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Abstract – In this paper, effect of friction stir welding (FSW) process parameters on tensile and impact
strength of polypropylene (PP) composite welds with 30% short glass fiber and 30% short carbon fiber
are studied. Plates of 5 mm thickness were butt welded under different tool rotational speeds (1250, 1600,
2000 and 2500 rpm), work linear speeds (8, 12, 16 and 20 mm.min−1) and tool tilt angles (3◦, 4◦, 5◦ and
6◦) using the Taguchi method design of experiments (DOE). Standard tensile and Izod impact tests were
carried out to determine tensile and impact strength of the welded joints. It was observed that for glass
fiber composites the specimen welded at the rotational speed of 2000 rpm, linear speed of 8 mm.min−1

and tilt angle of 6◦ had the maximum tensile strength. For carbon fiber composites the specimen welded
at the rotational speed of 2500 rpm, linear speed of 8 mm.min−1 and tilt angle of 6◦ showed the maximum
tensile strength. The maximum impact strength was also obtained at the rotational speed of 2500 rpm
and linear speed of 8 mm.min−1 for both composites whereas tilt angles of 5◦ and 6◦, caused maximum
impact strength for glass and carbon fiber composites, respectively.

Key words: Carbon fiber (CF) / friction stir welding (FSW) / glass fiber (GF) / mechanical properties
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1 Introduction

Friction stir welding (FSW) is a relatively new join-
ing technique developed by the welding institute (TWI)
Cambridge, in 1991 [1]. In FSW, a rotary tool is used
and two pieces are held firmly together. The tool pene-
trates into work pieces with a rotational and linear mo-
tion to cause heating the work piece material due to fric-
tion between the tool and the work piece till the melt is
formed. The linear and rotational movements of the tool
in a molten pool create fusion of the work piece edges.
After leaving the tool, the molten liquid freezes and two
pieces are welded together [2, 3]. The process occurs in
the solid state and offers a number of advantages over
conventional fusion welding techniques. Low heat input,
absence of melting and solidification, no expensive con-
sumables such as filler wire and gas shields, ease of au-
tomation, fewer weld defects, low residual stresses, good
mechanical properties of the resultant joints, low distor-
tion and improved dimensional stability are some of its
advantages [2, 4, 5].

The most important benefits of FSW are its ability to
weld materials that were thought difficult to weld such as
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plastics and composites [6]. There have been a number of
research works to study the effects of FSW process pa-
rameters such as tool rotational speed, linear speed, axial
force and tilt angle on material flow, microstructure for-
mation and mechanical properties of friction stir welded
joints of metals and composites [7–13]. PP composites
have already been joined by some of the welding or bond-
ing techniques [6, 14, 15], but there is still a serious lack
of published report regarding FSW of these composites.
It is therefore believed that FSW of PP composites de-
serves more investigation. Schematic view of friction stir
welding process is shown in Figure 1 [16].

Polymeric materials offer benefits in comparison to
metals and ceramics. Polymers have relatively good phys-
ical and mechanical properties, low density, resistance
to chemical materials and reasonable prices, but their
strength and temperature range are low [17, 18]. To in-
crease their strength a reinforcing material in the form of
polymer, metal or ceramic components is usually added
to them. Composites are materials that are composed of
combinations of two or more different materials which will
have better properties and wider applications [19,20]. Im-
portant advantages for the composites that can be named
are: high mechanical strength to weight ratio, corrosion
resistance, excellent fatigue properties than metals, good
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Fig. 1. Schematic of friction stir welding process [16].

thermal insulation properties and rigidity against certain
forces [21]. Some composites including fiber reinforced
polymer composite (FRPC), especially glass fiber and car-
bon fiber composites can be used in the body of the air-
crafts, ships and automobiles [22].

Researches done by Yosefpour et al. [6] indicate that
FSW is a suitable method for welding thermoplastic com-
posites. Scialpi et al. [23] used titanium tool for FSW of
PP extruded sheets and compared it with that of common
welding methods such as hot gas welding and extrusion.
They concluded that mechanical properties of the welds
and the welding speed of FSW are higher than the other
two methods. Buffa et al. [24] reported that in FSW pro-
cess, a defect free weld will result only through creating
appropriate heat and friction.

