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Abstract. Supermolecular structure of welded seams prepared by friction stir welding (FSW) of polypropylene sheets has
been studied by optical and electron microscopy. It has been shown that in the central parts of the seam spherulitic structures similar to that of the base material are formed, while at the borderline of the seam, a complex supermolecular structure
could be identified. Lower welding rotation speed resulted in a border transition zone of more complex feature than the
higher rotation speed during FSW. This was accompanied by reduced joint efficiency.
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1. Introduction

already for various metals [4]. Shearing processes
arising under the effect of the rotating tool (pin +
shoulder) associated plastic flow processes play a
decisive role in the strength of the welded seam [5].
Similar to metals the welded seam and welding
zone formed in polymers depends strongly on the
developing morphology, i.e. on the supermolecular
structure generated [6]. In the case of all welding
processes the temperature necessary for welding is
at or above the melting range of the base material.
This triggers melting and crystallization and vari-

Friction stir welding (FSW) is a welding method
patented by Thomas et al. [1] in 1991, developed
mainly for welding aluminum and other light metals.
During FSW, a rotating tool is pushed in-between
the plates to be welded and, as a result of the rotation, enough friction heat is formed for welding,
then, by moving the tool along the edge of the
plates a butt weld seam is formed. When welding
metals the FSW tool consists basically of two parts
[2]. One is the pin intruding between the plates the
other is the shoulder smoothing the upper surface of
the plates. There are several possible designs for the
pin, usually containing grooves, which homogenize
the plastic flowing material and transport it behind
the tool. The pin generates the friction heat necessary
for welding (Figure 1.) The role of the shoulder is to
contain the plastic material swirling around the pin
in the seam region and by smoothing the seam to
provide an aesthetic surface [2]. Joined by FSW the
crystalline structure has been studied in detail in the
seam and in its neighborhood [3]. Analysis was done

Figure 1. Scheme of the principle of friction stir welding
for metals
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ous deformation processes in the molten and heat
affected layers, respectively, similar to other polymer processing technologies [7, 8]. Various friction
welding methods were adapted for polymeric materials [6], and we have also dealt with the application
possibilities of FSW in polymers [9].
Hot gas welding is an important and commonly
used joining method. We have studied [10] the
microstructure formed in the heat affected zone of
welded polypropylene (PP) seams produced by this
technique. The structure of the welded seam was
divided into three main parts, starting from the base
material toward the welded seam. The microspherulitic structure of the material essentially did
not change during welding. A plastic zone was
observed at the border of the seam and the base
material, wherein a sheared zone arose due to the
welding pressure, characterized by a cylindritic
crystalline morphology. Practically the innermost
part of the seam, defined as flow zone, consists of
the additional material introduced. Mechanical and
morphological properties of welded seams made by
hot gas welding between plastic plates have also
been studied by Balkan et al. [11]. In their work
they pointed out that the weldability of materials is
closely related to their rheological properties.
Varga et al. [12] welded together " and #-crystallized PP sheets made of various types of polypropylene (homo, random and block copolymers, different melt flow index values) by vibration method.
Starting from the base material (bulk) a partially
melted, sheared zone consisting of deformed
spherulites was observed, wherein the degree of #
nucleation also changed under the effect of shearing. At the center of the seam a fluid melt channel
was observed which remained oriented during crystallization. The degree of orientation was so high at
high welding pressures that it deteriorated the
mechanical properties of the welded bond (the melt
was squeezed out from the seam). In the case of
smaller compressive forces, however, a fine
spherulitic transition zone was observed between
the base material and the fully molten, sheared layers, at the center of the seam, which improved the
mechanical properties of the welded joint.
Schmachtenberg and Tüchert [13] investigated the
seam of PP sheets welded by hot plate welding. The
centerline of the welding was characterized by a
transcrystalline structure. A structure similar to that

