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ABSTRACT

Polymer-based nanocomposites due to good corrosion resistance, adequate mechanical properties and
low cost are widely used in modern technologies. Because of the increasing application of these
nanocomposites, their joining through welding processes seems unavoidable. In this paper, 5mm thick
nanocomposite plates containing polypropylene, ethylene-propylene diene monomer with 0, 3 and 6%
clay were butt welded using a novel hot tool in friction stir welding process. Response surface method
is used to design experiments and determine the effect of process parameters such as tool rotational
speed, welding speed, tool shoulder temperature and clay content on weld tensile strength. The results
show that although increasing clay content in the base material increases its tensile strength, but
decreases the tensile strength of the weld such that in specimens with 0, 3 and 6% clay content, the

Response Surface Method
Tensile Strength

tensile strength of the weld equals 94, 80 and 61 percent of the respective base materials.

doi: 10.5829/idosi.ije.2015.28.09c.17

1. INTRODUCTION

In recent years, developing materials with enhanced
strength to weight ratio and toughness as well as low
cost such as polymer-based nanocomposites is gaining
attention in industries such as transportation [1-3]. The
addition of very small amounts of nanoparticles (less
than 10% of weight) as the reinforcing material to
polymers is used to improve their mechanical and
thermal properties. Nanocomposites are composed of
two phases. The first phase is the base or matrix of the
nanocomposite and can be made up of a polymer, metal,
or ceramic, and the second phase or reinforcement
phase, includes nanoparticles, nanosheets, nanofibers
and nanotubes. Nanoparticles are widely utilized in
nanocomposites as the reinforcing material [2, 4].
Nanoclay is the nanoparticle that is often used in
fabrication of nano-composites [5].

Nowadays a lot of attention is paid to joining of
thermoplastic nanocomposites in different industries
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because it is widely employed instead of metals and
their alloys. One way to join nanocomposites is through
welding. Among welding processes, friction stir
welding (FSW) which is a solid-state joining process
can be a candidate for joining these materials. In this
process, a non-consumable tool with a specially
designed pin and shoulder is inserted into the sheets or
plates to be joined and traversed along the joint line.
FSW is based on heat supplied by the friction between a
rotating tool and the parts to be welded which causes
plastic deformation and stirring of the parts at the joint
area [6-8]. The review of previous works shows that
when conventional FSW is applied to polymer and
composite materials, it is very difficult to achieve high
quality welds due to low melting temperature and low
thermal conductivity of these materials [9-11]. Research
done by Yosefpour et al. indicates that FSW is a
suitable method for welding thermoplastic composites
[12]. Zoltan Kiss et al. [13] used FSW for
polypropylene (PP) sheets and investigated the effect of
parameters such as rotational speed, linear speed and
tool geometry on the bond strength. They concluded
that the tool geometry had a stronger effect than the
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other two parameters on bond strength. Payeganeh et al.
[14] investigated the effect of pin geometry and FSW
process parameters on mechanical properties of pp
composite welds. Their results indicated that pin
geometry had a significant effect on weld surface
appearance and weld tensile strength. Pirizadeh et al.
[15] used a new tool named ‘‘self-reacting tool’’ to
weld acrylonitrile butadiene styrene (ABS) sheets.
They studied the effect of shape of the pin, rotational
speed and transverse speed on mechanical properties.
Their results show that pin shape has the greatest effect
on tensile strength of welded parts. Azarsa et al. [16]
investigated the effect of critical process parameters
such as rotational speed, shoe temperature and traverse
speed on the flexural strength of friction stir welded
joints of the high density polyethylene (HDPE). They
concluded that welding at a lower level of tool travel
speed and a high level of rotational speed increased
weld flexural strength by reducing size of defects.
Mendes et al. [17] studied the influence of axial force,
tool rotational and traverse speed on quality of ABS
plates. Their results show that high rotational speed and
high axial force are required to produce welds free of
defects. The past works show that there are no reported
publications concerning modeling and optimization of
process parameters in FSW of nanocomposites. In this
work, an experiment is therefore designed using Box—
Behenken design and a new hot tool to study the effect
of rotational speed, welding speed, shoulder
temperature and clay content on the weld strength of PP
|/ ethylene-propylene diene monomer (EPDM) / Clay
nanocomposite. The MINITAB software is used to
create the design matrix and analyze the experimental
data [18].

