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Abstract

The increasing use of polymeric materials, especially in structural applications, has created a demand for larger and more
complex parts that must fulfill several requirements. Although polymers have high processability, properties such as low
melting temperature, thermal conductivity, diffusion capability, and wettability, together with a wide variety of grades and
mixtures, render the production of adequate welds difficult. Among the many polymeric welding processes, one of the most
recent ones is friction stir welding, which is based on the heating and mixing of materials resulting from the friction between
a rotating non-consumable tool and base material. Therefore, in the present study, the integrity of friction-stir-welded poly-
carbonate plates was investigated, and the welding parameters, tool pin profile, and temperature were correlated with the
mechanical behavior of the welded joint. Welding was successfully performed, and a maximum ultimate tensile strength of
34 MPa was achieved with the conical pin profile. Increased friction played an important role in the mixing and maintenance
of the plate thickness at the welding section. By plotting the ultimate tensile strength relative to the ratio of the rotation and
transverse speed, it was possible to determine the optimum polycarbonate FSW parameters for each tool.
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1 Introduction

Polymer processing by welding presents significant chal-
lenges. Properties such as low superficial energy and wet-
tability are problematic when traditional welding techniques
based on melting and material addition [1] are applied.
Depending on the heat source characteristics, adequate
fusion control is difficult because of low thermal conductiv-
ity, melting, and degradation temperatures, which can result
in discontinuities, such as a lack of fusion at the interface
[2]. Furthermore, the same polymeric grade can have dif-
ferent molecular weights, additives, and processing routes,
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which may lead to differences in important properties such
as the melt flow index of the material. These features com-
plicate the production of large polymeric structures with
high productivity. This can be overcome by developing
new processes such as friction stir welding (FSW), which is
based on the use of a rapidly rotating non-consumable tool
that is inserted into a rigidly fixed plate. After insertion, this
tool is moved along the plate to heat and mix the material,
thereby promoting joining without melting. FSW generates
a lower heat input, which promotes fewer distortions, and
prevents discontinuities such as solid inclusions. The lower
energy consumption and higher productivity owing to the
easy automation also render it an economically competitive
process [3].

According to Pires et al. [4] and Commin et al. [5],
although FSW was developed for the welding of low-den-
sity metals, such as aluminum and magnesium, its use has
been expanded to other materials, such as carbon steel [6],
high carbon steel [7], and stainless steel [8], with satis-
factory results. Additionally, FSW has been successfully
used as a processing tool, known as friction stir process-
ing, to improve material properties by microstructural
modification, alloy addition, and composite production
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[9]. Mirjavadi et al. [10] evaluated the performance of
composites produced by TiO, nanoparticle addition in a
metallic substrate (AAS5083). Qiao et al. [11] investigated
the mechanical behavior of composites produced by ZrO,
addition in a magnesium matrix. In addition, Doniavi et al.
[12] evaluated the mechanical properties of polycarbonate
matrix composites with aluminum oxide nanoparticles.

In the field of polymeric materials, several efforts have
been made by researchers to understand and overcome the
challenges associated with the FSW of polymers. Similar
to solid-state welding, the most important phenomenon
is diffusion, which is complicated by the macromolecular
nature of polymers [13] [14]. The entangled macromo-
lecular structure of the polymers has a diffusion coefficient
magnitude of approximately 107'® m%s, different from that
of metallic alloys, which have a diffusion coefficient of
approximately 107> m?/s [15]. Nevertheless, promising
results have already been obtained in the FSW of poly-
meric materials. For example, Panneerselvam and Lenin
[16] obtained adequate mechanical properties by joining
nylon 6 using FSW with a tool equipped with a threaded
pin. Hoseinlaghab et al. [17] also achieved satisfactory
results by obtaining properties similar to those of the
base material used for welding high-density polyethyl-
ene. These results have prompted research studies on the
relationship between the mechanical behavior and process
parameters (transverse and rotation speeds and tool pin
geometry) of the weld, which have not yet been completely
explained.

The present study aimed to investigate the application of
FSW to polycarbonate sheets. The effects of tool rotation and
transverse speed during on-plate welding were investigated
using cylindrical and conical tool pin profiles. Temperature
data were obtained, and morphological analyses and tensile

Fig. 1 Friction stir welding tool

tests were performed to obtain the optimum parameters for
material welding.

