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Abstract

The effects of rotational and welding speed on the mechanical properties and thermal behavior in friction stir welded joints of
high-density polyethylene using a non-rotational shoulder have been investigated experimentally. Tensile properties and hardness
were measured to determine the mechanical properties, and the effect of the welding parameters. Heating and cooling cycles of
differential scanning calorimetry were used to establish thermal properties. Microstructure observations complemented experi-
mental observations. Results showed that tensile strength, hardness, and crystallinity decreased when rotational speed was
increased, while the welding speed effect was weak. Deleterious phenomena on molecular structure of the stir region were
explained by means combination of selected welding parameters and the material flow during the process.

Keywords Polyethylene - Molecular structure - DSC - Tensile strength test - Friction-stir welding

1 Introduction

Friction stir-welding (FSW) is performed using a non-
consumable rotating tool, which has two key parts: shoulder
and pin, as shown in Fig. 1. As pointed out by Nandan et al. [1],
and Mishra et al. [2], these two parts (which are in contact with
the material that is being welded) are responsible for generating
heat, extruding, and forging the material until its confinement.
Welded joint consolidation is possible through frictional heat,
plasticizer heat, and material flow. Rajamanickam et al. [3], and
Thomas et al. [4], established that the most relevant process
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parameters in FSW are rotational speed (w), welding speed
(vy), downward force (F), and applied torque (7).

As discussed by Threadgill et al. [5], because FSW is a
solid-state process, by using this technique, it is possible to
avoid problems related to state changes such as solidification,
porosity, liquation, and hot cracking in metals. According
to Throughton [6], this advantage (a solid-state process) is
a significant characteristic that is highly desirable, espe-
cially for welding polymers. However, polymers have sub-
stantial differences in physical and mechanical properties
in comparison to metals; for example, caused by the weak
bond between large molecular chains, polymers have lower
melting temperature.

Polyethylene (PE) is the most used polyolefin thermoplas-
tics due to its durability, flexibility, and toughness. Peacock
[7] reported that PE has excellent properties such as high
environmental stress crack resistance, high stiffness, high
chemical and corrosion resistance, light weight, and low fab-
rication and maintenance costs. Vijayan et al. [8] determined
that thermoplastics (including PE) usually are welded using
processes that involve some of the following condition: heat
conduction (heated wedge, socket, and hot gas welding), heat
radiation (which uses electromagnetic radiations, such as laser
welding), and mechanical friction (ultrasonic, vibration, and
rotation welding). FSW belongs to the last group (mechanical
friction). On one hand, Lai et al. [9], who investigated on the
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Axial force

Fig. 1 Sketch of friction stir-welding showing parameters and parts

weldability of PE using electron beam irradiation and butt
fusion welding, showed that even under suitable conditions,
imperfections (such as voids and crystal orientation changes)
are present in the welded joints. Besides, Leskovics et al. [10]
have reported loss of ductility in FSW joints, which indicates
that the presence of imperfections in combination with a re-
duction of ductility leads to significant detriment in mechan-
ical properties. Considerable modifications in crystal orienta-
tion and crystallinity percent are also expected, as it has been
reported by Li et al. [11], as well as a reduction in lifetime
expectation, as it was observed by Grewell et al. [12].
Therefore, substantial efforts have been recently made to un-
derstand the effects of the most relevant parameters (w, vs, F,
7, and tool design) on mechanical properties of FSW joints.
Kiss and Czigany [13] investigated the effect of rotational and
welding speed on FSW joints of PE. In their work, the authors
evaluated the applicability of FSW in polymers utilizing ten-
sile tests and differential scanning calorimetry (DSC). They
found that welded joints suffer embrittlement due to non-ho-
mogenization, and it is related to a reduction in crystallinity
within the welded regions. Hoseinlaghab et al. [ 14] studied the
effects of rotational and welding speed, tool geometry, and tilt
angle on creep properties of FSW joints in PE. They observed
a relative independence between process parameters and pin
geometry, obtaining best weld quality and creep properties
using a pin with cylindrical geometry. Bozkurt [15] investi-
gated by means of Taguchi’s optimization model the influence
of process parameters on the tensile properties of FSW joints
in PE. He concluded that the rotation speed is the most impor-
tant process parameter that affects mechanical properties of

FSW joints in PE. Nateghi and Hosseinzadeh [16] studied
the effect of assisted cooling nugget during FSW of PE. The
results showed that angular distortion, residual stress, and ten-
sile strength of FSW joints are improved using assisted
cooling. Azarsa and Mostafapour [17] studied flexural
strength in FSW of high-density polyethylene (HDPE) sheets
under the influence of the process parameters (rotational and
welding speed) and tool temperature. These authors used a
non-rotational (stationary) shoulder tool with heating control.
Flexural strength in HDPE welded joints displayed best results
with a higher rotational speed, lower welding speed, and
shoulder temperature at 100 °C.