Zoltan Kiss et al. [25] used FSW for PP sheets
and investigated the effect of parameters such as rota-
tional speed, linear speed and tool geometry on the bond
strength. They concluded that the tool geometry had a
stronger effect than the other two parameters on bond
strength. Saeedi et al. [26] investigated the effect of pin
geometry on mechanical properties of polypropylene (PP)
composite welded by FSW process. Four different stir
pins including of column pin with groove, taper pin with
groove, triangle pin and triangle pin with screw thread
along with PP matrix 30% GF composite sheets were
studied. The results indicated that pin geometry had a
significant effect on weld surface appearance and tensile
strength. Also pin affects the flow of the plastic material
strongly. The best quality weld and surface appearance
and maximum strength were obtained using taper with
groove pin in compared to the other tools. The tensile
strength of the weld joint reached up to 9 which were 25%
of the base PP composite. They also studied the effect of
FSW process parameters on the mechanical properties of
PP composites and investigated the effect of parameters
such as tool rotational speed, linear speed, tilt angle on
tensile strength and hardness of PP composite welds with
30% glass fiber [13]. It was observed that the specimen

welded at the rotational speed of 630 rpm and tilt angle
of 2◦ showed the maximum tensile strength and hardness
whereas linear speeds of 8 and 16 mm.min−1 caused max-
imum tensile strength and hardness respectively.

Arab et al. [27] investigated the effects of FSW pro-
cess parameters (tool pin geometry, tool rotational speed,
work linear speed and tool tilt angle) on weld appear-
ance and tensile strength of butt joints in PP composites
with 30% GF and concluded that the tool pin geometry
had a significant influence on weld appearance and the ef-
fects of rotational speed and tilt angle on weld appearance
and tensile strength were more than that of work linear
speed. Increasing the tool rotational speed had an increas-
ing and then a decreasing effect on weld tensile strength.
The tool rotational speed of 630 rev.min−1. produced the
strongest weld. Increasing the work linear speed from 8 to
20 mm.min−1. had a decreasing effect on tensile strength.
Tensile strength of the welds increased when tilt angle was
changed from 0 to 2◦.

De Filippis et al. [28] studied the effects of different
shoulder geometries on the mechanical and microstruc-
tural properties of friction stir welded 6082 T2 aluminum
alloy in the thickness of 1.5 mm. The three studied tools
differed from shoulders with scroll and fillet, cavity and
fillet, and only fillet. The results showed that, for thin
sheets, the best joint has been produced by a shoulder
with cavity and fillet.

Ahmadi et al. [29] investigated the effect of tool
pin profile on surface appearance and tensile shear
strength of friction stir lap welds in carbon fiber rein-
forced polypropylene composites with 4 mm thickness.
Four high speed steel tools with different pin profiles of
threaded cylindrical, threaded cylindrical-conical, simple
cylindrical-conical and threaded conical were employed.
Using these tools, lap welds were made under similar con-
ditions of tool rotational speed, welding speed and tilt
angle. Specimens were prepared for tensile shear testing.
The tensile shear test results showed that the threaded
cylindrical-conical tool produced a weld without any
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surface porosity and voids so better surface appearance
and higher tensile shear strength in comparison to other
tools. They also [30] studied the effects of important
friction stir welding process parameters such as tool
rotational speed, welding speed, tilt angle and tool pin ge-
ometry on tensile shear strength of lap joining polypropy-
lene composite plates having 20 wt% glass fiber using
the Minitab software and the Taguchi method of de-
sign of experiments. The results indicated that the ten-
sile shear strength was maximum when rotational speed,
welding speed, tilt angle and tool pin geometry were
1000 rev.min−1, 20 mm.min−1 and 1◦ respectively with
threaded cylindrical-conical tool. Analysis of variance was
performed to calculate the percentage of contribution of
each factor on tensile shear strength. It was found that,
the rotational speed, welding speed, tool pin geometry
and tilt angle were significant factors respectively.

Bilici [31] studied the effects of friction stir spot weld-
ing parameters (dwell time, tool plunge depth and tool
rotational speed) on PP sheet weld strength with the help
of the Taguchi method. It was found that, all the parame-
ter were effective on joint strength of PP friction stir spot
welds with the dwell time being the dominant parameter
and the tool rotational speed the least important one.