of the base material could be observed in the coarse
spherulitic zone, which was attributed to the effect
of slow cooling rate. The coarse spherulitic structure was followed by a fine spherulitic layer caused
by the high cooling rate. Streamlines formed in the
sheared melt zone under the combined effect of fast
cooling and shear. In contrast to the sheared melt
zone spherulites melted only partially in the incompletely melted and sheared zone. The base material
did not melt at all, within coarse spherulites could
be observed.
Evolving microstructures arising during the FSW of
metals and during the various welding processes of
polymeric structural materials play a prominent role
in determining the mechanical properties of the
welded joints. The supermolecular structure formed
in the seam and in its neighborhood during FSW
has been scarcely studied. Very few publications are
available on the application of the FSW method on
polymers, however Nelson [14] filed a patent in this
field. Aydin [15] has dealt with the FSW of polymers. The seams exhibited high strength values proving the applicability of FSW to polymeric structural
materials, but the shoulder rotating together with
the tool resulted in strongly degraded surface.
Strand and coworkers [16] used a stationary shoe
equipped with an ancillary heating instead of the
shoulder rotating together with the tool. Onion-ring
like streamlines were observed on the cross section
of the welded seams formed under the effect of melt
flow. Comparing the microstructure of the welded
seams with the results of three point bending tests it
has been established that seams exhibiting spherulitic
microstructure similar to that of the original base
material (especially in the center of the seam) perform best. Spherulitic structure appeared if the tool
diameter was large as compared to the plate thickness, at low feed rates. This can be explained by the
fact that a higher peripheral speed resulting form
the large diameter increased the frictional heat evolution too. Decreasing feed rate also results in more
heat evolution. Arici and Sinmazçel$k [17] recognized the weaker mechanical properties, also published by Strand [16], were due to the weaker welding roots. Therefore they prepared two seams on
both the lower and upper side of the plates. Using
double seams welded joints with strength identical
to the yield strength of the base material could be
prepared. Rezugi et al. [18] have shown that the
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surface of the welding tool and its rotation speed
exerts a large influence on the welding temperature
and on the strength of the joint. A version of FSW
developed for point welding was studied by Bilici
et al. [19] and by Arici and Mert [20]. Lap joints
were prepared and the effects of welding parameters were studied. Both articles observed that in the
preparation of point-welded seams the most important parameters were the penetration depth and the
dwelling time used to preheat the part. During preheating the plates were touched by the rotating tool,
resulting in heat evolution then, after a given time
the rotation was stopped and the welding tool was
pushed in-between the plates.
Having reviewed the literature it can be seen that
the heat affected zone (HAZ) and morphology
within play a decisive role in determining the
strength of the joint. The effect of FSW parameters
on the mechanical properties of the welded joint has
been investigated by us [9] on friction stir welded
PP joints. The aim of this paper is to study supermolecular structure of seams prepared by friction
stir welding of PP sheets by optical and electron
microscopy techniques.

The welding cutting depth was 9.6 mm, the feeding
rate was 60 mm/min. Two rotation speed values
were selected for the morphological study: A lower
strength (welded at a rotation speed of 2000 rotations per minute (rpm)) and the maximum tensile
strength welded joints (welded at 3000 rpm) were
compared. The efficiency factors of the joints are the
tensile strengths of the welded joints as compared
to the tensile strength of the base material. The efficiency factors of PP plates at the two investigated
rotations were 54.9±5.7% at 2000 rpm and 86±2.6%
at 3000 rpm (relative to the tensile strength of the
base material, 25 MPa).
The crystalline structure was investigated using
crossed polarizer (linear polarizer, analyzer and
first order !-plate between the polarizers (located
diagonally)) in transmission mode in an Olympus
BX 51 (Tokyo, Japan) optical microscope. For this
about 10 µm thick slices were cut from the seam
using a Bright 5040 microtome (Huntingdon, Cambridgeshire, United Kingdom) and 3–5 %m slices
using a Leica EM UC6 ultramicrotome (Vienna,
Austria) with an FC7 cryochamber (Vienna, Austria). Several smaller slices were prepared to study
the welded seam: some cut from the center of the
seam, others from the base material and from the
borderline between the two zones.
A JEOL JSM-6380LA (Tokyo, Japan) type electron
microscope was also used for the study of the crystalline structure. In order to visualize the supermolecular structure chemical etching was used [21].
The etchant was 0.7 m/m% potassium permanganate dissolved in a 2:1 mixture of sulfuric acid
and phosphoric acid. The acidic medium etches first
the amorphous part of the surface of the specimens
immersed into the etchant, thus the residual crystalline parts (here the spherulites) protrude from the
surface and become observable. Only suggested
values are available for the etching time, so the
etching time was selected to be 4 hours based on
preliminary experiments. After etching the samples
were first rinsed with diluted sulfuric acid (7:1
water: sulfuric acid) then with hydrogen peroxide
and finally with distilled water. Before etching the
cross sections of the seams were polished.
In our optical and electron microscopic studies the
PP seams were observed in the cross section as
shown in Figure 3. The welded seam meets the base
material along the line defined by the outer perime-