Banjare et al. [18] used a new non-rotational shoulder tool
with heating assistance to enhance surface finish and to reduce
material loss and chip formation during FSW for several ther-
moplastics, including PE. Results showed that ductility and
tensile strength of welded joints were improved, compared to
conventional tools for FSW joints. Vijendra and Sharma [19]
investigated FSW in PE using a new tool design with a pin
heated by induction. At 45 °C (tool-pin temperature), a tensile
strength similar to the base material was obtained, but its
hardness decreased. Also, by means of DSC, a high level of
crystallization in the stir zone was observed. Simdes and
Rodrigues [20] investigated material flow and thermo-
mechanical conditions during FSW of polymers. These au-
thors found that the differences between pin and shoulder
driven flow could explain the formation of important discon-
tinuities and weldability problems in polymer welding. Non-
rotational shoulder tools have the advantages of reducing ther-
mal transfer to welded joint, obtaining higher tensile strength,
and minimizing a serious problem named “root defect” in
FSW of thermoplastics [21]. Due to excessive heating and
the application of uncontrolled parameters during thermoplas-
tics of FSW, the current work aims to study the influence and
inter-relationships of process parameters on mechanical and
thermal properties in friction stir welding of HDPE using a
non-rotational (stationary) shoulder tool without heating
assistance.

2 Experimental procedure
2.1 Materials
HDPE plates of 246 mm % 60 mm x 8.5 mm were used as base

material. The plates were acquired commercially and were
fabricated by extrusion from recycled material. The extrusion

Table 1 Physical properties of HDPE determined experimentally Table 2 Chemical composition of AIST H-13 steel
Physical Properties T, (°0O) T,, (°C) AH( gfl) Xe (%) Element Fe C Cr Mn Si \% Mo
Experimental —-127.6 131.3 194.8 67.2 wt% Bal. 0.34 52 0.4 1.1 0.95 1.4
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Fig. 2 Tool dimensions and
geometry

orientation was traced to carry out the welding process per-
pendicularly to this direction. Table 1 summarizes the most
important properties of the HDPE used in the study.

2.2 Tool design
A non-rotational shoulder tool was used to perform the

welds [21]. This kind of tool was selected to reduce heat
transfer between tool surface and the stirred zone of the
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Pin details
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welded joint [22]. The tailored FSW tool consisted of a
steel monolithic body with a cylindrical threaded pin (as
shown in Fig. 2), a ball bearing, a wood scraper, and a
support ring-wing made of bronze. Tool dimensions and
geometry are shown also in Fig. 2. The tool body was
fabricated of AISI H13 steel (see Table 2), which was
heat-treated until to reach 58 Rockwell hardness C; mean-
while, the scraper was made of pinewood. The ring-wing
was designed without a heating assisted device.

e

Su "ort
& HDPE plates

Bench

Fig. 3 HDPE plates clamped on the bench of the milling machine using a specially designed support.

wing. ¢ Wood scraper

Slinport

a General view of support. b Ring-
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Table 3 Process parameters range selected to evaluate FSW in HDPE

Rotational speed w (rpm) 1036 846

Traverse speed vy (mm minfl) 14 25

2.3 Experiment setup

A conventional milling machine (Imomill®) of 3.2 HP was
used to weld the joints. The tailored tool was properly engaged
into the tool-holder of the machine. HDPE plates were
clamped on the bench of the milling machine using a specially
designed support, which is shown in Fig. 3. The plates were
attached to the support by means of two bolted beams of
AISI/SAE 1045 steel, restricting movement in all directions
without deforming or bending the plates. Rotational speed was
adjusted taking into consideration the available gearbox com-
binations of the milling machine, and it was measured using a
tachometer. The bench’s displacement and a calibrated chro-
nometer were used to measure welding speed during welding.

