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The welding factors are significantly lower in welding of fiber reinforced thermoplastics than in welding of unreinforced
thermoplastics due to the fiber orientation in the weld.This paper presents results from investigations on the influence of the initial
fiber orientation on the weld strength in hot plate and vibration welding for glass fiber reinforced polypropylene and polyamide
6. Injection molded specimens are compared to specimens with main initial fiber orientation being longitudinal and transverse to
the joining direction. The results of CT analysis of the fiber orientation in the weld show the opportunity to achieve a higher weld
strength by using specimens with fibers being initially oriented longitudinally to the joining direction. The influence of the initial
fiber orientation in the parts to be welded on the weld strength in hot plate welding is more distinct than in vibration welding.

1. Introduction

The fields of application for fiber reinforced plastics are
increasing especially due to their high potential for light-
weight design.The combination of high strength and stiffness
and low density enables the growing use of fiber composites
[1]. A negative aspect is the anisotropy of the material
properties. Fibers only have a reinforcing effect when they
are aligned to the load direction. Perpendicular to the load
direction, the matrix has to provide the complete elongation
which results in high local stresses. Therefore, fibers being
oriented transversely to the load directionmight evenweaken
the matrix [2].

In themanufacture of plastic and composite components,
joining is an important step. During the welding process, the
surfaces of the parts to be welded are molten, for example,
by contact to a heated tool. The molten surfaces are pressed
together in the next step. In this joining phase, melt flow
occurs at the interface. By cooling the weld is finally formed
[3].

In welding of fiber reinforced materials, the attainable
weld strength is low compared to the material strength of the
reinforced material. The welding factor which is defined as
the weld strength relative to the strength of the nonwelded

reference sample is much smaller than one. Bruessel, for
example, achieved a welding factor of 0.6 in hot plate welding
of polypropylene (PP) reinforced with 30% short glass fibers.
For polyamide (PA) reinforcedwith 30% short glass fibers the
highest welding factor was 0.5. The welding factor decreases
with increasing fiber content [4]. Kagan realized a welding
factor of 0.39 in vibration welding of glass fiber reinforced
PA6 with 45% fiber content [5]. Gehde et al. published
results of investigations on welding of PP reinforced with
25% random glass mat. The welding factor was 0.42 in
hot plate welding and 0.14 up to 0.35 in vibration welding
[6]. Conversely, in welding of unreinforced plastics welding
factors of one are attainable [4, 7].

The reason for the low welding factors in welding of fiber
reinforced materials is connected to the fiber orientation in
the weld. Fibers are oriented perpendicularly to the joining
direction. Figure 1 shows the flow rate profiles in squeeze
flow and the resulting fiber orientation in the weld. Due to
squeeze flow, a reorientation of fibers occurs in the joining
phase [4, 6, 8, 9]. Since the fibers are not aligned in the load
direction which corresponds to the joining direction, there is
no reinforcing effect of the fibers in the weld.

Various investigations have been conducted on possi-
bilities to prevent fiber orientation being perpendicular to
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Figure 1: Schematic representation of the reorientation of fibers in
the weld due to squeeze flow [4].

the load direction in welds and thereby to attain higher
welding factors in welding of fiber reinforced thermoplastics
[4, 6, 10–12]. One investigated influencing factor is the fiber
orientation in the nonwelded part which is referred to as
initial fiber orientation hereafter. Bucknall et al. compared
weld strengths for initial fiber orientation parallel and per-
pendicular to the joining direction in hot plate welding of
glass fiber reinforced PP.There is no difference in the highest
weld strength attained for both initial fiber orientations. The
authors explain this with the similar fiber orientation in the
weld independent of the fiber orientation before welding [8].
The results of Kagan et al. indicate that in vibration welding
of glass fiber reinforced PA6 and PA66 the reinforcing effect
of the fiber in the weld is independent of the fiber orientation
in the parts to be welded [10]. Other investigations did not
show such distinct results. At the Süddeutsche Kunststoff-
Zentrum (SKZ) in Würzburg, injection molded semitensile
bars were prepared to attain an initial fiber orientation being
longitudinal to the joining direction. Therefore, the end of
the flow path of a semitensile bars was sawn off. The sawn
surface was used as the surface to be joined in hot plate and
infrared welding. The weld strength achieved with injection
molded parts was compared to the weld strength attained
with sawn parts for polypropylene (PP), polyamide 6 (PA6),
and acrylonitrile butadiene styrene (ABS) reinforced with up
to 40% short glass fibers. Initial fiber orientation longitudinal
to the joining direction of the sawn parts does not distinctly
result in higher weld strength. For example, the weld strength
in hot plate welding of sawn parts of PA6 is higher than that
of injection molded parts for fiber contents of 25% and 40%
but lower for fiber content of 15% [7].

