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Abstract. Friction stir welding (FSW) is a solid state welding process that is preferably used
for aluminum alloys. In the study described here, FSW was applied to glass fiber-reinforced
polyamide 6 (PA 6) and evaluated in terms of weld strength and fiber length distribution in the
weld seam. For this purpose, the main effects on the tensile strength for friction stir welded
specimens with a stationary shoulder were investigated. It could be shown that small tilt angles
in combination with high contact pressures are advantageous. Using the optimum settings, a
tensile strength of 50% of the base material strength could be achieved. Furthermore, an optical
measuring method for large-volume fiber length measurement is introduced and evaluated. It
has been demonstrated that the fibers shorten during the process. However, this has only a
minor influence on the strength, while the influence of the tilt angle, the contact pressure, and
the feed rate are significant.

1. Introduction

Friction stir welding (FSW) is a solid state joining technology and was patented in December 1991 by
“The Welding Institute” (TWI) [1]. The main application is the joining of aluminum alloys, which are
difficult to weld by using conventional fusion welding processes like laser beam welding [2]. Since
FSW only softens and stirs the material, but does not melt it, high-strength compounds can be
produced [3]. Due to this advantage, FSW is often used in sectors with a focus on lightweight
constructions such as the aerospace or the automotive industry [3].

For lightweight construction plastics are also being used to an increasing extent. Fiber-reinforced
plastics in particular offer the possibility to achieve high specific strengths with low densities. [4]
However, joining fiber-reinforced plastics is still a challenge [5]. One problem is that during
conventional welding processes (e.g. heating element welding) the fibers align parallel to the seam.
This leads to reduced strength and introduces weak spot. [5—8]

Since the material flow in the process zone during FSW is different from conventional welding
methods, it is assumed, that joining fiber-reinforced plastics using FSW increases the weld line
strength due to an adapted reorientation of the fibers in the seam.

The aim of this work is to investigate the influence of different process and tool parameters on the
tensile strength and fiber length distribution of glass fiber-reinforced polyamide 6.

Content from this work may be used under the terms of the Creative Commons Attribution 3.0 licence. Any further distribution
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2. State of the art

2.1. Conventional welding methods for plastics

A variety of methods can be used for joining plastics. These include processes such as screwing,
riveting, clipping, and adhesive bonding. However, these processes have considerable disadvantages
with regard to the force propagation, which is often only possible at certain junctions. Also, additional
mass is introduced through the mechanic joining elements (e.g. screws, rivets, or adhesives). These
disadvantages can be avoided by welding [9]. In the following, various welding techniques for
polymers will be discussed.

According to MENACHER [10], the welding processes can be classified corresponding to their heat
input mechanisms. These include heat conduction (e.g. hot plate welding), convection (e.g. extrusion
welding), radiation (e.g. infrared welding), friction via internal friction (e.g. ultrasonic welding), and
friction by means of external friction (e.g. vibration welding and friction stir welding) [9;10] .
Especially in industrial environments, hot plate welding and vibration welding are frequently
employed. However, these methods have limited applicability for fiber-reinforced plastics due to a
reduction of the weld strength compared to the strength of the base material [5; 7]. This relationship is
defined by the welding factor S:

R
S — m,weldy 1
Rm,base ( )
with Ry, eiq @s maximum tensile strength of the welded sample and Ry, p4s. as maximum tensile
strength of the base material.

In hot-plate-welding, the joining partners are heated by a contact surface until the joining partners
plasticize in the contact area. The joining parts are then pressed together with the plasticized ends and
thereby welded. The pressure applied to the joining zone causes a so-called squeeze flow, which
presses the molten plastics out of the joining zone (see Figure 1). A more detailed description of the
melt flow is given in section 2.2. In addition to the contact temperature 7, the welding parameters
include the contact pressure p and the dwell time 7. [11]

With hot-plate-welding of various fiber-reinforced polymers welding factors between 0.42 and 0.83
can be achieved. For example, for a polypropylene (PP) with 25%' glass fiber-reinforcement, a weld
factor of 0.42 was achieved [7]; with fiber reinforcements of 30%, strengths of 0.6 [12] and 0.61 [5]
could be obtained. For polyamide (PA) with 30% glass fiber-reinforcement, a composite strength of
0.5 could be reached [12]. FIEBIG & SCHOEPPNER [5] achieved a weld factor of 0.83 for PA6-GF30.
Here the fiber orientation within the weld seam was also examined and compared with the initial
orientation of the fibers. It was found that a high amount of fibers were aligned parallel to the joining
zone. FIEBIG & SCHOEPPNER [5] explained this based on the squeeze flow and the original fiber
alignment.