2.4 Process parameter selection and performance

In this work, the process window has been limited up to
1200 rpm for rotational speed, and up to 45 mm min~ ' for

Fig. 4 Location of mechanical
properties, microscopy
observation and DSC testing
samples
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4'(—
R | 50 >
* 57 "
L b 15 %
[ 246

Microscopy observation and L—.
hardness testing sample

DSC sample

welding speed in accordance to a previous work [23].
Based on the prior information, selected process parame-
ters were limited to values allowed by the milling ma-
chine, viz., 800 <w < 1100 rpm, and 14 <v,<25. The se-
lected velocities also fulfilled with the values recommend-
edin [14, 16], i.e., w <910 rpm and v; < 44 mm min ! to
avoid extensive local fusion of material and discontinu-
ities during FSW of HDPE. Tool tilt angle was 0° and the
axial load was not recorded during test, maintaining con-
stant these values during tests. A first approach to select
the process parameters was developed using the rotational
and welding speed ranges shown in Table 3. Two samples
were obtained for each combination of parameters. Non-
destructive and destructive tests were performed to evalu-
ate the soundness of the welded joints. The criteria used
for selection of optimal conditions of welding were (i) the
presence of burrs with height >2 mm, (ii) presence of
discontinuities with length > 10 mm, (iii) presence of
pin-hole defects, and (iv) presence of porosity or voids
in the weld surface. Two levels of each parameter were
selected to run a statistical experimental design. A 2 fac-
torial design was applied to evaluate the influence of pro-
cess parameters on crystallinity and tensile strength [24].
The experiments were carried out, and the tests were rep-
licated three times for reliability within 5%.

Fig. 5 Tensile testing sample
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Fig. 6 Images show details of preliminary welded joints

2.5 Differential scanning calorimetry testing

Differential scanning calorimetry DSC analyses were carried
out using a Netzsch® DSC 200 F3 calorimeter. Cold cut sam-
ples of 5 mg were extracted from the stirred region, as well as
the base material of each welded joint used in the final exper-
iments, as shown in Fig. 4. Samples were analyzed by means
of DSC performing 2 cycles using a heating-cooling-heating
rate of 10 K min~' and a nitrogen N, flux of 50 ml min™".
Welded region crystallinity y was estimated for each DSC
scan cycle using Eq. (1) as a function of melting enthalpy AH.

(1)

X = M/nH,,

where AH’,, is a reference value corresponding to the
fusion heat of 100% crystalline HDPE, and AH,, (J g_l)

is the melting enthalpy of the studied region of HDPE
welded joint. The reference value of AH’,, is 290 J g
for this work, which was taken from [25].

2.6 Tensile test

Cross section tensile samples were extracted from
welded joints according to the ASTM D 638-10 stan-
dard [26]. Figure 5 shows sample geometry and di-
mensions, and its location within the welded samples.
The tensile tests were carried out in a universal testing
machine (Shimadzu AG-1) with load capacity of
100 kN. Base material tensile testing specimens were
extracted lying parallel, perpendicular, and 45° to the
extrusion direction of the plates. These samples were
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Fig. 7 Images show details of final welded joints
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Table 4 Revolution pitch (R) for each combination of parameters

Rotational speed Traverse speed Revolution pitch

w (rpm) v, (mm minfl) R (mm rev ')
1036 14 0.0135
846 14 0.0165
1036 25 0.0241
846 25 0.0295

tested under the same conditions as the cross section
tensile samples of the welds to compare results.

2.7 Welded joints characterization

Samples for microscopy observations were cut out
from cross sections of welded joints, as shown in Fig. 4.
Specimen preparation was done using sand papers with
granulometry from 300 to 1500 per ASTM E2015-04. A
confocal microscope Olympus® Lext 30 Measuring Laser
Microscope OLS4100 and an optical stereoscope Leica®
EZ4 HD were used for image analysis. Cross section hard-
ness measurements of the welded joints were performed
using a Shore-D durometer in accordance with ASTM
D2240-05. Details on the location and distance between
indentations are shown in Fig. 4.

3 Results and discussion

3.1 Process parameters selection and welded joints
quality

Figure 6 shows details of the preliminary set of welded
joints obtained using the selected process parameters.
All samples displayed acceptable appearance, with
smooth surfaces, free of internal discontinuities, and
moderate burrs. A similar work has shown that selected
process window and parameters used in this researcher
provided temperatures in welded region between 130
and 180 °C [21]. These reached temperatures are near
or higher than fusion temperature of PE; therefore, local
fusion during welding process is susceptible to occur.
The aforementioned agrees with appearance of softened
surfaces of weld bead obtained in this work, concomi-
tant result with use of static plain shoulder.

Details of the final welded samples are shown in Fig. 7.
Compared to preliminary welded joints (see Fig. 6), final
welded samples (Fig. 7) are longer. Therefore, thermal ef-
fects in final welded samples were more severe. Surface of
weld bead was softer when higher rotational and lower
welding speeds were used, which is coherent with higher
heat input obtaining an apparently plain and homogeneity
state of surface that included possible burrs. Nevertheless,
welding speed variations did not have strong effect on the
appearance of the welded joint surface. Welds obtained
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Fig. 8 Images showing cross sections of welded joints. a Optical microscopy. b Confocal microscopy
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Fig. 9 Hardness testing results
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using lower revolution pitch (R) showed the best appearance,
as presented in Table 4.

