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The variables that are effective in joining high density polyethylene sheets by friction stir welding (FSW) have been
investigated. In order to understand the effects of welding parameters, using Taguchi optimization, tool rotation speed,
feed rate, shoulder diameter and pin diameter values were selected in a wide range. The results obtained with Taguchi
optimization method were evaluated according to the highest / the best signal-noise ratio. Macro photographs taken crosssectional view taken the weld seam, SEM images and hardness measurements were used to evaluate. As a result of the
evaluation, the accuracy of the optimization was found to be approximately 96 %. As a result, feed rate and shoulder
diameter were determined as the most effective parameter affecting the welding quality and welding performance. These
two parameters (shoulder diameter and feed rate) have found to effect of approximately 65 % on tensile strength, weld
quality and hardness. Finally, it has obtained that the most effective welding parameter was the shoulder diameter with
40.81 %.
Keywords: friction stir welding (FSW), shoulder-pin diameter, tensile strength, ANOVA analysis, optimization, welding
of polymer.

1. INTRODUCTION∗

with each other. If the shoulder and tip diameter are
compatible with each other, it will have a positive effect on
weld quality and stitch area [13].

Friction stir welding (FSW) is a solid state welding
method that was first discovered in 1990 by the TWI
institute and was first applied to aluminum parts. The
problems encountered in joining aluminum sheets with
conventional welding methods were solved by FSW method
[1]. This method was first applied to aluminum sheets and
have now found application in magnesium, titanium,
copper, brass, low carbon steel, stainless steel, aluminum
matrix composite materials and plastics [2 – 10]. Since
welding is done in such a wide range of materials, the usage
area is increasing day by day in the industry. Low energy
consumption, no smoke (environmentally friendly), no
light, no additional wires, no distortion in the welding are
the most important reasons for using this welding [6]. The
factors affecting the welding quality [11], welding
performance and formation of the weld in friction stir
welding are grouped in Fig. 1.
These factors must be compatible with each other
during welding. In order to achieve the friction mixing
welding successfully and to obtain optimum strength values,
it is necessary to generate the necessary heat and to spread
this heat homogeneously in the welding seam direction. The
formation of heat during welding varies depending on both
welding parameters and tool geometries [11, 12]. During
welding, heat is provided by the shoulder part of the welding
tool and the pin. Pin is mixed the material and the shoulder
presses the mixed material to keep it in the welding zone.
Therefore, the tool geometry / design must be compatible

Friction stir welding process variables

Machine parameters

Rotation speed
Feed rate
Tilt angle

Welding tool parameters
Shoulder
diameter
Shoulder topology

Materials properties

Mechanical
Thermal

Pin diameter

Plunge depth
Pin shape
Pin length

Fig. 1. Factors affecting friction stir welding

The important thing here is to produce some heat. The
material mixed due to excessive heat in the welding zone
cannot be controlled. Therefore, burr formation occurs. No
matter how much pressure the mixed material exerts from
the shoulder to the welding area, the material comes out. If
the material in the nugget zone is removed, the welding
strength will decrease and the seam will deteriorate [12, 13].
When the ratio between the shoulder diameter and the pin is
less than the critical value, insufficient penetration occurs in
the welding zone, when large, the formation of burrs due to
excessive heat and discontinuities in the seam area occur. If
the ratio between the shoulder diameter and the pin diameter
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is achieved correct, this time we need to select the correct
machine parameters. Although the heat is generated by the
shoulder and the pin, the rotational speed of the welding tool
and the feed rate advance also aid in heat generation [13].
Producing heat and distributing this heat uniformly
throughout the weld seam; shoulder, pin, tool rotation speed
and feed rate are needed compatible with each other. If the
feed rate is high, it will cause discontinuities and gaps in the
weld seam, and if it is in slow contact with the weld seam,
material overflow and burr formation will occur. Therefore,
the speed of the welding tool and the feed rate must be
conformed [14].
In this study, ANOVA analysis was performed with
taguchi optimization in order to determine the effect of
parameters used in friction mixing welding on welding
strength and estimated welding strength values that can be
obtained according to welding parameters. Weld joint were
evaluated with tensile test, SEM and macro image, shore-D
hardness measurements for initial and optimal weld
parameters.