Although high efforts have been made in researching the
welding of fiber reinforced thermoplastics, there is still no
solution for the general challenge of low welding factors.
Therefore, current investigations at the Kunststofftechnik
Paderborn (KTP) deal with the possibility of improving the
reinforcing effect of fibers in the weld. This paper presents
results from investigations on the influence of the initial
fiber orientation on the weld strength in hot plate and
vibration welding for glass fiber reinforced polypropylene
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Figure 2: Viscosity curves.

and polyamide 6. The aim is to determine the potential of
a specific fiber orientation in the joining direction before
welding.

2. Materials and Methods

2.1. Materials. Five materials were used to produce joining
parts by injection molding. Three types of polypropylene
were chosen to identify the effect of short and long glass fibers
in welding: unreinforced PP homopolymer (Moplen HP 501
L, LyondellBasell), short glass fiber reinforced PP with 30%
fiber content (AltechNXTPP-HA2030-450GF30CP, Albis),
and long glass fiber reinforced PP with 30% fiber content
(TechnoFiber PPLGF30-10-01 LHI, TechnoCompound). For
investigations on the effect of the viscosity of polyamides,
two types of glass fiber reinforced polyamide 6 with 30%
fiber content differing in viscosity properties were used:
polyamide with improved flowability and therefore low melt
viscosity (Durethan BKV 30 H2.0 EF) and polyamide with
improved weldability in hot plate and vibration welding
because of higher melt viscosity in shear rate ranges relevant
to welding (Durethan BKV 330 H2.0, Lanxess). Figure 2
depicts viscosity curves for the materials used, determined
with a high pressure capillary rheometer (Rheograph 2002,
Goettfert) for common welding temperatures.

2.2. Quantification of Fiber Orientation. In 1987, Advani and
Tucker proposed an alternativemethod to the probability dis-
tribution function for the description of fiber orientation [13].
In the proposed method, the fiber orientation is described by
a three-dimensional fiber orientation tensor.Thebasis for this
description is the definition of the orientation of a single rigid
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Figure 3: Description of fiber orientation by two angles [13].

cylindrical fiber in three-dimensional space by two angles
(Figure 3).

Based on the formulation of a unit vector 𝑃 with the
Cartesian components 𝑝

1
, 𝑝
2
, and 𝑝

3
, the orientation tensor

𝑎
𝑖𝑗
can be created. The components of the orientation tensor

are dyadic products of the vector𝑃; for example, 𝑎
𝑥𝑥
= 𝑝
𝑥
⋅𝑝
𝑥
.

Orientation Tensor

𝑎
𝑖𝑗
= (
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). (1)

The components on the principle diagonal of the orientation
tensor (𝑎

𝑥𝑥
, 𝑎
𝑦𝑦
, 𝑎
𝑧𝑧
) represent the orientation in 𝑥-, 𝑦-,

and 𝑧-direction. The sum of these values is 1. The values
of the components of the orientation tensor may represent
orientation of a single fiber or average values for several fibers.
A uniform fiber orientation in 𝑥-direction, for example, is
represented by 𝑎

𝑥𝑥
equal to 1 while 𝑎

𝑦𝑦
and 𝑎
𝑧𝑧

equal 0. The
components 𝑎

𝑖𝑗
with 𝑖 ̸= 𝑗 represent the tilt of orientation

in several planes. Since there is no additional information
by including these components in the analysis in these
investigations, the components on the principle diagonal are
sufficient for analysis of the main fiber orientation here [14,
15].

For the analysis of the fiber orientation in the parts to
be welded and in the weld, computed tomography (CT) is
used. This method provides three-dimensional recording of
a scanned part. Materials and regions with different densities
are identified. The detection of fibers is realized by analysis
of grey value gradients. For the investigations a phoenix
nanotom s (GE sensing) was used.

2.3. Specimen Preparation. The parts have been manufac-
tured in injection molding. Plates with dimensions of 60mm
× 60mm × 2mm (plate 1) were injectionmolded for hot plate
welding. For vibration welding, plates of dimensions 130mm
× 70mm × 3mm (plate 2) were injection molded. The differ-
ent sample thicknesses are connected to the different welding
methods. To be able to use the vibrationweldingmachine (see
Section 2.4) in an appropriate range of the welding force, a
part thickness higher than 2mm was required. The influence
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y

Figure 4: Fiber orientation in an injection molded plate depicted
schematically.

of the part thickness on the fiber orientation is subordinate
here. More decisive for the resulting fiber orientation are the
two different injection molding tools with different gating
systems [16, 17].

