t=1mm

B t=2mm

& t=3mm
I Min. & Max. values arround mean

Process Parameter Levels

2 3

Fig. 2. Effect of the considered process parameters on the bushing length

Figures (3 to 7), show the effect of the tool operating
parameters on the resultant forces. Generally, the values
of the RF are very small compared to the AF. Figure 3,
shows the effect of d on the resultant forces. The lowest
AF achieved at d = 7.3 mm. However, for the material
thickness under investigation, the AF varies with
maximum of 20%. Increasing S increases the AF, as
shown in Fig. 4. Its effects are pronou nced with
increasing t. For all material thickness under
investigation, the lowest AF achieves at g = 30°
Increasing the FCAR increases the AF as shown in Fig. 5.

Therefore 50% FCAR shows the lowest AF. Increasing
the FR increases the AF as shown in Fig. 6. Its effect is
pronounced with increasing t to maximum percentage of
23% of the AF at t =3 mm. In general, FR of 60 mm/min
gives the lowest values of the resultant AF. It has been
noticed in Fig. 7 that, increasing the RS decreased the
resultant forces not more than 17%, and by increasing t,
the resultant AF will be increased by 52 % when the
material thickness is form t = 1~2 mm, while it is 40%
from t = 2~3 mm, and 70% from t = 1~3 mm.
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Fig. 3. Effect of tool diameter on the resultant force
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Fig. 4. Effect of friction angle on the resultant force
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Fig. 5. Effect of friction contact area ratio on the resultant force
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Fig. 6. Effect of feed rate on the resultant force
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Fig. 7. Effect of rotational speed on the resultant force

The effect of the tool operating parameters on the
resultant whole diameter errors was also studied.
Generally, the values of the RE are very small compared
to the DE. According to 1ISO 286-2 grade E13 for nominal
hole size 6~12 mm [16], all the obtained measured DE

and RE values are within the permissible standard values,
so the effect of the operating parameters are neglectable
with respect to the DE and RE. For example, Fig. 8 shows
the effect of d on the DE and RE at different t values.
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Fig. 8. Effect of tool diameter on the hole diameter error



M: 14

From the above discussion, the tool operating
parameters have significant effects on the AF and BL. To
study the effect of the parameters on both the AF and BL
together analytically, Fuzzy Logic technique and
ANOVA are used.

4. FUZZY LOGIC TECHNIQUE AND ANALYSIS
OF VARIANCE
To construct the inference model of the multiple
performance characteristic index (MPCI) correlated with
the resultant AF and BL, MATLAB software has been
used. The inputs are the AF and BL means normalized
values for each experiment, and the output is the MPCI.

SARA A. EL-BAHLOUL, HAZEM E. EL-SHOURBAGY & TAWFIK T. EL-MIDANY

Since the experimental design is orthogonal, so it is
possible to separate out the effect of each process
parameter at different levels [17]. For example, the MPCI
mean for the d parameter at levels 1, 2 and 3 can be
calculated by averaging the MPCI for experiments 1-6, 7-
12, and 13-18, respectively as illustrated in Table 2, so
the mean of the MPCI for each level of the other process
parameters can be computed in a similar manner. Then
the results are summarized in a table called the response
table. Table 3, shows the resultant response table at t = 1,
2, and 3 mm.

Table 3. MPCI mean response table

MPCI Mean
t=1mm | t=2mm | t=3mm
Process
Level 1 | Level2 | Level 3 | Level1 Level 2 Level 3 | Levell | Level2 | Level 3
Parameter

d 0.258 0.537 0.654 0.331 0.562 0.621 0.369 0.544 0.688

S 0.528 0.488 0.434 0.561 0.516 0.437 0.609 0.532 0.461
FCAR 0.491 0.485 0.473 0.521 0.498 0.495 0.586 0.584 0.431

FR 0.541 0.480 0.428 0.590 0.466 0.458 0.615 0.508 0.478

RS 0.394 0.490 0.565 0.472 0.506 0.536 0.468 0.554 0.579

However, the relative importance amongst the
process parameters for the performance characteristic still
needs to be known, so that the optimal combinations of
the process parameter levels can be determined more
accurately. The statistical analysis of variance (ANOVA)
is used to investigate which process parameters
significantly affect the performance characteristics. This
is accomplished by separating the total variability of the
multi performance characteristics indexes, which is
measured by the sum of the squared deviations from the
total mean of the MPCI, into contributions by each of the
process parameter and the error. The sum of the squared
deviations due to each process parameter k (SSy) can be
calculated according to the following Equation (3) [18].

n
SS,=m Z(MPCI Mean; — n,,;)? 3)

i=1

where m is the number of each level appearance for each
factor in the orthogonal array, and n is the level number

for each parameter. The percentage contribution by each
of the process parameter in the total sum of the squared
deviations can be used to evaluate the importance of the
process parameter change on the performance
characteristics.

Table 4, shows the results of ANOVA. It indicates
that the tool diameter is the most significant process
parameter in affecting the AF and BL together.

From the experimental and analytical analysis, the
optimal results obtained at g = 30°~45°, FCAR = 50~75
%, FR = 60 mm/min, and RS = 2500~3500 rpm,
regardless the workpiece thickness and the tool diameter.
Due to the achieved results at the obtained optimal ranges
of B, FCAR, FR, and RS are very close to each other
within 5~10 %, and these parameters are not significant,
then the optimal process parameters combination will be:
B =30° FCAR = 50%, FR = 60 mm/min, and RS = 3500
rpm at any work piece thickness or tool diameter, for the
proposed experimental levels.

Table 4. Result of ANOVA

t=1mm t=2mm t=3mm
p I Sum of square | Contribution (%0) =W &1 Contribution (%) S &1 Contribution (%)
arameters square square
d 0.495 72.328 0.281 59.661 0.306 48.374
B 0.027 3.951 0.047 9.929 0.066 10.374
FCAR 0.001 0.152 0.002 0.525 0.095 15.068
FR 0.038 5.555 0.066 13.975 0.062 9.877
RS 0.088 12.873 0.012 2.591 0.041 6.429
Error 0.035 5.142 0.063 13.320 0.062 9.880
Total 0.685 100.00 0.470 100.00 0.632 100.00
5. CONCLUSIONS drilling AISI 304 stainless steel sheets with different

This paper has studied the effect of changing the

thickness by

uncoated

tungsten  carbide tools.

thermal friction drilling process parameters such as the
tool geometry, feed rate, and rotational speed, on the
resultant bushing length, axial force, radial force, hole
diameter dimensional error, and roundness error, while

Experimental results show that by increasing the work
piece thickness the resultant measured parameters
increased. Also the tool diameter is the most significant
parameter affecting the AF and BL together comparing to
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the other considered parameters. This study can be
applied on the friction drilling of various malleable metals
including mild steel, stainless steel, copper, brass, and
aluminum to generate precision holes. Also different
machining conditions can be considered, so as to build a
computer aided process planning expert system of
thermal friction drilling process with the goal of
automation.
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