SEM device was used to observe the structural changes in
the welding area. Shore-D hardness measurements were
made according to ASTM D2240 standard and changes in
welding regions were observed [18]. In general, the
hardness value of the welding regions was obtained by
applying the pricking needle for 15 seconds after the sample
was placed on a flat surface. Shore hardness value has no
unit, it is dimensionless.
Table 1. Factors and variables affecting FSW
A
Shoulder
diameter,
mm
14
16
18
20

B
Shoulder
diameter/pin
diameter ratio, D/d
3.0
3.5
4.0
4.5

C
Tool
rotation
speed, rpm
600
900
1100
1500

D
Feed rate,
mm/min
20
30
40
50

Table 2. Experimental conditions with taguchi optimization
Experimental conditions

2. EXPERIMENTAL PROCEDURE
The purpose of the experimental design – the best
results in the problems encountered in any process and
determining the performance characteristics and examining
the factors affecting this feature. Therefore, the
experimental design was used to examine the effective
factors in FSW. In this way, the experimental conditions is
created according to the effective factors in the friction stir
welding to be made. Experimental design and analysis were
determined by ANOVA analysis using Taguchi method
[15, 16]. Factors and variables affecting FSW are given in
Table 1. With these weld variables Taguchi 4 variables and
4 factors (4x4), L16 source conditions were created [15, 16].
Table 2 shows the welding conditions created by the
determined experimental design. Five welds were
performed under the specified welding conditions. In this
study 4 mm thick high density polyethylene (HDPE) sheets
were used. High density polyethylene (HDPE) sheets were
purchased from SIMONA AG, Germany (Tensile stress
22 MPa). High density polyethylene sheets of 60 × 150 mm
and 4 mm thickness were prepared for FSW experiments.
As it can be understood from the welding variables given in
Table 1 and the test conditions in Table 2, 16 different
welding tool were manufactured from SAE 1050 tool steel
and heat treated to a hardness of 40 HRC. The pin length
and shoulder angle of these tools were kept constant. Only
the shoulder diameter and pin diameter were changed. In all
experiments, the depth of shoulder penetration was 0.2 mm
and kept constant for 20 seconds after dipping 0.2 mm.
Welding operations were performed on a universal milling
machine with numerical control. For the linear progression
of the welding process and the fixing of the parts, the
fastening die was designed and manufactured. Thanks to
this mold, all welding operations have been carried out as
standard. The photograph of the fixing mold is shown in
Fig. 2. Tensile tests were carried out according to the
standard test method for tensile testing of ASTM D638
Plastics [17]. Welded specimens were tested on an Instron
machine at a constant speed of 5 mm/s. Tensile test results
were calculated by averaging five samples. FEI SIRION

Experiment
number

Shoulder
diameter,
mm

Shoulder
diameter/pin
diameter ratio

Tool
rotation
speed, rpm

Feed
rate,
mm/min

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16

14
14
14
14
16
16
16
16
18
18
18
18
20
20
20
20

3.0 (4.66)
3.5 (4.00)
4.0 (3.5)
4.5 (3.11)
3.5 (4.47)
3.0 (5.33)
4.5 (3.55)
4.0 (4.0)
4.0 (4.5)
4.5 (4.0)
3.0 (6.0)
3.5 (5.14)
4.5 (4.44)
4.0 (5.0)
3.5 (5.71)
3.0 (6.66)

600
900
1100
1500
1100
1500
600
900
1500
1100
900
600
900
600
1500
1100

20
30
40
50
40
50
20
30
50
40
30
20
30
20
50
40

Fig. 2. A properly designed clamping fixture

3. RESULTS
Five weld joining were made under 16 different test
conditions given in Table 2. Fig. 3 is a view of the weld
sample after being joined. As shown in the Fig. 3, the welds
were completed any without deformation.
As long as the welding tool continues in the direction of
advancement under favorable conditions, there is no
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problem. Only a hole is created at the welding end point.
Tensile test results, mean squares deviation (MSD) and the
highest-best evaluation method using the signal to noise
ratio (S/N) was obtained. Taguchi uses S/N ratio to measure
the quality characteristic deviating from the desired value
[15, 16]. The S/N ratio is defined as:

In this graph, the parameters affecting the weld tensile
strength were evaluated among themselves and the
signal/noise ratios of each parameter were substracted. For
example, there is a linear increase in D/d ratio, tool rotation
speed and feed rate, then a decrease, the point at which the
decrease begins is critical for the welding conditions.

