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a b s t r a c t

The aim of this study is to examine the effect of main friction stir welding (FSW) parameters on the
quality of acrylonitrile butadiene styrene (ABS) plate welds. Welds were carried out in a FSW machine,
using a tool with a stationary shoulder and no external heating system. The welding parameters studied
were the tool rotational speed which varied between 1000 and 1500 (rpm); the traverse speed which var-
ied between 50 and 200 (mm/min), and the axial force ranging from 0.75 to 4 (kN). The major novelty is
to study the influence of the parameter axial force on FSW of polymers. Produced welds have always a
tensile strength below the base material, reaching the maximum efficiencies of above 60 (%) for welds
made with higher rotational speed and axial force. Good quality welds are achieved without using exter-
nal heating, when the tool rotational speed and axial force are above a certain threshold. Above that
threshold the formation of cavities and porosity in the retreating side of the stir zone is avoided and
the weld region is very uniform and smooth. For low rotational speed and axial force welds have poor
material mixing at the retreating side and voids at the nugget. For this reason the strain at break of these
welded plates is low when compared with that of base material.

� 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Friction stir welding (FSW) was initially developed by Thomas
et al. [1] in the early nineties for joining soft metals, as aluminium
alloys such as those of series 2XXX and 7XXX, which were gener-
ally considered unweldable or difficult to weld at that time. The
weld seams produced by this method are free from defects such
as cracks or porosity; it also produces low distortion as compared
to fusion welding processes. This makes FSW a very attractive
welding process. The traditional FSW process consists of a rota-
tional tool, formed by a pin and a shoulder, which is inserted into
the abutting surfaces of pieces to be welded and moved along the
weld joint, as illustrated in Fig. 1. During the process, the pin
located inside the weld joint, softs the material and enables plastic
flow, causing the mixture of materials. At the same time, the shoul-
der placed on the surface of the seam heats and drags material
from the front to the back side of the tool, prevents leakage of
material out of the welding joint and smoothes the crown seam

to provide a smooth surface. This process is applied mainly to butt
and lap weld joints but other joint geometries can be welded.

FSW of polymers is an attractive welding process because of the
characteristics conferred to the welded seam. Strand [2] compared
the most common welding processes used to join polymers, con-
cluding that FSW is the process where is achieved higher weld
strength efficiency. This process enables the production of very
highly efficient welded seams with low energy consumption. In
addition, relatively low cost is implied, because of its low use of
energy, and it does not require the addition of filler materials.
Furthermore, FSW does not require skilled professionals, and can
be easily automated. Nelson et al. [3] claimed that the traditional
FSW tools do not give proper results in terms of weld morphology
and tensile strength when applied to polymeric materials. This
effect is caused by specific properties of polymeric materials, such
as their low melting temperature and low thermal conductivity
when compared to metals. In order to overcome these difficulties,
several FSW tools with different geometries have been developed.
One such example is that created by Strand [4], called hot shoe,
which consists of a rotating pin and a static shoe heated by electri-
cal resistances. This system was patented by Nelson et al. [3] and
has been used to weld several polymers, namely acrylonitrile buta-
diene styrene (ABS), high density polyethylene (HDPE), ultra-high
molecular weight polyethylene (UHMWPE), polyvinylchloride
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(PVC), polypropylene (PP), polyvinyldenefluoride (PVDF), nylon 6.6
and polytetrafluoroethylene (PTFE). The authors pointed out good
results obtained in some welds, in spite of the fact that some welds
have presented poor surface finish and few voids. On the other
hand, Kiss and Czigány [5] succeeded in joining PP sheets by
FSW using conventional milling tools, rotating in the opposite
direction to that of milling operations. However, the mechanical
properties of the welded seams were poor. Kiss and Czigány [5]
presented a new concept of FSW tool: the viblade welding tool
consisting of a vibrating blade connected to a vibrating shoe. Dur-
ing the welding process the blade vibrates inside the weld joint
while the shoe moves in contact with the upper surface of the weld
joint. Although the results of this technique were very good, it pre-
sented several drawbacks because of the complexity of the mech-
anism required to operate the tool, and the short working life of the
blade, as concluded by Scialpi et al. [6]. Furthermore, this tool only
could be used in welding joints of linear trajectory.