In vibration welding, the components are moved relative to each other. In most cases one
component is stationary, while the second component is set in motion with a frequency f and an
amplitude 4 relative to it. Due to the high speed movements under a defined contact pressure, the
components heat up and plasticize at the contact surface. A sudden deceleration and actuation of
pressure causes the plastic material to solidify and the components to form a joint. Similar to hot-
plate-welding, the squeeze flow causes material to be distributed parallel to the joining plane. [11]

For vibration welding of fiber-reinforced plastics, welding factors between 0.14 and 0.67 were
achieved [5; 7]. GEHDE et al. [7] recorded a welding factor of 0.14 to 0.23 for polypropylene (PP) with
25% glass fiber reinforcement. FIEBIG & SCHOEPPNER [5] were able to obtain a welding factor of 0.56
for a PP with 30% glass fiber reinforcement and 0.67 for polyamide (PA) with 30% glass fiber-
reinforcement. FIEBIG & SCHOEPPNER [5] also pointed out that the orientation of the fibers before the

! All weight data refer to weight percent.
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welding process has a considerable influence on the strength of the joint. The paper showed, that the
highest strength could be achieved for injection-molded test specimens [5]. KAGAN [13] investigated
the influence of the fiber content on the relative weld strength. He showed that the welding factor for
PA decreases with increasing fiber content. For unreinforced polyamide, a welding factor of almost 1
was achieved, while for PA with 45% glass fiber content the factor was only 0.39. [13]

transversely flow rate

orientated :
profile
glass fibers joining shoulder
plane
weld bead / . plasticized tip of pin
y

area

Figure 1. Schematic drawing of the reorientation of fibers in  Figure 2. The vector field of the

the weld zone due to the squeeze flow, based on [12]. velocity around a probe is shown
graphically for friction stir welding,
based on [14].

2.2. Melt flow during welding
One reason for the low welding factor of fiber-reinforced plastics compared to unreinforced plastics is
the fiber orientation in the weld seam [5; 15]. As a result of the squeeze flow, the fibers are aligned
perpendicular to the joining direction (see Figure 1). This results in a weld seam in which the
reinforcing fibers are not aligned in the loading direction.

This means that the force is not transferred by the fibers in the welding zone. Rather, the fibers
weaken the joint which leads to a reduced force transmission. [5-8; 15; 16]

Compared to the described conventional welding processes, the material flow during FSW is not
perpendicular to the weld [17; 14; 18], but rather the material is transported around the pin [17].

ZHANG ET AL. [19] showed a numerical approach to describe the particle distribution in the FSW
process on an Al 6061-T6 alloy plate. NANDAN ET AL. [14] depicts for friction stir spot welding
(FSSW) that the material rotates around the pin, where the velocity on the relative position of the pin
length (see Figure 2). SIMONES & RODRIGUES [20] presented the theory that the various thermo-
mechanical properties of plastics lead to a differing material flow in the seam. One assumption is that
the fibers in fiber-reinforced plastics are distributed differently during an FSW process compared to
conventional welding techniques (e.g. hot plate welding or vibration welding). This distribution could
lead to increased values of the welding factors when using FSW for joining fiber-reinforced plastics.

2.3. Influence of the fiber length on the tensile strength

In addition to the fiber orientation, the fiber length has a major influence on the strength of the
composite material [21; 22]. In order to take full advantage of the strength of the fibers in the
reinforced polymer, the fiber length I has to be longer than the critical fiber length [.:

= 2)
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The critical fiber length [, is defined by equation 3:

o= 2 3)

2«1

with o), as fiber breakage resistance, df as fiber diameter and 7;, as shear strength of the matrix.