S/N = -10 log (MSD),

Table 4. Average of standard deviation rates of welding tests

(1)

where MSD is the mean square deviation for the output
characteristic [15, 16]. Mean square deviation (MSD):
1

𝑀𝑀𝑀𝑀𝑀𝑀 = ∑𝑛𝑛𝑖𝑖=1.

1

Symbol

(2)

A

where n is the number of tests and Ti is the value of weld
strength of the ith test.

B

𝑛𝑛

𝑇𝑇ᵢ2

,

C
D

Welding
parameters
Shoulder
diameter, mm
Shoulder
diameter/pin
diameter ratio
Tool rotation
speed, rpm
Feed rate,
mm/min

Average S/N ratio, dB
Level 1 Level 2 Level 3 Level 4
19.84

20.00

18.15

21.15

19.24

18.97

20.70

20.22

19.65

20.22

20.48

18.79

19.45

20.20

20.76

18.72

Fig. 3. Image of friction stir welding
Table 3. Tensile strength and signal to noise ratios (S/N)
Test
number
1
2
3
4
5
6
7
8

Tensile
strength,
MPa
11.10
8.65
11.70
8.26
11.20
7.03
8.36
15.20

S/N
ratio,
dB
20.91
18.74
21.36
18.34
20.98
16.94
18.44
23.64

Test
number
9
10
11
12
13
14
15
16

Tensile
strength,
MPa
6.38
9.32
9.41
7.61
8.88
11.00
14.98
11.60

S/N
ratio,
dB
16.10
19.39
19.47
17.63
18.97
20.83
23.51
21.29

Fig. 4. Mean S/N ratio effect of weld tensile strength [19]

Sudden drop values are very important in terms of
results. In addition, we can understand that all source
variables can be realized above the average S/N value
(19.8 dB).
The effect of welding parameters on weld tensile
strength in pairs by using average S/N values is shown in
Fig. 5. The black regions in the graphs show the tensile
strength regions above 15 MPa. In these graphs, since the
other parameters are neglected, only the joint effect of the
two weld parameters is understood. From these graphs,
detailed information about optimum welding parameters
can be obtained. When the black regions are evaluated, it
becomes clear that each parameter should be within certain
ranges. For example, when the binary diagrams are
examined for optimum values of shoulder diameter, it is
seen that they are in the 18.2 – 20.0 mm range in Fig. 5 a, c
and f. The tool rotation speed is in the range
1030 – 1350 rpm in Fig. 5 b, c and e and in feed rate
25 – 35 mm/min. must be selected in Fig. 5 d, e and f.
The high welding strength and welding performance is
achieved if suitable combinations are provided between the
welding parameters. Accurate determination of weld
parameter levels can only be done using variance analysis.
Analysis of variance (ANOVA) is obtained by calculating
the signal to noise (S/N) ratios by separating the total
variability. To find out which welding parameters are

Taguchi analysis was performed on the MINITAB 17
program according to the highest-best evaluation method
[19]. The S/N ratios obtained as a result of the analysis made
with the MINITAB program are shown in Table 3.
Basically, analysis of variance rates the variability
between groups (differentiation-variance) to the variability
between source variables (differentiation-variance). The
purpose of the analysis is to determine whether the variation
between the welding variables is greater than the variation
between the weld strength. For example, the average S/N
ratio for shoulder diameter at levels is calculated by
averaging the average S/N ratios for 1, 2, 3, and 4
experiments. 1 – 4, 5 – 8, 9 – 12 and 13 – 16, respectively.
The first line of table 4 shows the average S/N ratio for each
level of the welding the parameters [15, 16].
In Table 4, the average of S/N ratio of the sixteen tests
obtained for the tensile strength results was calculated as
19.8 dB. For tensile strength, the S/N result graph (Fig. 4)
was plotted using the results given in Table 4. The dotted
line shown in the figure is the average of the S/N values
obtained from the experiments (19.8 dB) [19].
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significant, the quality test is examined with the F test
named Fisher. In the Fisher test, when F > 4, it means that
the welding parameters have a significant effect on the
quality property [15, 16].

value from the S/N graph (Fig. 4) as the initial parameter
(A2B4C2D2). For optimum welding conditions, the highest
values of the S/N graph were taken (A4B3C3D3). Since the
initial and optimum welding conditions were not in the
sixteen tests, tensile strength and S/N values were
determined by performing five tests in these conditions.
Estimated evaluation for initial and optimum welding
conditions was performed in the MINITAB 17 program. As
a result of the estimated evaluation, it was determined that
tensile strength of 17.30 MPa would be obtained in Table 6.
In the experimental studies conducted under these
conditions, weld strength was found to be approximately
16.20 MPa. There was no significant difference between the
estimated and the experimental weld strength results. As a
result, it has been determined that tensile strength will
increase when suitable welding conditions are selected.
Table 5. Analysis of variance (ANOVA) results and welding
parameters effect rates