Aydin [7] developed a FSW tool with a larger shoulder, com-
pared to the traditional FSW tool used to weld metallic materials,
and a heating system placed at the root of the seam which enables
the production of defect-free welds with a basin-like nugget zone.
However, the seam welded surface was very rough, with non-aes-
thetic surface. The same tool concept without heating system has
been used in other studies, which are presented below, to investi-
gate the influence of some welding parameters in welded seams
quality. The main drawback in the welded seams produced along
these studies, as well as in the study carried out by Aydin [7],
was bad surface quality of the seams. Bozkurt [8] studied the influ-
ence of FSW parameters: rotational speed, traversing speed and tilt
angle on high density polyethylene (HDPE) plates. It was con-
cluded that rotational speed is the most influent parameter in
the seam quality while tilt angle is the least influent parameter.
Payganeh et al. [9] studied the influence of the same parameter
investigated by Bozkurt [8] and also the pin tool geometry on a
polypropylene (PP) composite with 30% glass fibre. It is reported
a taper pin with groove provides better results than other pin
shapes. Furthermore, it is shown that larger rotational speed, lower
traverse speed and larger tilt angle allows to reach better quality
welded seams. In this study is clearly shown that when larger tilt
angles are used, better mechanical properties of the welded seams
are obtained. As easily understood, when the tilt angle increases,
the axial force (Fz in Fig. 1) applied in the welding joint increases
too (while the welded seam is being formed). Thus, this study
opens the possibility of when higher axial force is used to perform
FSW of polymers, higher quality seams are reached. Arici and Sin-
maz [10] showed that defects on the seam root can be eliminated
by double passes of tool on FSW of medium density polyethylene
(MDPE). The influence of the pin geometry in traversing force (Fx

in Fig. 1) generated by FSW of polypropylene plates was studied
in Panneerselvam and Lenin [11]. The same authors [12] studied
the influence of thread direction of the pin in FSW quality of nylon
6. This study concluded that the best seams are obtained when the
FSW tool drives material flow towards seam root. These results
confirm previous studies presented in Nelson et al. [3]. In recent
studies, Kiss and Czigány [13] have proposed the use of a static
shoe connected with the milling tool (similar to the hot shoe tool).
This new tool has demonstrated promising results, despite not
having been adequately explored yet. This is due to the complexity
of the tool and the difficulty in controlling certain variables. The
tool rotational speed has shown to be the most important param-
eter in the FSW of PP sheets as shown by Kiss and Czigány [14].
Although other parameters such as tool geometry and size, tra-
verse speed, warming temperature and dwell time also play an
important role, as they contribute to heat generation and material
flow in the stir zone.

Kiss and Czigány [13] proposed a K factor depending on the
rotational speed, traverse speed and tool diameter as a key condi-
tion for obtaining good quality welds in polyethylene terephthalate
glycol (PETG). The K factor should range from 150 to 400, with each
parameter ranging inside maximum and minimum operational
limits. However, the K factor does not account for the effect of
external heating or the axial force, a parameter which greatly influ-
ences the formation of defects at least in FSW of metals. Kim et al.
[15] proved that increasing the tool plunge axial force (Fz in Fig. 1)
in FSW of aluminium die casting alloy the weld defect size is re-
duced or removed. In fact, none of the previous studies approaches
FSW of polymers taking into account the influence of axial force on
the resultant seam. Probably, this is because most of the research-
ers have used milling machines in their studies, which do not allow
either record or control axial force. In robotic welding systems, the
axial force must be minimized due to size and cost of robots as it
increases with their payload. This axial force can be reduced by
increasing the heat generated in the process, adjusting tool rota-
tional speed, and/or adding external heat.

The purpose of this research is to study the influence of rota-
tional and traverse speeds and axial force on the FSW quality on
ABS plates. This study takes into account the reduction of axial
force required to obtain good quality welds, in order to develop ro-
botic systems adapted to industrial welding of polymers. The effect
of external heating is not considered in this stage of the study.

2. Materials and methods

Butt welds were produced between ABS plates of 300 � 80 � 6
(mm3). Some characteristics of the material are presented in Table
1. ABS is a light material with low glass transition temperature,
which has a broad spectrum of applications, such as in the chem-
ical and automobile industries.

A FSW tool consisting of a stationary shoulder and a conical
threaded pin of 5.9 (mm) length and 10 (mm) and 6 (mm) in diam-
eter, at the base and at the tip of the pin respectively was devel-
oped to perform the welds (Fig. 2). A long stationary shoulder
was designed in order to allow heating in front of and behind the
pin, although in this set of tests no external heating was applied.
The shape of the shoulder is approximately rectangular with a hole
in its centre (pin hole). The external dimensions of the shoulder
are: 177 (mm) � 25 (mm) and its area is approximately 4396.7
(mm2).

The welding parameters studied were rotational speed, which
varied between 1000 and 1500 (rpm), traverse speed (between
50 and 200 (mm/min)), and the axial force (between 0.75 and 4
(kN)). The selection of these parameters was based on previous
tests. Henceforth the welds are designated according to the

zF

yF

xF

Fig. 1. Representation of the FSW process.
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