The critical fiber length describes the required length to transmit force through the interfaces until
the complete fiber strength og;, is reached. Thus, fibers above the critical fiber length ensure that the
complete fiber strength is exploited and in the event of an overload a fiber breakage or a combination
of fiber pull-out and breakage occurs. Fibers shorter than [. cannot reach the full strength, meaning
that the fiber-polymer composite does not reach the maximum possible strength. [22] During
processing of discontinuous fiber-reinforced plastics, fibers are subject to thermal and mechanical
stresses. These lead to fiber breakage and shortening during the process. A good overview of fiber
breakage mechanisms, as well as a method for fiber length determination can be found in [21].

2.4. Friction stir welding for polymers

Friction stir welding of thermoplastic materials is currently a popular topic of research and is not yet
employed in industry. In the following, the most important findings regarding FSW of polymers are
discussed.

STRAND [23] investigated the FSW process for unreinforced polypropylene (PP). For this purpose,
a special tool with a “hot shoe” was developed, which warms the joining zone by using a heated
shoulder and thus guarantees an improved heat input. In particular, the microstructure in the weld was
examined and compared with that of the base material. The typical FSW onion-like rings could be
found in the plastic component as well. Furthermore, it could be shown that a large pin diameter, a low
feed rate, and a high heating capacity are advantageous. [23] The “hot shoe” concept introduced by
STRAND [23] was also adopted and studied by other authors [24-27]. Using this method,
MOSTAFAPOUR & TAFHIZAD [26] were able to join an unreinforced PA 6 with a welding factor of 0.9.

Based on these results, AYDIN [28] investigated the effect of preheated UHMWPE (ultra high
molecular weight polyethylene) samples on the weld strength. It was found that the strength increases
depending on the preheating temperature, with an optimum in the range of 70 — 90°C. [28]

Fundamental studies on friction stir welding of thermoplastic materials are primarily focused on
polyolefins (PE and PP) [29-31]. It was shown that the process parameters rotational speed and feed
rate have the greatest influence on the strength [30].

SADEGHIAN & BESHARATI [32] investigated the influence of the pin profile on the tensile strength
of friction stir welded acrylonitrile butadiene styrene (ABS). However, both the conical and the
cylindrical pin showed similar results.

The influence of the axial force on the weld strength of ABS was investigated on an FSW machine
[33] and on a welding robot [34]. It was found that higher axial forces reduce welding defects. The
feasibility of joining polymers by FSW with a robot was proven. [33, 34]

Besides polyolefins, polyamides are a frequently used group of polymers. Therefore,
PANNEERSELVAM & LENIN [35] and HUSAIN ET AL. [36] investigated this group of materials. It could
be demonstrated that there is an optimal rotational speed at which the specimens reach the maximum
tensile strength [36]. Furthermore, [35] showed that a threaded pin reduces the weld defect
susceptibility in polyamide specimens.

It has been demonstrated that a threaded conical pin also produces the best results for fiber-
reinforced plastics (PP with 30% carbon fiber) [37; 38]. CZIGANY & KISS [39] demonstrated that the
FSW process shortens the fibers in the plastic; nevertheless, fiber bridge bonds are formed. It is
suspected that shorter fibers lead to the reduced strength. However, strength could increase due to the
orientation of the fibers [39].
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2.5. Fiber length measurement
The fiber length measurement of short glass fibers is regulated in ISO 22314 [40]. The method is
structured in the following steps:

1. Removal of the matrix via pyrolysis

2. Fiber distribution in a water bath by ultrasound

3. Manual measurement of (300+60) fibers with a microscope

However, this procedure is time-consuming. Therefore, GORIS ET AL. [21] developed an optical

method based on a scanner solution and automatic image processing using a MATLAB algorithm. The
first step, the removal of the matrix via pyrolysis, is executed according to the standard. Then, the
fiber separation is performed by a fiber distribution system. For this purpose, the fibers are placed in a
device (a type of funnel) and distributed over a glass plate using compressed air. The glass plate is
then scanned and evaluated by a MATLAB algorithm. This method was shown to provide comparable
results.

3. Objective and approach
The aim of the work described in this paper was to investigate the potential of FSW as a technology
for joining fiber-reinforced plastics with a focus on the influence of the fiber length.