A

B

C
D

Welding
parameters
Shoulder
diameter
Shoulder
diameter/pin
diameter
ratio, D/d
Tool rotation
speed
Feed rate
Error
Total

Degree of
freedom

Sum of
F
squares value

Effect
ratio, %

3

13.35

6.00

40.81

3

5.72

2.94

17.49

3

4.06

2.10

12.42

3
3
15

8.16
1.42
32.71

4.27
0.77

24.93
4.34
99.99

Table 6. Confirmation test results

Fig. 5. ANOVA analyses, the optimal welding parameters for
tensile strength [19]

Initial weld
conditions
(Experimental)

As a result of the ANOVA analysis, the effects of
welding parameters on FSW are given in Table 5. Table 5
clearly demonstrates the effect of welding variables on the
welding strength in percentage. When we examined the
Table 5, it was found that the highest effect was shoulder
diameter with 40.81 % and the tool rotation speed was the
lowest with 12.42 %. Also, looking at the f value, two
parameters were obtained great than 4.
Shoulder diameter and feedrate are the most important
welding parameters. Because F values have been obtained
6.00 and 4.27 respectively. When F value is considered, the
fact that the two parameters are above 4 makes the two
parameters indirectly effective. If F is less than 4, we can
understand that this factors are insignificant. Because of
these results, two parameters should be emphasized and
concentrated. Evaluations are made by taking the optimum
values for the other two parameters. In Fig. 5, we can select
the most suitable welding parameters in more detail to
obtain weld strength above 15 MPa. S/N and ANOVA
results were very close to each other. Confirmation
experiments were performed to confirm S/N results and
ANOVA analyzes. From the S/N graph, the welding
conditions with the highest dB values were selected from
Fig. 4. Confirmation experiments were carried out under
shoulder diameter 20 mm, D/d ratio 4, tool rotation speed
1100 rpm and feed rate 40 mm/m. It was determined by
selecting welding conditions just above the average S/N

Welding conditions
levels
Weld strength, MPa
Calculated S/N
oranı, dB

Optimum weld conditions
Predicted

Experimental

A2B4C2D2

A4B3C3D3

A4B3C3D3

11.60 MPa

17.30 MPa

16.20 MPa

21.29 dB

28.67 dB

27.73 dB

In Fig. 6, the cross-sectional view taken and the regions
of the SEM images taken are shown. The friction stir
welding consists of three main regions. These regions are
composed of nugget zone, thermomechanically affected
zone and base material. Based on the results obtained in the
evaluation of the optimization, SEM images were taken
from the experiments with the initial parameter and the
prediction parameters.
SEM images of the nugget zone are shown in Fig. 7.
SEM images taken from joints made with the initial
parameters and experimental parameters are given in
Fig. 7 a and b, respectively. The most obvious difference
between the initial parameter and the experimental
parameter as can be clearly seen from the SEM image, it is
the formation of too much circulation movement in the
nugget zone.
In the nugget zone, too much circulation has occurred
because the tool has been left for too long and the feed rate
is slow. Circulation occurred in the nugget zone because the
tool was left too long and the feed rate was low. Due to these
situations, excessive temperature and material overflow
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occurred in the nugget zone. Therefore, the strength values
are low. Unless the welding parameters are compatible with
each other, as seen in Fig. 7 a regular structure does not
occur in the nugget zone.

base material of joining under initial conditions. Because
with excessive contact of the welding tool to the material in
the nugget zone during welding has caused mechanical
scission here.
Table 7. The Shore-D hardness values of the initial and prediction
parameters
Experimental parameters
Initial parameters