Without any further preparation, these plates have been
welded at the end of the injection molding flow path for
determining the weld strength for parts with standard fiber
orientation resulting from injection molding (Figure 6, left).
The fiber orientation in the flow channel and at the end of
the flow path in injection molded parts which results from
the flow profile is shown schematically in Figure 4. In the
middle of the part thickness, fibers are oriented transversely
to the flow direction because of elongation flow. In the
shearing zone near the walls fibers are aligned to the flow
direction because of shear flow [18]. In the edge layer, fibers
are oriented statistically. At the end of the flow channel fibers
have a disordered orientation. The preference orientation is
transverse to the flow direction [16, 19].

By CT analysis, the fiber orientation can be described by
the fiber orientation tensor (see Section 2.2). Figure 5 shows
the progress of the components of the fiber orientation tensor
over the part (𝑥-axis) and the flow direction (𝑦-axis) which
has been depicted in Figure 4 schematically (progress of the
components of the fiber orientation tensor in 𝑧-direction is
constant except for the edges). 𝑎

𝑥𝑥
, 𝑎
𝑦𝑦
, and 𝑎

𝑧𝑧
represent

the fiber orientation in the directions of 𝑥 (part thickness
and direction of squeeze flow in welding), 𝑦 (flow direction
in injection molding and joining direction in welding), and
𝑧 (direction of specimen width and vibration direction in
vibration welding). At the position of 3mm from the end of
the flow channel, 𝑎

𝑧𝑧
increases and 𝑎

𝑦𝑦
decreases while 𝑎

𝑥𝑥

is constant. Beginning at about 0.5mm from the end of the
flow path 𝑎

𝑥𝑥
starts to increase and 𝑎

𝑧𝑧
starts to decrease. It

is obvious that, at the end of the flow path, where the weld
zone is placed usually, the orientation in joining direction
(𝑎
𝑦𝑦
) is very low. This indicates that it is hard to realize a

high orientation in joining direction (equal to load direction)
in the weld. Therefore, plates are prepared before welding in
order to create joining parts with defined fiber orientation
being longitudinal and transverse to the joining direction
(Figure 6, middle and right).
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Figure 5: Progress of the fiber orientation along the 𝑥- and 𝑦-axis in an injection molded plate of PP-LGF30.
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Figure 6: Schematic representation of welding samples with different fiber orientations.

Figure 7 shows images from the CT analysis of an injec-
tion molded plate of dimensions 60mm × 60mm × 2mm of
PP-LGF30. Fiber orientation is semicircular originating from
the film gate. At the lateral edges, fibers are mainly oriented
longitudinally to the flow direction. At the end of the flow

path, fiber orientation is mainly perpendicular to the flow
direction. Based on these results, the plates were prepared
before welding by sawing. By cutting the plate in half along
the flow direction and welding the cut surfaces of the half
plates, the fibers at the cut surfaces are highly oriented in the
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Figure 7: CT analysis of an injection molded plate of PP-LGF30.
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Figure 8: Schematic representation of the preparation of plates
before welding.

joining direction (Figure 8). By cutting off about 3 to 4mm
from the lateral edge of the plate, in the cut surface, a fiber
orientation perpendicular to the joining direction is created.
The cut surface represents the surface to be joined.

Figure 9 depicts the fiber orientation in the joining area in
a plate sawn as shown in Figure 8 on the left. The orientation
in the joining direction (𝑎

𝑦𝑦
) with 0.43 is quite high compared

to a part after injection molding (Figure 5). In Figure 10 the
fiber orientation at the lateral edge of an injection molded
plate is depicted. It is obvious that the fiber orientation
is constant from about 2mm from the edge. Therefore, as
described above, the lateral edge of the plate is cut off at 3 to
4mm from the edge. In the joining area, the fibers are mainly
oriented in 𝑧-direction while 𝑎

𝑦𝑦
and 𝑎
𝑥𝑥

are at the same low
level.

When examining the progress of the fiber orientation
over the 𝑥-axis, it is obvious that the fiber orientation is
not constant due to the flow profile. Therefore, the fiber
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Figure 9: Progress of the fiber orientation along the 𝑥- and 𝑦-axis in
a plate of PP-LGF30 with initial fiber orientation being longitudinal
to the joining direction (hot plate welding).

Table 1: Fiber orientation in parts to be joined by hot plate welding.