2. EXPERIMENTAL PROCEDURE

2. 1. Materials Polypropylene (Z30s) with a
density of 0.9 g/cm® and melt flow index of 25 g/10
min, EPDM Keltan 3072 (Mooney viscosity ML (1+8
min) 120°C = 48 M, 64% ethylene and 8.7% ENB
content) and the organoclayCloisite® 15A with a
specific gravity of 1.66 were the materials used in this
study.

2. 2. Sample Preparation The blend
PP/EPDM and PP/EPDM/clay nano-composite with 3

and 6 %wt clay content were formed by melt
compounding in a BrabenderPlas-Corder twin screw
extruder (length = 1000 mm, L/D = 40) and co counter-
rotating type with the barrel temperature profile of 160,
165, 175, 185 and 190° C from the hopper to die,
feeding rate of 1 kg/h and screw speed of 150 rpm. Test
specimens with 200x200x5 mm dimension were
prepared using Collin P 200 E-type hot press.

2. 3. Test procedures

2. 3. 1. X-ray Diffraction X-ray diffractometer
(XRD) was used to evaluate the dispersion of the clay in
the polymer matrix. XRD experiments were carried out
with a Philips -X'Pert diffractometer at room
temperature in the low angle of 20. The X-ray beam was
a CuKoa radiation (A = 1.540598 A) operated at 50 kV
voltage and 40 mA current. The 2 mm thick test
specimens for XRD were prepared by compression
molding. The scanning rate was 0.5°/min and the
experiments were performed in the angle range of 0-10.

2. 3. 2. Tensile Test Procedure The tensile
properties of the samples were determined according to
standard ASTM D638. Tensile tests were carried out at
23°C with a cross-head speed of 50 mm/min using the
Zuker tensile test machine. Table 1 shows the weight
percent composition and tensile strength of the base
materials.

2. 3. 3. FSW Tool and Equipment A FP4AM
milling machine was used for butt welding the two
specimens of 100 X50X5 mm size. A newly designed
FSW tool consisting of a cylindrical shoulder made of
AAT7075 aluminum alloy with two electric heaters
placed in the shoulder with a taper grooved pin made of
H13 hot — working steel was used. A ball bearing
separated the fixed hot shoe from the pin during
welding. Rotational velocity (o), linear velocity (V),
shoulder temperature (T) were considered as the input
process parameters. A number of trial runs were
performed in order to determine the working limits of
the process parameters. Figures 1 and 2 show low
quality welds with process parameters set outside the
working limits. The input parameters levels and their
coded and actual values used in the experimental design
matrix are presented in Table 2.

TABLE 1. Properties of the base materials

Sample Weight percent Failure force (N) Maximum stress (MPa)
PP/EPDM PP, EPDM: 80, 20% 53.55 15.3
PP/EPDM/Nanoclay PP, EPDM, Nanoclay: 77, 20, 3% 59.85 17.1
PP/EPDM/Nanoclay PP, EPDM, Nanoclay: 74, 20, 6% 735 21
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TABLE 2. The input parameters

Parameter Unit Symbol Levels

-1 0 1
Clay nanoparticles % Cc 0 3 6
Rotational velocity rev/min ® 800 1200 1600
Linear velocity mm/min \Y% 10 15 20
Temperature °C T 50 75 100

Figure 1. Low quality welds at (a) high rotational speed (b)
low rotational speed

Porn— 2

e e - »
Figure 2. Low quality welds at (a) high welding speed (b) low
welding speed

2. 3. 4. Scanning Electron Microscopy The
fracture surfaces of the weld samples were coated with
gold and examined by a JXA-840 scanning electron
microscope (SEM) with an operating voltage of 20 KV.