2. Materials and methods

The scheme of the FSW technology is shown in
Figure 2. In contrast to the welding of metals,
instead of the shoulder rotating together with the
tool, we used a non-heated smoothing shoe made of
polytetrafluoroethylene.
In accordance with our preliminary experiments [9]
a milling cutter of 8 mm in diameter with 8-tooth
was used for welding of 10 mm thick extruded PP
homopolymer plates (PP-DWST of Simona, Kirn,
Germany, crystal melt temperature: 160–165°C, density: 0.905 g/cm3, modulus: 1400 MPa, Melt Flow
Index: 0.4 g/10 min, tensile strength: 25.6 MPa).

Figure 2. Scheme of the principle of friction stir welding
for polymers
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of the borderlines. To support the understanding of
the results the position of the sample cut-offs is
indicated in the, magnified inset in Figure 3.

3. Results and discussion

Optical microscopy
Spherulitic structure can be observed in the sections
shown in Figure 4. No difference was found between
the lower and upper parts of the cross sections (i.e.
between the lower and upper sides of the plate). The
spherulites were distributed homogeneously over
the cross sections and in the central zone of the
seam (Figure 4a). The crystalline structure is very
similar to the spherulitic structure of the base material (see Figure 4b). At higher magnification (200&)
a !-plate was also used in the optical microscope.
The spherulites of the base material (25–30 %m) are
larger than those found in the seam (10–20 %m).
The reduced spherulite diameter may likely be due to
‘memory effect’. The heat development in FSW
was not sufficient to erase the ‘prehistory’ of the
extruded sheet. The residual self nuclei initiated the
crystallization yielding spherulites with reduced
mean diameter compared to the base sheet [22].
Nonetheless, similar spherulite sizes in the centre of
the seam and in the base material suggest that the
related cooling conditions were also comparable.
As no major differences were found in the supermolecular structure in the central regions of the
seam in follow-up studies we concentrated on samples taken from the transition zone (on the borderline between the base material and the seam (Fig-

Figure 3. Build-up of the seam produced by FSW. Note:
The blue region is the inset represents the heat
affected zone (HAZ).

ter of the tool (borderlines). The borderlines on the
both sides of the seam can be distinguished based
on the relation between the peripheral speed of the
tool and the welding direction. Where the direction
of the peripheral speed of the tool is identical with
the welding direction it is called the advancing side
of the weld, while if the two directions are opposite,
it is called the retreating side of the weld. In our
studies no significant differences were found between
the advancing and retreating sides of the weld. It is
explained by the fact that assuming 2000 and
3000 rpm rotation speeds and 8 mm diameter tool
the peripheral speed is 837 and 1256 mm/s respectively. Comparing these values with the feed rate of
1 mm/s, the difference coming from the rotation
direction is negligible between the two sides of the
seam. In our optical and electron microscopic studies special care has been taken to investigate the
crystalline structure at the immediate neighborhood

Figure 4. Optical micrograph with crossed polarizer a) From the center of the seam, b) From the base material. Note: inset
images were made by additional use of !-plate.
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Touter: Sheared zone of distorted spherulitic structure produced by the peripheral speed of the welding tool. Although this layer is located near to the
advancing tool, the temperature developed during
welding softened the PP and ‘smeared’ along the
mantle of the tool. A flow zone of the base material
being located near to the movement of the tool.
Here the polymer completely melted under the
effect of the locally high temperature, flows and
crystallizes in form of cylindrites along the shear
rate direction. The cylindritic crystallization is due
to the fact that shear aligned PP chains cannot relax
owing to the fast cooling of this zone. The cylindritic structure is induced by row-nuclei (a special
version of self-nucleation) [22].

ure 3)). 5–10 %m thick slices were cut by microtome
from the advancing and retreating sides of the seam
for the study.
Figure 5a shows the borderline appearing at the
advancing side of the welded seam prepared at a
rotation speed of 2000 rpm. At the left and right
sides of the borderline the sperulitic structures of
the seam and of the base material are similar, but
between the two a transition zone of 400–500 %m
width can be observed. Figure 5b and 5c show a
highlighted part of the transition zone, indicating
the recognized supermolecular structural layers.
From right to left these are as follows:
B: Original spherulitic structure of the base (bulk)
material (average spherulite size is 25–30 %m).