2 Materials and methods

Commercial polycarbonate sheets, namely LEXAN THER-
MOCLEAR from SABIC Innovative Plastics, were used in
this study. This polymer is widely used in the civil industry,
and its application in other industries, such as the automotive
and aerospace industries, is increasing owing to its tenacity,
transparency, and adequate heat resistance [18]. The sheets
had a thickness of 3 mm and were cut into dimensions of
178 x 120 mm. Before welding, the polymer was subjected
to tensile testing and differential scanning calorimetry
(DSC). The ultimate tensile strength (UTS) was 62 MPa,
and the glass transition temperature (T,) according to the
DSC results was 150 °C.

The welding tool was made of AISI H13 steel, which has
been successfully used by Sahu et al. [19] and Zafar et al.
[20] previously. This steel grade possesses wear resistance
and adequate machinability and is also used in hot work
applications. A design of the tool is illustrated in Fig. 1.
Cylindrical tools were used by Arici and Selale [21] with
moderate success during the FSW of polyethylene, whereas
a conical tool pin was successfully used by Derazkola et al.
[22] during polycarbonate welding. Sadeghian and Givi
[23] compared both tool pin profiles for acrylonitrile—buta-
diene—styrene and found the relative strength for each tool
profile to be approximately 99.1% and 100.4%, respectively.

Welding was performed in a CLEVER FH-4 milling
machine using a fixture apparatus with six clamps (Fig. 2)
assembled on the milling trail to rigidly position the poly-
carbonate sheets.
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Fig. 2 Fixture apparatus used in this study

Table 1 Experimental parameters for the FSW tests

Tool Pin

Transverse speed (mm/min) Rotation

speed
(RPM)

Cylindrical

Conical

25

40

25

40

466
1176
2160
466
1176
2160
466
1176
2160
466
1176
2160

Fig.3 Thermocouple position,
cutting section of the plate, and
tensile sample dimensions

The welds were made using 3° tilt angles in the weld-
ing direction to avoid material pool-out during welding
and increase the axial force. A tool penetration of 2.8 mm
was achieved for adequate surface contact between the tool
shoulder and material. Table 1 lists the welding and rotation
speeds that were previously validated by preliminary weld-
ing tests. Parameter selection was based on the results of pre-
viously published work [24] in which the process parameters
(transverse and rotation speed) were compared to the weld
mechanical performance.

During welding, the temperature data were obtained
using type K thermocouples. The thermocouples were posi-
tioned 1.5 mm from the bottom of the sheets to avoid inter-
ference with the mixing material on both sides (advancing
and retreating) of the welding bead, as indicated in Fig. 3.

The presence of superficial defects was verified by visual
evaluation. Due to the material transparency, a dark back-
ground was used to improve contrast. The images were cap-
turing using a Cannon EOS Rebel T100 camera with an
18-55-mm lens. To evaluate the welding morphology, two
cuts were made in the transverse direction of the plate. The
samples were sanded with 120 to #3000 sandpapers and pol-
ished with suspended alumina as an abrasive. The images
were captured using a Canon EOS Rebel T100 camera with
a Tokina 100 mm F/2.8 macro lens.

The tensile strength samples were cut according to ASTM
D-638. Two samples were obtained from each plate (a total
of six specimens for each condition), avoiding the start and
end of the weld bead. All cuts were made using water to
avoid heating, which can affect the morphology and proper-
ties of the base material and weld. The tensile tests were
performed using an EMIC DL30000N machine with a Trd
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29 load cell and a test velocity of 1 mm/min. The fracture
position and characteristics were visually examined using a
negatoscope. The position of the tensile test specimen is also
demonstrated in Fig. 3.

To analyze the influence of each parameter on the UTS
results, analysis of variance (ANOVA) was performed using
MINITAB software.

3 Results and discussion

All samples were successfully processed by FSW. However,
significant differences in the mixing quality and final prop-
erties of the polycarbonate sheets were observed. Figure 4
shows the top and bottom weld bead views produced with a
transverse speed of 25 mm/min and rotation speeds of 466
and 2160 RPM using the cylindrical and conical toll pins.
The top surface, at higher rotation speeds, became opaque
and also presented a less brittle flash for both tools. Owing
to the polycarbonate transparency, it was possible to observe
the root quality at the back surface. In addition to the differ-
ence in the area mixed by the pin, the welding bead prepared
with the conical pin profile appears to be more homogeneous
than that prepared with the cylindrical pin profile. For the
different parameters, the change in transverse speed did not
result in significant, visually apparent modifications.