3. RESULTS AND DISCUSSION

3. 1. XRD Analysis The XRD diffraction pattern
of PP/EPDM/clay nanocomposites is shown in Figure 3.
The d-spacing of clay and nanocomposites was obtained
from Bragg’s law, d= A/ (2sin®). According to literature
reviews, diffraction peak related to the basal spacing
(d0o01) of neat clay appears at 2.9° (corresponding d-
spacing is 30.44 A), while the diffraction peaks and the
interlayer distance of nanocomposite with 6 and 3 %
nanoclay are shifted to lower angles of 2.81° (31.52 A)
and 2.36° (34.89 A), respectively. The lower diffraction
angle of nanocomposite in comparison with that of the
clay shows polymer chains can intercalate between the
layers of the clay.

3. 2. Analysis of Variance The response surface
methodology (RSM) was applied to data using the
MINITAB 16 software to create the design matrix. 27
sets of actual conditions were used for welding and the
averages of three measured responses (tensile strength)
were used for analysis which is shown in appendix A.
Analysis of the tensile strength (response) was done by
the above software. Analysis of variance (ANOVA) for
the response is presented in appendix B. A model or
model term is significant when its p-value is less than
0.05. Analysis of variance, lack of fit and F-test were
used to check the adequacy of the model and determine
the significant model and model terms. From appendix
B, it is observed that the linear and quadratic effects of
clay content (C), rotational speed (o), travel speed (V)
and shoulder temperature (T) are significant.

3% Clay

4 ——+—+—  6%Clay

Intensity (a.u)

"
R e,
i T PP

LT T L g
T T T T

Degree (20)
Figure 3. XRD patterns of PP/EPDM/clay nanocomposites
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Figure 4. Normal distribution diagram of the model
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Figure 5. Predicted versus actual values of the weld strength

The interaction effects of rotational speed and travel
speed (oxV), travel speed and shoulder temperature
(VxT) are also significant. The adj. R? value of 0.9209
and the R? value of 0.9635 are high and close to 1 which
is an indication of an adequate model. Figure 4 shows
the normal probability plot of the residuals which is
another tool for checking the adequacy of the model.
Since the points on the normal probability plot of the
residuals form a straight line, it can be concluded that
the model is adequate. Based on this analysis, the final
mathematical model for estimation of the tensile
strength within the design space, is given in terms of

1386

coded and actual factors in Equations (1) and (2),
respectively.
(@) In terms of coded factors

UTS=10.02-131C+163 —-101V+0539T+
0.57 C*C+0.79 0*w — 0.593 V*V - 0.764 T* T - (1)
1.53*@*V — 1.21*V*T

(b) In terms of actual factors

UTS=-18.07-255C +0.0038 w +2.03V +0.354 T +
0.063 C*C + 0.0000049 o*o — 0.023 V*V -0.0012 T* (2)
T-0.00076 ®*V-0.0096*V*T

3. 3. Validation of the Mathematical Model
Checking the validity of the developed model was
performed by three seperate tests. These tests were
performed under conditions diffrent from the other 27
tests in the research. The actual results, predicted values
and calculated percentage errors are presented in Table
3. It can be seen that the error value is smaller than 6%,
which indicates that the mathematical model for
prediction of weld strength is acceptable within the
limits of the parameters. Figure 5 shows the plot of the
actual and predicted values of the weld strength. This
figure also shows that the model is adequate and there is
a good agreement between the experimental and
predicted results.

3. 4. Effect of Process Parameters on the Response

3. 4. 1. The Effect of Clay Content on Tensile
Strength Figure 6 shows the effect of clay
content on tensile strength of the welds. It indicates that
with increasing clay content from 0 to 3%, the tensile
strength will drop sharply, and from 3 to 6%, it will
decrease at a slower rate. The reason for this decrease is
that nanoclay, like ceramic materials, absorbs heat and
acts as a heat insulating material; hence less heat
reaches the polymer and less melting takes place which
causes less penetration at the joint, and consequently
lower weld strength. It is therefore concluded that
increase in clay content reduces weld strength. The
SEM images shown in Figures 7(a) and 7(b) also
indicate that rougher surface which is due to less clay
content leads to a higher weld strength compared to the
one having a smooth surface with 3% clay content.