Figure 5. Optical micrographs of the border region between the seam (produced at 2000 rpm) and the base material in transmission mode using crossed polarizers. a) Spherulitic structure of the seam and of the base (bulk) material, b),
c) Supermolecular structure developed in the border region. Notes: pictures b) and c) display the transitions zone
(also referred to skin-core structure) of the FSW seam along with the designations introduced. Frames b) and c)
were taken using a polarizer the plane of which was diagonal and parallel to the oriented structure of the seam,
respectively.
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T: This line represents the movement of the tool
mantle. It is practically the initial borderline between
the seam and the base material.
Tinner: A flow zone of the seam developed similar to
that of Touter, but on the seam side. Accordingly, this
has the same cylindritic structure. Toward to the
base (bulk) material a highly distorted spherulitic
layer can be resolved. Its formation is controlled by
two effects: heat subtraction toward to the bulk, and
crystallization affected by self-nucleation.
S: Inside the seam (S) again spherulites are formed.
To sum up, this is some kind of skin-core structure,
often found in injection molded PP items [7]. Slow
cooling in the central part of the welding seam
(‘core’) results in spherulitic crystallization. By contrast, in the ‘skin’ the formation of the supermolecular structure is due to interplay between cooling,
molecular alignment/relaxation and crystallization
markedly influenced by the latter. This kind skincore structure (similar to that observed in injection
molded specimens) provides the slow cooling necessary for the spherulitic crystallization. After welding while in the ‘skin’ regular spherulites cannot
develop because of the more intense heat withdrawal (the heat diffusing towards the base material), in the central part of the seam (in the ‘core’) the
crystallization goes on undisturbed.
In the case of the welded joint prepared at 3000 rpm
the width of the transition zone between the base
material and the seam was about 200–300 %m, much
narrower than in case of at 2000 rpm. The faster
rotation speed of the tool results in higher temperature associated with reduced melt viscosity. Consequently, the shearing conditions are different.

Because of the higher temperature the time for
molecular relaxation is longer. The width of the
seam is controlled by the interplay of the above two
parameters.
Figure 6 shows a cryomicrotomed specimen from
the welded joint prepared at 3000 rpm. Using the
cryomicrotome only very narrow slice could be
made (about 300 %m width), but even here the
decreasing size of the spherulites of the base material towards the seam can be observed. The cylindritic structure developed along a straight line
described by the side line of the mantle of the tool
(outer perimeter of the tool). The same straight borderline can be observed in the SEM micrographs
too.
Electron microscopic studies on etched samples
In order to study the crystalline structure of the
seam and of the base material etched samples were
also prepared and studied afterwards by SEM. The
advantage of the method compared to optical
microscopy is that the seam needs not be divided
into several parts to cut slices form it, as the etched
sample can be placed as a whole into the sample
holder of the SEM. Further advantages are the
higher magnification and the depth of field.
Figure 7 shows the micrographs of the seam (Figure 7a) and of the base material (Figure 7b) with
improved contrast for better visibility. One can see
that the spherulites of the seam are somewhat
smaller (10–20 µm diameter) than those of the base
material (25–30 µm), this difference could be
observed on the optical micrographs too. The
spherulites in the seam are not only smaller, but,

Figure 6. The border region between the seam and the base material at 3000 rpm. a) On a specimen prepared by cryomicrotome, b) SEM micrograph of an etched specimen.
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Figure 7. SEM micrographs after 4 hours etching: a) From the seam, b) From the base material

with respect to their regularity, they are much more
fragmented. This can be attributed to the mixingshearing effect of the welding tool.
When studying etched samples we have concentrated on the borderline between the seam and of
the base material, investigating the transition zones
observed by optical microscopy. Figure 8 shows
that at 3000 rpm the spherulitic structure of the base
material changes suddenly. When moving towards
the center of the seam the spherulitic structure can
again be observed after about a 40 µm distance but
the size is smaller and the regularity is lower than in
the case of the base material.
Similarly to our optical microscopic studies also in
the SEM micrographs streamlines can be observed
at 2000 rpm at the borderline of the seam and of the
base material (Figure 3). At these parts the melt was
exposed to strong shearing during welding, so the

Figure 8. Borderline of the base material and of the seam at
3000 rpm

polymer crystallized in a layered form, along certain lines, corresponding to the streamlines. The

Figure 9. The borderline between the base material and the seam at 2000 rpm. a) Regularity caused by the flow, b) There
are no spherulites in the region exposed to flow.
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