Iuri Boromei et al. [32] studied the effect of the Fric-
tion Stir Welding process on the microstructure and im-
pact toughness of the two compositesW6A20A (AA6061
reinforced with 20vol.% of Al2O3 particles) and W7A10A
(AA7005 reinforced with 10vol.% of Al2O3 particles). The
results showed that FSW, because of the concurrent effect
of severe plastic deformation and frictional heating during
welding, had effects both on the reinforcing particles and
the aluminum matrix. It induced a significant reduction
in the reinforcement particles size and their better distri-
bution in the welded zone as well as a grain refinement
of the aluminum alloy matrix in the nugget due to dy-
namic recrystallization. The frictional heating, moreover,
had effects on the growth, dissolution and re-precipitation
of hardening precipitates. The impact tests showed that
the total impact energies increased in the FSW compos-
ites, respect to the corresponding base materials.

In this study, the influence of different parameters
such as tool rotational speed linear speed and tilt angle on
mechanical properties such as tensile strength and Izod
impact of two types of polypropylene composite plates
with 30% glass and 30% carbon fiber with 5 mm thick-
ness have been investigated. The best tool pin geometry
used in this study was obtained using the threaded taper
pin with chamfer according to the previous research [33].

2 Experimental procedures

2.1 Material

To reach to above purpose, two different types of PP
composite plates with 30% random chopped short glass
fiber (GF) and chopped short carbon fiber (CF) and
100 mm × 50 mm × 5 mm size were used as the par-
ent material. The length of the glass and carbon fiber

Fig. 2. Worm shoulder tool with threaded tapered and cham-
fered pin [33].

was about 0.2–0.3 mm. Characteristics of the samples and
tools are given in Tables 1 and 2, respectively.

The tools material was a heat treated steel having a
threaded taper pin with chamfer as shown in Figure 2.
The pin of the tool had a diameter of 5 mm and was
4.8 mm long. A 15 mm diameter shoulder was used. The
decision on tool geometry selection was taken on the basis
of a previous work [33].

2.2 Welding procedure

After fixing the plates in position by using mechanical
clamps butt joint welding along the length of the plates
was done. Single pass welding procedure was employed to
make the joints using the values of the process parameters
given in Table 3. Welding was carried out by using the one
factor at a time method.

Design of experiments was done using the Taguchi de-
sign method because it is a simple and robust technique
for optimizing the welding parameters [34]. The L16 ma-
trix with this method is shown in Table 4.

2.3 Measurement of tensile strength and Izod impact

After welding specimens according to ASTM
D3039 [35] were prepared for tensile tests to determine
their ultimate tensile strength as shown in Figure 3.
The tensile tests were carried out Zuker tensile machine.
Impact test of the welds was done using Resil impactor
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Table 1. Characteristics of the samples.

Matrix Fiber Percent of Ultimate strength Elongation Impact strength
(Base) type fiber (%) (MPa) (%) (kJ.mm−2)

PP Short glass fiber 30 31 3.2 10.65
PP Short carbon fiber 30 28 5.6 6.91

Table 2. Chemical composition (% wt.) of the tools.

Fe C Si Mn P Cr Ni Cu V S
Base 1.72 0.59 0.36 0.024 9.98 0.07 0.036 0.049 0.027

Table 3. Range of friction stir welding parameters for both GF and CF composites.

Rotational speed Linear speed Tilt angle Type of fiber
(rpm) (mm.min−1) (degree) (G or C)
1250 8 3 Glass
1600 12 4 Carbon
2000 16 5
2500 20 6

Fig. 3. Standard tensile test specimen geometry and dimen-
sions (mm).

Fig. 4. Geometry of the Izod V-notch impact specimen (mm).

machine according to ISO 180 [36]. Figure 4 shows
the geometry of the Izod impact specimen used in this
investigation.

3 Results and discussion

Figures 5–8 show the effect of FSW process parame-
ters on tensile strength of the joints. Figure 9 shows the
effect of FSW process parameters on impact strength of
the joints. Table 5 also shows the value of friction stir
welding parameters and tensile and impact strength. At-
tending to Figures 5–9 and Table 5, the following results
are obtained.