TABLE 3. Test validation results

Row C (%) o ( rev/imin) v (mm/min) T (°C) Tensile Strength (MPa) Error (%)
1 0 800 10 75 Real:12.87, Predicted:13.50 4.8
2 3 1200 15 50 Real:9.24, Predicted:8.72 5.6
3 6 1600 20 100 Real:8.83, Predicted:8.99 3.3
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Figure 6. The effect of clay content on weld tensile strength
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Figure 9. Effect of linear velocity on tensile strength

3. 4. 2. The Effect of Rotational Velocity on
Tensile Strength As shown in Figure 8, with
increasing rotational velocity from 800 to 1200 rpm, the
tensile strength increased slightly, but increasing it from
1200 to 1600 rpm led to more increase in tensile
strength. With increasing the rotational speed of the pin,
the local temperature of material would rise. This can be
attributed to low thermal conductivity of polymeric
material, which leads to heat concentration at the weld
nugget. Hence, more molten material would be present
at the joint line that leads to more penetration as well as
improved weld performance with a consequence of
increase in weld tensile strength.

3. 4. 3. The Effect of Linear Velocity on Weld
Tensile Strength Figure 9 shows the effect of
linear velocity on weld tensile strength. Tensile strength
remains nearly unchanged for linear velocities from 10
to 15 mm/min, but decreases from 15 to 20 mm/min.
The reason for this decrease in strength at high linear
velocities is the lack of enough time for pin to produce
the required heat for welding, which leads to a decrease
in strength. As a result, with a decrease in linear
velocity, the strength of the weld would increase.

3. 4. 4. The Effect of Tool Temperature on Tensile
Strength The effect of tool temperature on
tensile strength of the weld is shown in Figure 10. It is
observed that with an increase in temperature from 50 to
75°C, the tensile strength of the weld would increase
and with an increase from 75 to 100 °C it would
decrease. This figure indicates that an optimal
temperature of 75 °C exists which can yield maximum
weld strength. In Figure 11, due to the low temperature,
the materials at the joint did not penetrate into each
other sufficiently. As a result, the weld is of less
strength. At high temperature, the weld strength is again
low. This may be attributed to the tendency of the weld
to partially evaporate at high temperatures particularly if
the frictional heat is high. Figure 12 shows an
inadequate weld due to evaporation with its SEM image
taken from the fractured surface.
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Figure 10. The effect of tool temperature on tensile strength

Figure' 11. Low strength
temperature
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Figure 13. Interaction effect of linear velocity and rotational
speed on weld strength; a) contour plot b) surface plot
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Figure 14. Interaction effect of tool temperature and rotational
speed on weld strength; a) contour plot b) surface plot

3. 4. 5. Optimal Areas with Contour and Surface
Plots Contour and surface plots show how a
response variable depends on two or several factors.
After investigating model adequacy, the regression
equation is used to plot contour and surface diagrams
for the response. Since the interactions are effective (in
the process), their contour and surface plots are shown
in Figures 13 and 14. These plots are obtained from
regression model through Minitab® 16 software for
ultimate tensile strength. Figure 13 shows the effect of
interaction of linear speed (V) and rotational speed (®)
on weld strength. According to Figures 13 (a) and (b),
the highest value of tensile strength was obtained from
higher left corner of the contour and surface plots, i.e.
when ® was at its highest and V at its lowest value. The
reason for this behaviour may be attributed to more
stirring at the weld nugget due to high rotational
velocity and low linear speed. Also, the minimum
tensile strength can be obtained when proper
combinations of linear speed (e.g. 10 — 12 mm/min) and
rotational speed of (e.g. 800 -1000 rpm) are selected.
According to Figure 14, the highest value of tensile
strength is obtainable from upper left corner of the plot,
i.e. when tool temperature was at its highest and linear
speed at its lowest value. The increase in tool
temperature (preheating) at the weld nugget may
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improve stirring action and hence the tensile strength
would rise up. According to this figure, the optimum
weld strength can be obtained when selecting a proper
combination of the linear speed at 10 - 12 mm/min and
tool temperature at 85 -100°C. Also, with the linear
speed of 18-20 mm/min when tool temperature was 85-
100°C, the minimum weld strength was obtained.