Material and initial fiber orientation
3D fiber

orientation tensor
𝑎
𝑥𝑥

𝑎
𝑦𝑦 𝑎

𝑧𝑧

PP-GF30
Injection molded 0.26 0.19 0.55

Longitudinally oriented 0.21 0.47 0.32
Transversely oriented 0.19 0.22 0.59

PP-LGF30
Injection molded 0.15 0.17 0.68

Longitudinally oriented 0.19 0.43 0.39
Transversely oriented 0.15 0.16 0.69

orientation tensor is determined at the positions along the 𝑥-
axis: in the middle (𝑥 = 0 ⋅ 𝑏) (𝑏 is the thickness of the part to
be welded), at the transition to the bead (𝑥 = 1 ⋅ 1/2 ⋅ b),
and in between (𝑥 = 0.5 ⋅ 1/2 ⋅ 𝑏). The average of three
values is calculated for further analysis. In Table 1, the average
values for the components of the fiber orientation tensor are
listed for short and long glass fiber reinforced PP for the three
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Figure 10: Progress of the fiber orientation along the 𝑥- and 𝑦-axis
in a plate of PP-LGF30 with initial fiber orientation being transverse
to the joining direction (hot plate welding).

different parts to be welded (Figure 6). The high values for
𝑎
𝑦𝑦

for the parts with fibers oriented longitudinally to the
joining direction as well as the high values for 𝑎

𝑧𝑧
for the parts

with fibers oriented transversely to the joining direction are
highlighted in bold type.

The same procedure as described above for plates for hot
plate welding has been performed for the injection molded
plates for vibration welding. Analogous to hot plate welding,
the components of the fiber orientation tensor for the three
parts to be welded with different initial fiber orientation are
listed in Table 2 for vibration welding.

Figure 11 depicts the fiber orientation in the joining
area in a plate sawn as shown in Figure 8 on the left. The
orientation in the joining direction (𝑎

𝑦𝑦
) with 0.45 is quite

high compared to a part after injection molding (Table 2).
In Figure 12 the fiber orientation at the lateral edge of an
injection molded plate is depicted. In the joining area at 3
to 4mm from the edge, the fibers are mainly oriented in
the 𝑧-direction while 𝑎

𝑦𝑦
and 𝑎

𝑥𝑥
are at a similar low level.

Compared to the plates for hot plate welding (Figure 10)
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Figure 11: Progress of the fiber orientation along the𝑥- and𝑦-axis in
a plate of PP-LGF30 with initial fiber orientation being longitudinal
to the joining direction (vibration welding).

Table 2: Fiber orientation in parts to be joined by vibrationwelding.

Material and initial fiber orientation
3D fiber

orientation tensor
𝑎
𝑥𝑥

𝑎
𝑦𝑦 𝑎

𝑧𝑧

PP-GF30
Injection molded 0.17 0.14 0.69

Longitudinally oriented 0.24 0.52 0.25
Transversely oriented 0.24 0.32 0.45

PP-LGF30
Injection molded 0.19 0.17 0.64

Longitudinally oriented 0.22 0.45 0.33
Transversely oriented 0.23 0.3 0.47

the degree of orientation in the 𝑧-direction is not that high.
These differences are connected to the different geometries,
thicknesses, and injection molding tools of the two plates.

For determining the material strength, tensile bars of
dimensions of the specimen type 1BA in DIN EN ISO 527-2
were milled from the specimens with length aligned with the
flow direction of the melt in injection molding. The material
strength was determined as described in Section 2.5.
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Figure 12: Progress of the fiber orientation along the 𝑥- and 𝑦-axis in a plate of PP-LGF30 with initial fiber orientation being transverse to
the joining direction (vibration welding).
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2.4. Welding. The welding examinations were conducted
with the hot plate welding machine K2150 (Bielomatik Leuze
GmbH & Co. KG). Selected important process parameters in
hot plate welding are depicted in Figure 13. The parameters
were varied according to Table 3. Values on level 0 are
based on recommended values by Kreiter, guidelines, and
experience [20, 21]. The melt layer thickness 𝐿

0
is the length

of the molten area at the end of the heating phase in which
the surfaces to be molten are heated in contact to a hot plate

(temperature 𝑇HE). 𝐿0 is described in relation to the part
thickness 𝑑. The welding displacement 𝑠

𝐹
that is described in

relation to the melt layer thickness is realized by the welding
velocity V

𝐹
. Other parameters like matching time, displace-

ment, and cooling time were constant for all tests. Relevant
parameter combinations for the following description of the
conducted investigations are listed in Table 4. Each design
point represents one parameter combination.