Cross section macroscopic analysis evidenced that all
welded joints were free of discontinuities, with moderate burr,
and without appreciable reduction of the cross section area, as
shown in Fig. 8a. Width of the welding joint was larger when
rotational speed was increased, which is consistent with
higher heat input, such as been discussed in other works
[23]. Confocal microscopy analysis in Fig. 8b showed that
welded joints had not voids and lack of fill along the joint.
Absence of internal defects in welded joints leads to conclude
that it is possible to expect low reduction of mechanical
properties.

Table 5 Tensile properties of HDPE before welded

i

Distance from welded joint center (mm)

3.2 Hardness measurements

Shore-D hardness measurements of cross sections are shown
in Fig. 9. Each curve corresponds to welds made with a dif-
ferent combination of process parameters, as indicated in
Table 4. In general, hardness values were lower along
whole of welding zones for all studied parameter combi-
nations, as observed in other studies [19]. Aiming to dis-
tinguish each welding zone, in Fig. 9, has been established
that the maximum stir zone width is 10 mm, which repre-
sents the average size of stir region observed in Fig. 8a.
Thereby, the subjacent region outside of SZ and with low-
er hardness compared to the base material was defined as
the heat-affected zone (HAZ). Microscopy observations
were not clear to distinguish if the HAZ contents a region
displaying simultaneously thermal effects and mechanical
deformation, i.e., a true thermo-mechanically affected
zone (TMAZ). However, later, it will be possible to asso-

Properties S, (MPa) S, (MPa) E (MPa) e(%)  ciate the TMAZ existence with flow pattern of welding
region.
Value 26.3 5.8 3742 249.6
30 ’ 30
Maximum strength (S,) (a) (b)
& 0-20:26.21 S, (MPa) — Base Material
7P /N a2 I
o \ o
=2 |/ =
s | s 20 1 — HE
215 || o
3 | ‘ g 15
"3 10 | | [ Rupture =
° i “\ strength (S,) g
= I ‘ \\f 217,577 = 10 1
S5 | | ‘ 2
= I i IE 5 1
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0.0 0.5 1.0 1.5 2.0 2

Strain

5 0
[@/v]1036/14 846/14 846/25 1036/25

R (rev-mm-') 0.0135 0.0165 0.0295 0.0241

Fig. 10 Tensile strength results. a Strength vs. strain curve for the base material. b Effect of R (rev mm™') on the weld strength. w in rpm and v, in

mm min |
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Fig. 11 Fracture surface appearance. Red arrows show retreating side of welded joints

It is expected to associate the hardness reduction in stir
region with those process parameters that increase the heat
input. The above is validated with the observation that the
lowest hardness (~67 Shore-D) was obtained with the
speed combination: 1036 rpm (rotational) and 25 mm min
(welding). A slight trend towards reduction of hardness was
observed at the retreating side when rotational speed was
increased. Hardness decreased around 10% within the stir
zone, such as expected in FSW of HDPE using similar
parameters and tool type [23].

Fluctuations of mechanical properties related to molecular
structure changes are due to the differences in behavior of
hardness in welded regions, given that the stir zone undergoes
severe material flow because of stirring. Significant changes
of direction, confinement, and cutting of molecular chains are
usually expected. This leads to changes in molecular weight

and appreciable reduction of ductility in the HDPE, as
discussed in [23, 27]. The aforementioned fact was more
marked at the retreating side of the welded joint. These
changes on flow pattern direction in AS and RS side into
SZ region could be associated to the presence of a TMAZ
region in this kind of welded joints.

3.3 Tensile strength of welded joints and fracture
behavior

Mean values of the tensile properties are summarized in
Table 5. A typical stress vs. strain curve obtained in the tensile
tests for the base material is presented in Fig. 10a. For the
tensile tests of welded joints, the welds were oriented to be
perpendicular to the extrusion direction, and the load was
applied in the same extrusion direction. Figure 10b shows

Fig. 12 Flow material behavior in
welded samples
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Fig. 13 DSC results show crystallinity in stir zone in function of welding parameters

mean values of the tensile results for the welded specimens.
For the purpose of comparison with welded joint samples,
only perpendicular tensile testing results of base material were
used. While the base material samples displayed high plastic-
ity in the tensile test, all welded samples displayed brittle
fracture. The highest tensile strength (S,,) reached after fracture
in the welded samples was lower than the one for the base
material, as observed in [18, 28]. In general, S, values are
sensitive to revolution pitch (R) values so that S, increases
when R decreases, as it is shown in Fig. 10b, and discussed
in other work [23]. Marginal plasticity was observed in the
welded joints during tensile test exhibiting brittle fracture, no
voids, and flat regions.