3.1 Tensile strength results

Figure 5A shows the influence of tool rotational speed
on tensile strength of the joints. In this case, linear
speed and tilt angle were kept constant. When rotational
speed increased; the tensile strength increased and then
decreased. The tensile strength reached the maximum
value of about 10.7 MPa at the tool rotational speed of
2000 rev.min−1 (Table 5). When the rotational speed was
less than 2000 rev.min−1, wormhole at the retreating side
of the weld was observed which could be due to insuffi-
cient heat generation and insufficient matrix transporta-
tion [37]. Wormhole is a type of defect which usually oc-
curs in FSW when the ratio between the welding speed
and the tool rotational speed are too high or too low. This
defect is shown in the weld zone of one sample by some
arrows (Fig. 6) [38]. Tunnel defect may occur at high or
low tool advance per revolution. Defect location depend is
dependent on the material being welded and the welding
locations. However, this defect is not normally visible on
the surface. It is observed that tunneling and all other de-
fects in FSW occur due to improper selection of welding
process parameters (Fig. 7) [39]. As shown in Figure 5A,
when the rotational speed was more than 2000 rev.min−1,
tunnel defect was observed which may be attributed to
excessive turbulence caused by higher rotational speed.
Therefore at the rotational speed of 2000 rev.min−1 spec-
imens had the highest tensile strength.

Figure 5B illustrates the effect of linear speed on ten-
sile strength of the welds. Here, rotational speed and tilt
angle were kept constant. When linear speed increased,
the tensile strength started decreasing. Maximum tensile
strength of about 10.7 MPa was obtained at the linear
speed of 8 mm.min−1. When the linear speed was in-
creased from 8 to 20 mm.min−1, void defects were ob-
served due to excessive heat input per unit length of
the weld and no vertical movement of the material (see
Fig. 8). When the welding speed was increased, tunnel
defect at the bottom of the weld in the retreating side
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Table 4. Range of friction stir welding parameters according to DOE.

Number of Rotational speed Linear speed Tilt angle Type of fiber
experiments (rpm) (mm.min−1) (degree) (G or C)

1 1250 8 3 Glass
2 1250 12 4 Glass
3 1250 16 5 Carbon
4 1250 20 6 Carbon
5 1600 8 4 Carbon
6 1600 12 3 Carbon
7 1600 16 6 Glass
8 1600 20 5 Glass
9 2000 8 5 Glass
10 2000 12 6 Glass
11 2000 16 3 Carbon
12 2000 20 4 Carbon
13 2500 8 6 Carbon
14 2500 12 5 Carbon
15 2500 16 4 Glass
16 2500 20 3 Glass

Fig. 5. (A) Effect of rotational speed (B) linear speed, (C) tilt angle and (D) fiber type on tensile strength.

was observed due to insufficient heat input caused by in-
adequate flow of matrix. Hence by increasing the linear
speed; the tensile strength decreased slightly. Therefore
as shown in Figure 5B, the linear speed does not have
much effect on the tensile strength of the welds.

The effect of tilt angle on tensile strength of the welds
is given in Figure 5C. Here, rotational and linear speeds
were kept constant. By increasing the tilt angle, the ten-
sile strength started to increase. The specimen welded
at 6◦ of tilt angle showed the highest tensile strength of

about 10.7 MPa. When the tilt angle was 3◦, tunnel and
crack like defects at the middle of the weld cross section in
the retreating side were observed because of insufficient
vertical and horizontal flow of the material. At the tilt
angle of 6◦, movement of the tool forges the material into
the weld zone and causes the holes and porosities to be
filled. Therefore when the tilt angle is increased from 3◦
to 6◦; the tensile strength increases but at different rates.

Figure 5D shows the effect of type of fiber on tensile
strength of the welds. As shown in Figure 5D, the tensile
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Fig. 6. Wormhole defect.

Fig. 7. Tunnel defect in stir zone.

Fig. 8. Voids defect.

strength of the weld is higher when glass fiber (code 1 in
horizontal axis) is used as the reinforcing material com-
pared to when carbon fiber (code 2 in horizontal axis) is
used.