To achieve this, a process window for welding polyamide 6 with 30% glass fiber reinforcement
was found. The produced specimens were tested for tensile strength and the fiber length distribution in
the weld seam.

4. Experimental setup

4.1. Test rig and tools

The experiments were conducted with an industrial robot (KUKA KR500-MT) using an FSW spindle.
Furthermore, a patented DeltaN tool, i.e. a tool with a stationary shoulder, was used [41]. The FSW
tool, which was used throughout the experiments, consisted of a flat shoulder with a diameter of dg ; =
20 mm and dg, =24 mm and a conical pin (cone angle 8p;, = 10°, tip diameter 8p;y ¢ip= 4.7 mm, pin
length lp;;,, = 5 mm, M8 thread).

4.2. Welding material and tensile test

The tests were conducted on polyamide 6 plates with 30% glass fiber reinforcement (trade name:
TECAMID 6 GF30 black) from Ensinger GmbH. The material had a thickness of 5.3 mm. Selected
properties are given in Table 1.

Table 1. Selected mechanical and thermal properties of the examined
polyamide 6 with 30% glass fibers [43].

Mechanical properties

Young’s modulus E 5700  MPa
Tensile strength Ry 98  MPa
Elongation £ 4 %
Thermal properties
Glass transition temperature T, 49 °C
Melting temperature T 218 °C
Specific thermal capacity c 1.3 J/(g*K)
Thermal conductivity A 041 W/(K*m)
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The plastic plates were cut into 300 x 100 mm samples and welded together in butt joint configuration
with a seam length of 250 mm. In accordance with DIN EN ISO 527-3 (specimen geometry 2), 20 mm
wide sections were cut out and prepared for tensile testing (see Figure 3) [42]. The tensile strength R,
of the produced specimens was measured with a tensile testing machine type ‘Z020° from Zwick
GmbH & Co. KG.

300 mm
250 mm

20mm

e

PN
\2/

200 mm

> NG\ NN

\b) .

Y

Figure 3. Schematic drawing of the joining partners (a and b)
with indicated weld seam position (c) and tensile test specimen

(d)

4.3. Fiber length analysis

In order to determine the fiber lengths in the weld seam, an optical measuring method was developed
based on GORIS ET AL. [21] and SCHAFER ET AL. [44] using a MATLAB algorithm. For this purpose, a
10 x 10 x 5.5 mm piece was cut out of the joining zone and ashed at (625+25) °C using a muffle
furnace (model: WT-TM 18-S from WENDEL-TEC GmbH) according to DIN EN ISO 1172 [45].
The sample was held in a glow bowl and covered for the duration of the ashing (approx. 45 — 60 min)
due to the risk of fire. During this process, the matrix material burned and exposed the fibers.
Afterwards, the fibers were distributed on a glass plate via a fiber separation system similar to that of
GORIS ET AL. [21]. For this purpose, the fibers were placed in the separation system and sputtered by
compressed air. As a result, the fibers were separated and broadly distributed over the glass plate. The
glass plate was then scanned in a lighting tent using a reflex camera (Canon EDS 60D) with a special
close-up lens (Canon EF 50mm f/2.5 Compact Macro). To determine the magnification through the
lens and to achieve the correction of the pixel length to the true length, a glass scale was placed on the
glass plate during scanning. The dimensions of the high-precision glass scale were known and could
therefore be used to convert the pixel length to the true length using the calibration factor £:

true length

o= S I )

pixel length

To evaluate the fiber length, the images taken were imported and evaluated using a MATLAB
algorithm. First, the contrast of the image was increased using the imadjust(x) command (compare
Figure 4a to Figure 4b). This command saturates the lower 1% and the upper 1% of all pixel values.
This operation allows a better visibility of the fibers in the image. Next, the image was binarized using
a global threshold method (ISO50% method) based on a gray value histogram (see Figure 4c). For this
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purpose, the gray value histogram of the image was determined and two peaks were detected due to
the bimodal distribution of the values. The peak with the lower gray value was defined as background,
while the peak with the higher gray value was identified as fiber. Then, the threshold value THyjopq
was determined with equation 5:

Gray—Valueyqterial + Gray—Valuepackground
2

(3)