Fracture initiation was located at the retreating side in all
samples, as observed in Fig. 11. A relationship between rev-
olution pitch (R) and weld surface appearance was observed.
When the R value decreases, the weld surface appears smooth-
er and with fewer irregularities. This is consistent with hard-
ness distribution in an inverse relationship, as observed in

[23]. Lastly, it was observed that material flow affects the
mechanical properties of welded samples. The fact that frac-
tures initiated at the retreating side of all welded samples can
be explained as consequence of thermal effects reducing ma-
terial flow at this side is confirmed in [27]. These issues are
related to the direction of the velocity vectors during the
welding process, where an additive effect is expected at ad-
vancing side, as illustrated in Fig. 12. Consequently, a strong
decrease in hardness was observed at the retreating side, more
significant for high rotational speed.

The advancing side (AS) displays addition effects of
welding and tangential velocity vectors that increase the
amount of heat generated during the FSW process, while
at the retreating side (RS), there is a subtraction effect.
Therefore, the AS receives more heat than the RS, leading
to lower cohesion in the RS, and molecular structure orienta-
tion is more affected [13], as shown in Fig. 12. Significantly
greater changes in the flow pattern were observed on the RS
compared to the AS.

. . 190 -
Fig. 14 Effect ofrotat}on speed (a) 014 mm-min-t 150 SEY— (b)
for two Q1fferent welding speeds ®25 mm-min-! ~152 25 mm-min-!
ona fu§10q heat and b HDPE 185 Base material | S _y54
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S 180 < -156
5 S _158
2 175 s
z 2 -160
o 3]
g 170 5 -162
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3.4 DSC results and material flow

The thermal effects generated during the welding process of
the samples can be shown quantitatively comparing the spe-
cific properties of the material for the first heating, as well
during the first cooling and the second heating. Figure 13
summarizes crystallinity measurements of welded samples
and base material (noted as BM on Fig. 13), which were ob-
tained from DSC experiments. The first heating (first scan)
corresponds to the effect of the welding on the material. The
crystallinity decreases in the stir region compared to the base
material, which is consistent with prior works [13]. Second
heating (second scan) shows a progressive reduction of crys-
tallinity within stir region, when welding and rotational speeds
increase.

Fusion heat for second heating and crystallization heat for
intermediate cooling vs. process parameters are shown in
Fig. 14a, b, respectively. In Fig. 13, the results of first heating
show that the welding process did not induce significant
changes in crystallinity (reduction < 10%) compared to the
base material, i.e., crystallinity in the stir region remained
virtually similar. According to Fig. 14a, the fusion heat de-
creases as welding and rotational speed values increase. This
can be explained by means of the effect of heat penetration on
the contact surface.

For a specific rotational speed value, if the tool passes
faster, heat penetration is lower, affecting fewer crystalline
zones. With slower welding speed, the molecular chains ab-
sorb more heat, which eventually eliminates crystalline zones.
Although HDPE is a crystallizable thermoplastic, this research
did not find evidence of recrystallization. The decreasing
values in the second heating can be explained by changes in
the molecular structure from the first heating to the second,
i.e., a physical change, presumably due to thermal degradation
of the sample. Unfortunately, this cannot be quantifiable using
this technique; therefore, it is an interesting topic for further
research.

4 Conclusions

» The effects of process parameters on the tensile strength
and hardness, and crystallinity in HDPE welded joints
using FSW and a non-rotational shoulder tool were
established.

*  An operational window process among 1036 to 846 rpm,
and 14 to 25 mm min~" of rotational and welding speed,
respectively, producing welded joints free of discontinuities
and overheating in the stir region.

* Hardness distribution across welded joint was more
strongly affected by rotational speed; however, the effect
of the welding speed on this behavior was weaker.

@ Springer

* Combination of welding and rotational speed was the
main parameter that affected molecular structure in
welded joints and, consequently, the tensile testing results.

* Crystallinity of stir region was reduced approximately
12% when rotational and welding speed were increased
because of physical changes in the polymer structure pro-
duced by heat transfer and the material flow during
welding process.

»  Further research must be oriented to measure level of mo-
lecular degradation in welding region using DSC tech-
niques and heating assisting welding, testing other differ-
ent process parameters.
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