The examinations concerning vibration welding were
conducted by the linear vibration welding machine LVW
2020 CPC (KLN Ultraschall AG). The maximum welding
force is 4.7 kN. Figure 14 shows selected parameters in
vibration welding. These parameters were varied according
to Table 5. Values on level 0 are based on guidelines and
experience [22, 23]. The surfaces to be welded are pressed
together by the welding pressure 𝑝

𝐹1
. By a vibration move-

ment with an amplitude 𝑎, the surface become molten due
to friction. When the defined welding displacement 𝑠

𝐹
is

attained, the vibration stops and the welding process is
completed after the cooling phase. In a welding process with
a dual stage welding pressure, the second pressure 𝑝

𝐹2
is
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Table 3: Variation of welding parameters in hot plate welding.

Factor Level − Level 0 Level +
Melt layer thickness relative to material thickness 𝐿

0
/𝑑 [—] 0.2 0.34 0.48

Welding displacement relative to melt layer thickness 𝑠
𝐹
/𝐿
0
[—] 0.6 0.75 0.9

Joining velocity V
𝐹
[mm/s] 1 5 9

Hot plate temperature 𝑇HE [
∘C] 𝑇

𝑀
+ 60K 𝑇

𝑀
+ 80K 𝑇

𝑀
+ 100K

SF

F

F

a a

Figure 14: Selected process parameters in vibration welding.

Table 4: Selected design points in hot plate welding.

Design point 𝐿
0
/𝑑 [—] 𝑠

𝐹
/𝐿
0
[—] V

𝐹
[mm/s] 𝑇HE [

∘C]
I 0.34 0.75 5 𝑇

𝑀
+ 80K

II 0.2 0.6 1 𝑇
𝑀
+ 60K

III 0.34 0.75 9 𝑇
𝑀
+ 80K

IV 0.48 0.75 5 𝑇
𝑀
+ 80K

V 0.48 0.9 9 𝑇
𝑀
+ 100K

VI 0.34 0.75 5 𝑇
𝑀
+ 100K

chosen lower than the first one 𝑝
𝐹1
. This enables a quick

melting of the surface combined with a high melt layer
thickness which results in a higher weld strength for some
(unreinforced) materials. Other parameters like cooling time
and vibration frequency were constant for all tests. Relevant
parameter combinations for the following description of the
conducted investigations are listed in Table 6. Each design
point represents one parameter combination.

2.5. Tensile Test. For determination of the weld strength and
the material strength, a tensile test according to DIN EN ISO
527 was conducted.The chosen testing speed for all materials
was 20mm/min. The vibration welded plates were cut into
four pieces of 20mm width to enable a fixation during the
tensile test. A preparation of the hot plate welded tensile bars
was not necessary before testing.

3. Results and Discussion

3.1. Effect on Weld Strength. The welding parameters in hot
plate welding do not correlate to the weld strength of plates
with different initial fiber orientation. Therefore, only two
prominent design points for each material are considered
in the following. Figure 15 shows the weld strength in hot
plate welding of injection molded plates without any further
preparation “inj. molded” compared to plates with initial
fiber orientation longitudinally oriented (long. oriented)
and transversely oriented to the joining direction (transv.
oriented). The bars represent the mean value and the error
bar represents the standard deviation. For short glass fiber
reinforced PP and PA, the weld strength is highest for
injection molded plates without any further preparation. In
one case depicted for each material, the weld strength of
plates with initial fiber orientation being longitudinal to the
joining direction is higher than for plates with fibers oriented
transversely to the joining direction in the parts before
welding. The other design point for each material shows
the opposite. In contrast, for long fiber reinforced PP, with
longitudinal initial fiber orientation, a higher weld strength
is attainable compared to injectionmolded plates without any
further preparation. Compared to this, for plates with fibers
being initially oriented transversely to the joining direction,
the weld strength is significantly lower. The partly very high
standard deviation can be ascribed to the preparation of the
parts to be welded by a circular saw. Consequently, in hot
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Table 5: Variation of welding parameters in vibration welding.

Factor Level − Level 0 Level +
Welding pressure 1 𝑝

𝐹1
[MPa] 0.5 2.25 4.0

Welding pressure 1 relative to welding pressure 2 𝑝
𝐹1
/𝑝
𝐹2
[—] 1/1 4.5/1 8/1

Welding displacement 𝑠
𝐹
[mm/s] 0.4 0.9 1.4

Vibration amplitude 𝑎 [mm] 0.5 0.75 1.0

Table 6: Selected design points in vibration welding.