3.2 Impact strength test results

Figure 9 shows the effect of FSW process parame-
ters on impact strength of the joints. Figure 9A shows
the influence of tool rotational speed on impact strength
of the joints. Here, linear speed and tilt angle were kept
constant. When rotational speed increased; the impact
strength increased. The impact strength reached the max-
imum value of about 4.12 kJ.mm−2 at the tool rotational
speed of 2500 rev.min−1. When the rotational speed was
less than 2500 rev.min−1, wormhole at the retreating side
of the weld was observed which could be due to insufficient
heat generation and insufficient matrix transportation.

The linear speed influence on impact strength of the
welds is shown in Figure 9B. Here, rotational speed and
tilt angle were kept constant. Similar to the specimens
tested for tensile strength, in this case also; increasing

the linear speed decreased the impact strength. Maxi-
mum impact strength was obtained at the linear speed
of 8 mm.min−1. When linear speed increases from 8 to
20 mm.min−1, because of loss of fiber on the surface of
weld and formation of tunnel defect at the bottom of the
weld in the retreating side due to insufficient heat in-
put caused by inadequate flow of matrix impact strength
decreased.

Figure 9C shows the effect of tilt angle on impact
strength of the welds. Here, rotational speed and speeds
were kept constant. When tilt angle increased, the im-
pact strength increased and then decreased. The speci-
mens welded at 5◦ of tilt angle showed the highest impact
strength of about 4.12 kJ.mm−2.

Figure 9D shows the effect of type of fiber on impact
strength of the welds. As shown in the figure glass fiber
has more influence on impact strength due to its more
mechanical properties and better distortion in the field.

As seen from Figures 5B, 9B and 5D, 9D; the effects
of tool tilt angle and type of fiber on tensile strength and
impact strength of the welds are almost the same.

4 Conclusions

In this paper, PP based composite plates with 30%
short glass fiber and 30% short carbon fiber were welded
using FSW process. The effects of tool rotational speed,
linear speed tilt angle and type of fiber on tensile strength
and Izod impact of the welds were investigated exper-
imentally. Due to reducing number of experiments and
prices, Taguchi method was done. The results indicated
that:

– Among the design of experiment parameters, type of
fiber has the most effect on tensile strength and then
linear speed, rotational speed and tilt angle are the
significant parameters on tensile strength respectively.

– Also among the design of experiment parameters,
type of fiber has the most effect on impact strength
and then rotational speed tilt angle and linear speed
are the significant parameters on impact strength
respectively.

– For GF composites the specimen welded at the rota-
tional speed of 2000 rpm, linear speed of 8 mm.min−1

and tilt angle of 6◦ showed the maximum tensile
strength.

– For CF composites the specimen welded at the rota-
tional speed of 2500 rpm, linear speed of 8 mm.min−1

and tilt angle of 6◦ showed the maximum tensile
strength.

– Also the maximum impact strength occurred at
the rotational speed of 2500 rpm, linear speed of
8 mm.min−1 whereas tilt angle of 5 and 6◦, caused
maximum impact strength for GF and CF composites
respectively.
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Table 5. The value of friction stir welding parameters, tensile and impact strength.

Number of Rotational speed Linear speed Tilt angle Type of Tensile strength Impact strength
experiments (rpm) (mm.min−1) (Degree) fiber (MPa) (kJ.mm−2)

1 1250 8 3 Glass 7.4 2.84
2 1250 12 4 Glass 7.8 2.99
3 1250 16 5 Carbon 4.5 2.54
4 1250 20 6 Carbon 4.2 2.34
5 1600 8 4 Carbon 6.3 2.79
6 1600 12 3 Carbon 5.0 2.45
7 1600 16 5 Glass 8.4 3.31
8 1600 20 5 Glass 8.0 3.11
9 2000 8 6 Glass 10.7 4.12
10 2000 12 6 Glass 10.5 3.85
11 2000 16 3 Carbon 5.0 2.61
12 2000 20 4 Carbon 5.2 2.55
13 2500 8 6 Carbon 7.1 3.53
14 2500 12 5 Carbon 6.5 3.29
15 2500 16 4 Glass 7.9 3.59
16 2500 20 3 Glass 7.0 3.13

Fig. 9. (A) Effect of rotational speed, (B) linear speed, (C) tilt angle and (D) fiber type on impact strength.
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