3
53
52

2
56
48

1
52
47

2
54
49

3
52
53

Fig. 6. The cross-sectional view taken and the regions of the SEM
images: 1 – nugget zone; 2 – thermomechanically affected
zone; 3 – base material

a

a

b

Fig. 8. SEM images of thermomechanically affected zone in the
FSW: a – initial parameters; b – experimental parameters

b

The mechanical cleavage that occurred in excessive
heat generation has affected both the weld strength and the
hardness here. In welding performed under experimental
parameters, the welding tool did not remain in much contact
in the nugget zone due to the ideal feed rate and tool rotation
speed. Therefore, nugget zone heat and TMAZ heat have
occured ideally in the welding direction. Because the
hardness difference here occurred as a result of obtaining
enough heat and distributing this heat homogeneously in the
direction of welding. When the hardness changes in the
initial and experimental conditions are examined, it is seen
that different the hardness value in the weld regions are
realized.
The basic condition in friction stir welding is heat
generation and keeping this heat in the weld zones in a
uniform manner both with the welding tool and with the
welding parameters and to ensure its spread. If these
conditions are provided, it is clearly seen that the hardness
in the nugget zone increases from 47 to 53 shore-D
hardness. In addition, the hardness changed occurred more
in the TMAZ zone. The hardness increased from 48 to 56
shore-D value. There was no change in the hardness of the
welds made in the initial parameters. Here, the mechanical
scission started and continued. It shows that in welds in
experimental parameters, heat is provided along the weld
line without mechanical scission. In this way, the increase
in hardness value was inevitable and ideal joining was
achieved. When the optimization results are examined, it is
seen that ideal joining will be achieved as a result of the
most suitable welding conditions. In order to obtain the ideal
heat and control the temperature, it has been revealed that it
is affected by about 60 % tool design and 40 % welding
parameters. At the same time, these conditions affect the
hardness values. It has been determined that the welding
seam is formed flawlessly provided that the appropriate
conditions are provided.

Fig. 7. SEM images of the nugget zone in the FSW: a – initial
parameters; b – experimental parameters

In Fig. 7 b, the structure in the nugget zone has become
more orderly since the welding conditions are more
favorable. Since there is no excessive fluctuation in the
nugget zone, the highest welding strength is obtained. The
most important reason for this is the appropriate selection of
welding conditions. The rate of feed rate increases with
respect to the initial parameter and excessive heat does not
occur.
Thermomechanically affected region are directly
affected by the adverse effects occurring in the nugget zone.
Excessive heat in the nugget zone, excessive melting of the
material and improper feed rate affect. In Fig. 8 a, when the
structure is examined, there is a lot of structure irregularity
due to the stirring effect. Once the material in the nugget
zone has melted, it is necessary to move the material along
the welding seam at the appropriate feed rate. When the feed
rate is not selected properly, excessive heat generation or
insufficient penetration, discontinuity occurs.
In Fig. 8, the SEM image of the thermomechanically
affected region of the weld made is given. Due to the low
advance speed of the welding set, a very irregular and wavy
structure was formed in the ingot area (Fig. 8 a). In addition,
small shoulder diameter and material overflow led to these
results. The welding parameters here are close to the
average S/N value.
When welds made with the first parameter and optimum
parameters are examined the structure, the differences
arising from the welding set and welding parameters can be
clearly seen (Fig. 8 a and b). The structure in Fig. 8 b shows
that fluctuation and mixing are more homogeneous. In such
a structure, high welding strength and weld performance are
always obtained.
The hardness values of the weld measured on the crosssectional view surface are given in Table 7. Three hardness
values were taken from each region along a line. Their
average is given in the Table 7. Considering the hardness
values, the hardness of the nugget zone was lower than the

4. CONCLUSIONS
The friction stir welding process of high density
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polyethylene sheets has been successfully combined.
Evaluations were made using Taguchi optimization and
ANOVA analysis. Shoulder diameter has been determined
as the most important factor affecting weld tensile strength
and weld properties at a rate of approximately 40.81 %.
Among the parameters selected for friction stir welding, it
has been determined that the most weld quality and highest
tensile strength will be obtained in welding conditions with
shoulder diameter of 20 mm, D/d ratio 4, tool rotation speed
1100 rpm and feed rate 40 mm/min. This result has been
confirmed both experimentally and by estimation method.
Thanks to optimization, tensile strength increased by
approximately 30 % and hardness values increased by
approximately 15 %. From the Anova analysis, it was found
that shoulder diameter and feed rate had an effect of
approximately 60 % on the joining process. In addition, the
importance of the selection of these two parameters in
polyethylene friction stir welding has become clear. When
feed rate – tool rotation speed is selected at the lowest and
highest values, it has been observed that it has a negative
effect on tensile strength, weld quality and hardness values.
The accuracy of optimization and anova analysis should be
95 % to 100 %. 5 % error rate is acceptable. In our study,
this rate was obtained 96 %.
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