Design point 𝑝
𝐹1

[MPa] 𝑝
𝐹1
/𝑝
𝐹2
[—] 𝑠

𝐹
[mm/s] 𝑎 [mm]

I 0.5 1/1 0.4 0.5
II 4 1/1 0.4 0.5
III 0.5 1/1 1.4 0.5
IV 0.5 8/1 1.4 0.5
V 4 1/1 0.4 1.0
VI 4 8/1 1.4 1.0
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Figure 15: Weld strength in hot plate welding for different initial
fiber orientations.

plate welding of long glass fiber reinforced materials, it is
possible to attain significantly higher weld strength than for
plates with fiber orientation resulting from injectionmolding
in the end of the flow path.

Figure 16 shows the weld strength in vibration welding
for design points that resulted in the highest and lowest
weld strength for injectionmolded plates without any further
preparation. The weld strength is being compared for differ-
ent initial fiber orientations analogous to hot plate welding.
PA-GF30EF does not react sensitively to different initial fiber
orientations; the weld strength reaches a similar level when
the high standard deviations are taken into account. Initial
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Figure 16: Weld strength in vibration welding for different initial
fiber orientations.

transverse fiber orientation does not result in significantly
different weld strength compared to initial longitudinal fiber
orientation for short glass fiber reinforced materials. For
PP-LGF30, one welding parameter combination results in a
higher weld strength for plates with fibers being oriented
initially longitudinally than for injection molded plates. But
this difference is not significant. In vibration welding, it is
consequently not possible to attain a significantly higher
weld strength with a high proportion of fibers oriented
longitudinally to the joining direction in parts to be welded.
The difference in the attainable weld strength for initial
fiber orientation being longitudinal to the joining direction
compared to transverse initial fiber orientation is not as
distinct as in hot plate welding.

Comparing the attained weld strength with the material
strength (Table 7), the low welding factors become appar-
ent. For short glass fiber reinforced materials, the highest
welding factors in hot plate welding are attained for the
fiber orientation resulting from injection molding: 0.61 for
PP-GF30, 0.83 for PA-GF30, and 0.69 for PA-GF30EF. In
contrast, for long glass fiber reinforced materials the welding
factor for injection molded parts (0.42) can be increased
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Table 7: Material strength.

Material strength [MPa]
Plates for hot plate

welding
Plates for vibration

welding
PP-GF30 68.18 (±0.75) 60.13 (±0.79)
PP-LGF30 61.21 (±1.25) 51.08 (±1.60)
PA-GF30 102.74 (±1.14) 120.54 (±3.02)
PA-GF30EF 120.81 (±2.00) 111.02 (±1.67)

to 0.61 by welding parts with fibers being oriented initially
longitudinally to the joining direction. In vibration welding,
the highest welding factors are attained for injection molded
plates without any further preparation (0.56 for PP-GF30,
0.37 for PP-LGF30, and 0.67 for PA-GF30) except for PA-
GF30EF.Themaximumwelding factor for longitudinal initial
fiber orientation is 0.50 slightly higher than for injection
molded plates with 0.47. Obviously, the maximum welding
factors in vibration welding are lower than in hot plate
welding.

3.2. Effect on Fiber Orientation. In order to explain the dif-
ferent weld strength for different initial fiber orientations, the
fiber orientation in the weld is analyzed.

3.2.1. Hot Plate Welding. When comparing the fiber orienta-
tion in the weld (Figure 17) with the initial fiber orientation
in an injection molded plate without any further preparation
(Figure 5), the change of the fiber orientation due to the
welding process can be analyzed. The upper charts depict
the fiber orientation over the part thickness (along the 𝑥-
axis). A different progress of the components of the fiber
orientation tensor after welding is only observed in the edge
areas. Comparing the values for the components of the fiber
orientation tensor near the edge (𝑥 = 0.9 in the nonwelded
part) and near the transition to the weld bead (𝑥 = 1.0 in
the welded part) shows an increase of 𝑎

𝑥𝑥
of 173% due to

the welding process. Fiber orientation in the joining direction
(𝑎
𝑦𝑦
) decreases by about 55%.This shows the high influence of

squeeze flow which leads to a reorientation of fibers into the
𝑥-direction, that is, into the bead. Additionally, 𝑎

𝑧𝑧
increases

by about 27%. Similar results are observed for the other
materials.

Taking a look at the progress of the fiber orientation along
the 𝑦-direction, the weld is easily detectable. 𝑎

𝑥𝑥
is higher

in the weld than beyond the welding area while 𝑎
𝑦𝑦

and 𝑎
𝑧𝑧

are lower. The progress of 𝑎
𝑥𝑥
, 𝑎
𝑦𝑦
, and 𝑎

𝑧𝑧
in the 𝑦-direction

towards the weld is similar to the orientation in the welding
part towards the end of the flow path: 𝑎

𝑥𝑥
increases while

𝑎
𝑦𝑦

and 𝑎
𝑧𝑧

decrease. But the change of the fiber orientation
is even more pronounced due to welding: 𝑎

𝑥𝑥
is about 60%

higher than in the injection molded part at the end of the
flow path, while 𝑎

𝑦𝑦
is 13% lower and 𝑎

𝑧𝑧
is 26% lower. This

tendency is also valid for the othermaterials. But the decrease
of 𝑎
𝑦𝑦

is more pronounced for short glass fiber reinforced
material: 𝑎

𝑦𝑦
in the weld is about 40 to 50% less than in the

joining plane of the part to be welded.