4. CONCLUSION

On the basis of the research conducted on FSW of

PP/EPDM/clay nanocomposites, it is concluded that:

1. All the input parameters are significant and the
obtained equation for prediction of weld tensile
strength is acceptable.

2. More clay content in the nanocomposite causes
rougher fracture surface and higher strength.

3. With increasing rotational velocity, weld strength
would increase.

4. With increase in linear velocity and clay content in
the nanocomposite, the weld strength decreases.

5. Increasing the temperature from 50 to 75°C
increases the weld tensile strength but from 75 to
100°C the weld strength decreases.

6. In samples with 0, 3 and 6% clay content, the weld
tensile strength equals to 94, 80 and 60% of the
respective base material.
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APPENDIX

A) Design matrix and the collected experimental data
Row Testno Clay nanoparticles Rotational velocity (rpm) Linear velocity (mm/min)  Temperature (°C) Tensile strength (MPa)

1 23 3 800 15 100 9.48
2 4 6 1600 15 75 12.86
3 20 6 1200 20 75 8.11
4 26 3 1200 15 75 9.98
5 14 3 1600 10 75 13.75
6 21 3 800 15 50 7.84
7 19 0 1200 20 75 9.19
8 5 3 1200 10 50 7.55
9 12 6 1200 15 100 9.11
10 10 6 1200 15 50 7.05
11 3 0 1600 15 75 14.04
12 17 0 1200 10 75 13.39
13 1 0 800 15 75 10.98
14 25 3 1200 15 75 10.20
15 22 3 1600 15 50 11.34
16 15 3 800 20 75 9.52
17 13 3 800 10 75 8.17
18 27 3 1200 15 75 9.84
19 9 0 1200 15 50 11.42
20 7 3 1200 10 100 11.05
21 11 0 1200 15 100 11.26
22 24 3 1600 15 100 12.10
23 2 6 800 15 75 7.52
24 16 3 1600 20 75 8.98
25 6 3 1200 20 50 8.62
26 18 6 1200 10 75 9.86
27 8 3 1200 20 100 7.29
B) ANOVA test for the weld tensile strength
Source Seq SS DF Adj MS F - value P - value
Regression 102.7 14 7.34 22.62 0
Linear 68.2 4 17.05 52.54 0
%clay 20.7 1 20.72 63.84 0
Rotational velocity 21.8 1 31.8 98.22 0
Linear velocity 12.1 1 12.1 37.34 0
Temperature 34 1 3.48 10.75 0.01
Square 15.1 1 3.78 11.66 0
C*C 31 1 173 5.35 0.04
O* ® 8.2 1 3.36 10.36 0.01
V*V 0.68 1 187 5.78 0.03
T™T 31 1 3.117 9.60 0.01
Interaction 194 6 3.237 9.97 0
C*® 1.30 1 1.292 4 0.07
C*Vv 15 1 1.500 4.62 0.05
C*T 1.23 1 1232 3.80 0.08
®*V 9.3 1 9.363 28.84 0
® *T 0.19 1 0.193 0.60 0.5
V*T 5.8 1 5.832 17.97 0.01
Residual Error 3.8 12 0.324
Lack-of-Fit 3.8 10 0.383 13.60 0.01
Pure 0.05 2 0.028
Total 106.6 26

R?= 96.35% R%1e4=79.15%
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