The cross-sectional images (Fig. 5) show a visible reduc-
tion in the plate thickness, especially when the welding was
performed at the lowest rotation speed of 466 RPM. Few
root defects are mainly observed at the interface between

s Fit

Fig.4 Weld bead of polycarbonate sheets welded using a 466 RPM
with a cylindrical tool pin, b 466 RPM with a cylindrical tool pin, ¢
2160 RPM with a cylindrical tool pin, d 2160 RPM with a cylindrical

@ Springer

the welding nugget and plate at the advancing side. For both
tools, increasing the rotation speed resulted in a larger mix-
ing area and more symmetrical cross section. In addition, the
conical pin profile promotes a narrow root.

The variations mentioned above were confirmed using
the graphs shown in Fig. 6, which presents the mixing and
missing material areas measured from the cross-sectional
images as functions of the rotation and transverse speeds for
different tool geometries.

Using the thermocouple data collected, a graph was
constructed by plotting the average temperature obtained
for each parameter as a function of time (Fig. 7). As the
thermocouple position was the same for every sample, the
transverse speed increase resulted in a faster approach of the
welding tool to the thermocouple, starting the area heating
earlier. In addition, the cooling rate was not significantly
affected.

Figure 8 shows the average peak temperature as a func-
tion of the rotation and transverse speeds for the cylindrical
and conical pin profiles. An increase in the rotation speed
resulted in an increase in the peak temperature, whereas
an increase in the transverse speed resulted in temperature
reduction. Notably, the average peak temperature with the
conical tool pin was lower than that with the cylindrical
tool pin.

The tensile test results allowed for a comparison of the
mechanical properties of the polycarbonate welds prepared
with the FSW process employing different parameters. Using
a cylindrical tool, an increase in the rotation speed directly
improved the UTS; however, when using the conical tool,

tool pin, e 466 RPM with a conical tool pin, f 466 RPM with a coni-
cal tool pin, g 2160 RPM with a conical tool pin, and h 2160 RPM
with a conical tool pin
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Fig.5 Cross section of the
friction-stir-welded plates using
a 466 RPM 40 mm/min cylin-
drical pin, b 466 RPM 40 mm/
min conical pin, ¢ 2160 RPM
40 mm/min cylindrical pin, and
d 2160 RPM 40 mm/min coni-

cal tool pin profiles
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Fig.6 Morphology data of the cross section of the welded polycarbonate sheets using a cylindrical and b conical tool pin profiles

intermediate (1176 RPM) and maximum rotation speeds
(2160 RPM) resulted in a higher UTS, as shown in Table 2.

Another important piece of information obtained from
the tensile test is the fracture location. For rotation speeds
of 466 RPM and 1176 RPM, the fracture was located at
the intersection of the weld nugget and thermomechani-
cally affected zone at the advancing side, as shown in
Fig. 9. At the maximum rotation speed (2160 RPM), some
ruptures remained at this interface, which were mainly

observed across the thermomechanically affected zone and
at the interface between it and the base material. The same
behavior was observed [13, 20] when welding nylon 6 and
poly(methyl methacrylate).

The highest UTS obtained was 34 MPa when welding
using a conical tool pin with a rotation speed of 2160 RPM
and transverse speed of 40 mm/min, corresponding to 55% of
the UTS of polycarbonate. Shazly et al. [13] and Derazkola
et al. [22] reported values of 30.78% and 82%, respectively,
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Fig. 7 Graphical representation of the average heating temperature per welding time using a cylindrical and b conical tool pin profiles
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Fig.8 Graphical representation of the average peak temperature for each parameter using a cylindrical and b conical tool pin profiles

compared with the base polymer. A strength decrease, espe-
cially for an on-plate friction stir weld, is expected even with
optimum parameters due to, for example, the addition of
materials to change the base material properties, thickness
reduction, and mass loss resulting from flash defects and
polymeric degradation [20]. Another important reason for
a reduction in UTS compared with the base material is the
tunnel defects visible in almost all cross sections, especially
for the conical pin profile, resulting in a lack of material at
the root interface. However, the average UTS results were
higher for the conical tool pin profile compared with that of
the cylindrical tool pin profile at the same parameters, which
can be attributed to the smaller volume of mixed material
in the weld preserving the original plate and its properties.

@ Springer

Only the cylindrical pin profile at 2160 RPM and 25 mm/
min raised the plate temperature above the T, at the thermo-
couple position (2.5 mm away from the tool pin). Reaching
T, at the mixing zone is fundamental to creating a wider
segmental movement, allowing the material to flow and mix
properly, thereby leading to a transition from a “solid-state”
to a “rubbery state” welding, as suggested by Dias and Vaz
[24]. When increasing the rotation speed, and consequently
the temperature, the average pullout material also reduced,
thereby maintaining the plate thickness at the welding sec-
tion. However, it is important to note that peak friction can
be achieved before significant material degradation.