PP-LGF30 HE DP I injection molded
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Figure 17: Progress of the fiber orientation along the 𝑥- and 𝑦-axis
in the weld of injection molded plates in hot plate welding of PP-
LGF30.

Due to the low fiber orientation in the joining direction
in the part at the end of the flow path, where the weld is
located generally, it seems logical that the proportion of fibers
oriented in the joining direction in the weld is comparably
low.

The fiber orientation in the weld (Figure 18) compared
to the fiber orientation in the part to be welded with initial
fiber orientation being longitudinal to the joining direction
(Figure 9) shows similar tendencies as for injection molded
plates. The orientation over the part thickness (along the 𝑥-
direction) changes only in the edge areas due to welding. 𝑎

𝑥𝑥

increases in the welding process because fibers are reoriented
from the𝑦- to the𝑥-direction. Because of the high orientation
in the 𝑦-direction of the part to be welded, 𝑎

𝑦𝑦
is still quite

high in the weld in the middle of the part. Compared to the
injection molded plates without any further preparation, 𝑎

𝑦𝑦

is nearly four times higher here.
Looking at the progress of the fiber orientation along the
𝑦-direction, the weld is clearly detectable. 𝑎

𝑥𝑥
is higher in the

weld than beyond the weld zone and 𝑎
𝑦𝑦

and 𝑎
𝑧𝑧

are lower.
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Figure 18: Progress of the fiber orientation along the𝑥- and𝑦-axis in
the weld of two plates in hot plate welding of PP-LGF30 with initial
fiber orientation being longitudinal to the joining direction.

Although theweld is located in an area of the partwheremany
fibers are oriented longitudinally to the joining direction, 𝑎

𝑦𝑦

decreases significantly due the squeeze flow in welding: while
in the part to be welded 𝑎

𝑦𝑦
was 0.47, it is only 0.18 in the weld.

In contrast, 𝑎
𝑥𝑥

increases during welding so that it is three
times higher in the weld than in the part to be welded. 𝑎

𝑧𝑧

decreases slightly during welding. Since these results are also
determined for the other materials, it is clearly shown that
the reorientation of fibers occurs in hot plate welding even for
“good” fiber orientation in the part beforeweldingwith a high
share of fibers oriented in the joining direction. While more
fibers in the weld are still oriented in the joining direction
compared to the parts to be welded with fiber orientation
resulting from injection molding, the fiber orientation in 𝑥-
direction is higher as well. So, the “better” fiber orientation
is partly compensated by a higher fiber orientation in the
squeeze flow direction.

An increase of the fiber orientation in the direction of
the squeeze flow in welding is also observed for parts with
an initial fiber orientation being transverse to the joining

PP-LGF30 HE DP I transverse
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Figure 19: Progress of the fiber orientation along the𝑥- and𝑦-axis in
the weld of two plates in hot plate welding of PP-LGF30 with initial
fiber orientation being transverse to the joining direction.

direction (Figures 10 and 19). In the middle of the part, the
fiber orientation does not change.

In contrast to the results above, the weld is not clearly
detectable in the progress of the fiber orientation along the 𝑦-
axis. 𝑎

𝑥𝑥
increases only slightly due to a slight decrease of 𝑎

𝑧𝑧
.

𝑎
𝑦𝑦

in the weld is just as high as in the part to be welded. The
squeeze flow in welding does not affect the fiber orientation
when the initial fiber orientation is transversely to the joining
direction for PP-LGF30. For short glass fiber reinforced
materials, the reorientation of fibers due to squeeze flow is
more pronounced. But the increase of 𝑎

𝑥𝑥
can be ascribed to

the decrease of 𝑎
𝑧𝑧
as well, the orientation in the 𝑦-direction

does not change significantly.
As already shown in Figure 15, it is possible to attain

a higher weld strength with a higher proportion of fibers
oriented in the joining direction in the part to be welded.
Figure 20 illustrates that fibers in the weld with initial
longitudinal fiber orientation are more strongly oriented in
the joining direction than for fiber orientation resulting from
injection molding in the part to be joined. A high 𝑎

𝑦𝑦
in the
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Figure 20: Fiber orientation and weld strength in hot plate welding
of PP-LGF30 for different initial fiber orientations.
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Figure 21: CT picture of the weld of PP-LGF30 with initial fiber
orientation being longitudinal to the joining direction (DP I).

weld enables a high weld strength. However, the orientation
in the joining direction cannot be the only influencing
factor. Although 𝑎

𝑦𝑦
is higher with an initial transverse fiber

orientation, the weld strength is lower compared to injection
molded parts.