The gray scale image g(x,y) could then be converted with the threshold value THy;,pq; into a binary
image b(x,y):

THglobal =

0
b(x,y) = {55 for g(x,y) Sy (6)

2THgloba.l

Thereafter, filter operations were applied to detect and eliminate errors such as pixel errors,
agglomerations, and edge defects in the binary image. For this purpose, a filter was applied that
separates and eliminates dust grains and other artifacts below a certain size. A second filter was used,
which detects and deletes agglomerated objects. The third filter discerns objects that were located on
the edge and thus were probably not completely in the field of view of the camera. These particles will
be ignored. The last filter operation was used to detect overlapping objects. In this context, an ellipse
was placed around each detected contiguous object and the aspect ratio was determined (see Figure
4d). Oblong fibers have a small aspect ratio, while crossing fibers have a relatively high aspect ratio
and can therefore be detected and ignored. Through these filter operations, an image could be
generated which can be analyzed based on the fiber length. In this image, contiguous objects were
detected and measured using the Pythagorean approach (see Figure 4e). Then the length was
determined by using the calibration factor from equation 4 and evaluated.

(a) (b) (e)

Figure 4. Exemplary detail display of a glass fiber during filter operations: (a)
original gray scale image, (b) section after the contrast adjustment, (c) binary
image, (d) ellipsis plot to determine the aspect ratio, and (e) length calculation
by using the Pythagorean approach

5. Results and discussion

5.1. Process window

As mentioned in the state of the art, the influence of the rotational speed has already been examined in
detail. For this research, the rotational speed of 1000 1/min (first plasticization of the polymer) was
gradually increased. At a rotational speed of 2000 1/min a uniform plasticization of the material could
be observed. At the same time, the best seam surfaces appeared here. Subsequently, the rotational
speed was set to 2000 1/min and only the parameters tilt angle a, feed rate v, axial force F,, and
shoulder diameter dg were varied (see Table 2).
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Table 2. Overview of the used parameters and results of the tensile tests including the base
material (BM); the standard deviation was calculated from 5 samples.

Shoulder  Rotational  Tilt Downward  Feed rate Tensile
. . ) . strength  Standard
No. diameter speed m in angle o force Fz in v in . o
. . .2 . R,, in deviation
dginmm 1/min n N mm/min
MPa
1 20 2000 2 2000 25 49.04 4.03
2 20 2000 1 1500 40 8.61 0.91
3 20 2000 1 1500 25 28.91 14.14
4 20 2000 2 1500 25 12.05 7.09
5 20 2000 2 2000 40 11.12 2.81
6 24 2000 1 2000 25 14.83 8.06
7 24 2000 2 1500 25 16.23 6.29
8 24 2000 1 1500 10 18.82 8.70
9 24 2000 2 2000 25 10.67 4.30
10 24 2000 2 1500 25 16.59 9.10
11 24 2000 2 2000 40 8.80 2.65
12 24 2000 1 1500 25 10.01 1.70
BM - - - - - 98 -

In order to be able to evaluate the influence of the individual parameters, a statistical experimental
design was developed. Two values were tested for each of the above mentioned parameters.

5.2. Analysis of the tensile strength

Figure 5 shows the results of the tensile tests. For each value, 5 samples were evaluated. Except for
samples 1 and 3, the strengths are low and the scatter of the values compared to the base material.

i

Ry —
=

el &
) [en]
] ]

w
[en]
L L L

[y
[es]
L

tensile strength
[y®)
I
]

tloloulllungs

1 2 3 4 5 6 7
sample number —

Figure 5. Bar chart of the results of the tensile tests and the corresponding standard deviation of 5
samples; the corresponding process parameters are listed in Table 2.

A statistical evaluation of the experiments shows that small shoulder diameters in combination
with small tilt angles, low feed rates and high contact forces are advantageous (see Figure 6). Both
smaller shoulder diameters and higher contact forces increase the contact pressure and thus the
compression in the weld seam. Lower feed rates lead to an increased energy input and thus to a
lower viscosity. This improves the dynamics of the material flow during the welding process. This
effect can lead to fibers being carried along better and improve their orientation in the weld seam.