The conical pin profile also decreased the measured tem-
perature; however, this was because of the distance between
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Table2 Average ultimate tensile strength obtained using different
FSW parameters

Cylindrical tool pin profile Conical tool pin profile

UTS (MPa) Std Dev UTS (MPa) Std Dev
466 RPM 12.1 3.0 19.3 2.8
25 mm/min
466 RPM 10.9 35 18.3 1.6
40 mm/min
1176 RPM 24.6 49 30.7 1.1
25 mm/min
1176 RPM 19.3 1.7 20.8 2.6
40 mm/min
2160 RPM 30.2 2.2 29.0 2.0
25 mm/min
2160 RPM 30.6 4.0 34.0 3.1
40 mm/min

the thermocouple position and the pin as a result of its
profile (Fig. 10). Therefore, although the shoulder contrib-
uted significantly to heating [25] [26], the pin also plays an
important role in heating, especially for polymers with low
conductivity.

Interaction plots (Fig. 11) indicate that the welds pro-
duced with a conical pin exhibit a higher UTS than those
produced with a cylindrical pin. Increasing the rotation
speed also resulted in an increase in the average UTS for
both tools, whereas an increase in the transverse speed at
low rotation speeds resulted in lower UTS values. However,
at 2160 RPM, the graphs indicate that the optimal transverse

(A)
AS
3mm

(A) (B)

2,5 3,44

Fig. 10 Schematics of the distance between the thermocouple posi-
tion and tool pin surface for a cylindrical and b conical pin profiles

speed is 40 mm/min. This is because of high rotation speeds
leading to overheating and material degradation, which is
generally compensated for by the transverse speed.

To understand the combined influence of rotation (R)
and welding or transverse (T) speed on the weld UTS, a
graph was constructed plotting UTS as a function of the
R/T ratio (Fig. 12). For both tools, the graphs approach a
second-degree polynomial equation, where the maximum
UTS values represent the optimum parameter (rotation and
transverse speed) combination.

By calculating the equation derivative, it is possible to
determine the optimal R/T ratio to produce the optimum
weld using a specific material and tool. Consequently,
maximum productivity can be achieved by combining the
transverse with the rotation speed so that the optimum
R/T ratio, as calculated from the graph, is maintained. For
the cylindrical and conical tool, the optimum R/T ratio
obtained in this study was 78.2 and 65.5, respectively,

(E)

3mm

Fig.9 Fractured tensile samples using a 466 RPM and 25 mm/min cylindrical, b 466 RPM and 25 mm/min conical, ¢ 1176 RPM and 25 mm/
min cylindrical, d 1176 RPM and 25 mm/min conical, e 2160 RPM and 25 mm/min cylindrical, and f 2160 RPM and 25 mm/min conical tools
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indicating that the latter required less friction than the
former.

Tool profile changes require specific parameters for dif-
ferent materials. Plate thickness, material properties, and
tool surface contact are some of the variables that must
be considered before choosing a tool. Hajideh et al. [27]
indicated that the tool geometry has a greater effect on the
mechanical properties of the friction-stir-welded joint than
other parameters. Hoseinlaghab et al. [17] concluded that
the effects of the pin geometry on the weld are independent
of those of the parameters. Therefore, the UTS as a function
of the R/T ratio graph is an important tool when choosing
the optimal parameters for a material with the same tool-
shoulder dimensions and proportional pin length.

4 Conclusions

This study aimed to investigate the influence of FSW param-
eter optimization on the visual aspects and mechanical
properties of polycarbonate and evaluate the temperatures
that can be reached using the optimal combinations. The
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following conclusions were drawn from the experimental
results.

e The highest UTS obtained for on-plate welding was 61%
of the polycarbonate when using a conical tool pin pro-
file.

e Although the conical pin profile produces more tunnel
defects, it still results in a better average UTS.

e The pin profile plays an important role in plate heating.

e The rotation tool acts as a pulling material due to inad-
equate heat generation; therefore, reaching the glass tran-
sition temperature is important for adequate mixing and
the preservation of the welding section thickness.

e The benefits of friction and temperature increases reach a
maximum, after which the average UTS tends to decrease
because of polymer degradation.

e The graph of UTS as a function of the R/T ratio indicates
the optimal parameters that maximize productivity with
a higher transverse speed. For the cylindrical and coni-
cal tools, the optimum R/T ratios obtained in this study
were 78.2 and 65.5, respectively, indicating that the latter
requires less friction than the former.
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Fig. 12 Average UTS as a 40

function of the R/T ratio for a
cylindrical and b conical tool
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