However, some effects seem to be contrary. A large shoulder diameter has advantages with a
lower contact force and high feed rates.

The tilt angle is advantageous for low angles. This effect is independent of the contact force and
the feed rate.
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The influence of the shoulder diameter is significant. A comparison between sample 1 and sample
9 shows that only 1/5 of the strength is achieved, although only the shoulder diameter was varied.
The samples always broke on the retreating side.

50 che =1 Fo  |-#- Fz = 1500N - —a-y =25mmimn || B -4- F, = 1500N || | -a- v = 25MM/min
% -8 x =2 s |-8- F. = 2000N 3 -8~ v = 40 ™M/min g |2EE F: = 2000N -B- v = 40 MM/min
T MPa S - - | 4 .M B
£ : i .
&0 " RN C -
g 301 e : . : “. - g
] S N Sy k =
2 20 : s > - ol |
= B e o _--c@ LIS
z e 1L gl | & e KRN Tl < B .
a-=""" TR "
B
0 U T T T T T U T T i T T T
20 mm 24 20 mm 24 20 mm 24 1 & 2 [ 2
shoulder diameter ds —  shoulder diameter ds —  shoulder diameter dg — tilt angle o« — tilt angle o« —

Figure 6. Statistical evaluation of the samples with regard to shoulder diameter and tilt angle.

5.3. Analysis of the cross-sections
The analysis of the cross-sections shows that the weld seam quality on the advancing side (AS) is
significantly better (see Figure 7). On the retreating side (RS), shrinkage holes and pores were
frequently formed. One possible reason for that could be the heat generation, which is lower on the
RS. This means that the plasticized material cannot adhere to the base material at all or only with very
limited adhesion. As a result, the joint is often discontinuous and the strength tends to be lower.
Comparing the micrographs of sample 1 (see Figure 7a) and sample 4 (see Figure 7b) shows that a
reduced contact force F, increases pore formation on the retreating side (RS). The effect of a higher
feed rate is shown by a comparison from sample 1 to sample 5 (see Figure 7c). Besides a tunnel error
in sample 5, the poor joint quality on the retreating side is visible. Additional pores can be seen on the
advancing side, which further reduce the joint strength. By examining sample 1 and sample 9 (see
Figure 7d), the influence of the larger shoulder diameter can be seen. A poor connection as well as a
tunnel error is visible in sample 9.

RS

(a) sample 1 (b) sample 4 ) (c) sample 5 (d) sample 9

Figure 7. Micrographs of different samples with advancing side (AS) on the left side and retreating
side (RS) on the right side of each cross section.

5.4. Analysis of the fiber length

The analysis of the fiber lengths of all samples shows that the fibers break during the process and
shorten by 10 — 20% (see Figure 8). However, no correlation between the process parameters and the
fiber shortening could be identified.

The distribution of the fiber lengths remains similar, compared to the base material. Both the base
material and the welded samples show a normal distribution. The average fiber lengths are far below
the critical fiber length. Fibers shorter than 0.3 mm are not detected by the measuring system due to
the filter settings. Although this setting falsifies the measurement results, this adjustment is
permissible as fibers smaller than 0.3 mm do not improve the strength.
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Figure 8. Comparison of the cumulated frequencies of the fiber lengths of different samples
compared to the base material.

6. Conclusion and discussion
The influence of the process parameters on the joint strength of friction stir welded PA6-GF30
samples could be demonstrated in this study. It could be shown that a small tilt angle is to be preferred
for FSW of plastics. Small feed rates, small shoulder diameters and high contact pressures are also
advantageous. With the best parameter setting (o = 2°, F, = 2000 N, v = 25 mm/min and dg = 20 mm)
a maximum welding factor of 0.5 could be achieved. Furthermore, a method for large volume
measurement of glass fibers was presented and evaluated. It could be shown that the FSW process
breaks the fibers and shortens them. However, this shortening has no noticeable influence on the
strength of the welded joint. This leads to the conclusion that the tensile strength is mainly influenced
by the process parameters.

Thus it can be said that the process itself has to be controlled in a stable and reproducible way
before the reinforcing fibres have a reinforcing effect. Furthermore, the fiber orientation in the joining
zone should be investigated to check how the reinforcing fibers are deposited.
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