In Figure 21, a CT picture of the fiber orientation in
the weld is shown for initial longitudinal fiber orientation.
Figure 22 shows the fiber orientation in the weld for parts
with a fiber orientation resulting from injection molding
at the same welding parameters. In the first case, there
is an area in the middle of the weld with several fibers
still being oriented in the joining direction. The flow rate
of the squeeze flow is low to zero in the middle of the
joining part (Figure 1). Consequently, the reorientation in
the middle is quite low. The fiber orientation longitudinal
to the joining direction in the nonwelded part is kept up

x

y

Figure 22: CT picture of the weld of PP-LGF30 with fiber orienta-
tion resulting from injectionmolding at the end of the flow path (DP
I).

during welding. Some fibers even bridge the weld which
results in a high weld strength. In contrast, in the middle of
an injection molded part without any further preparation,
the fibers are only oriented transversely to the joining
direction. Longitudinally oriented fibers are only present
between the middle and the edges of the part. These areas
are subjected to higher flow rates in the squeeze flow, as
illustrated in Figure 1. Consequently, these fibers are being
reoriented towards the squeeze flow direction in welding and
are therefore oriented transversely to the joining direction
in the weld. The fiber orientation in the middle of the weld
is an explanation for the different weld strengths. Initially
longitudinally oriented fibers enable fiber bridging in the
weld and therefore higher weld strength for long glass fiber
reinforced PP.

In hot plate welding of short glass fiber reinforced PP, the
fiber orientation in 𝑦-direction is also higher with an initial
fiber orientation being longitudinal to the joining direction
(Figure 23).However, in contrast to long glass fiber reinforced
PP, a higher weld strength is not attainable in spite of a higher
𝑎
𝑦𝑦
. Weld strength for injection molded parts is higher than

for parts with fibers being oriented initially longitudinally
to the joining direction which in turn results in a higher
weld strength than initial transverse fiber orientation. These
results are also valid for the considered polyamides. Since the
results of the polyamide types with different melt viscosity
do not differ significantly, it is concluded that the melt
viscosity does not influence the reorientation of fibers in
squeeze flow.

CT analysis of the weld of short glass fiber reinforced
materials confirms the results for long glass fiber reinforced
PP. Figure 24 shows the fiber orientation in the weld for PA-
GF30EF with initial fiber orientation being longitudinal to
the joining direction. There is also an area in the middle of
the weld where fibers are still oriented longitudinally to the
joining direction and some fibers even bridge the weld. But in
contrast to PP-LGF30, the fiber bridging does not result in a
higher weld strength for short glass fiber reinforcedmaterials
(Figure 15).
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Figure 23: Fiber orientation and weld strength in hot plate welding
of PP-GF30 for different initial fiber orientations.
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Figure 24: CT picture of the weld of PA-GF30EF with initial fiber
orientation being longitudinal to the joining direction (DP I).

3.2.2. Vibration Welding. In contrast to hot plate welding, a
significant increase of 𝑎

𝑥𝑥
due to welding is not determined

in vibrationwelding. For injectionmolded platesmade of PP-
LGF30, 𝑎

𝑥𝑥
increases only slightly from 0.19 (Table 2) to 0.21

in the weld for some welding parameters (Figure 25), while
it even decreases to 0.14 for other welding parameters. The
same is detectable for other materials. 𝑎

𝑦𝑦
decreases up to

20% in welding, while 𝑎
𝑧𝑧

increases up to 20%. The increase
of fiber orientation in the vibration direction (𝑧-direction) at
the expense of the fiber orientation in the joining direction
(𝑦-direction) is not that pronounced for short glass fiber
reinforced materials but still significant. In contrast to hot
plate welding, the weld is not easily detectable by looking at
the progress of the fiber orientation along the 𝑦-axis. 𝑎

𝑥𝑥
is

only slightly higher in the weld than beyond the welding area.

PP-LGF30 Vip DP I injection molded
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Figure 25: Progress of the fiber orientation along the 𝑥- and 𝑦-axis
in the weld of injection molded plates in vibration welding of PP-
LGF30.

Since previous investigations have shown that thewelding
displacement does not affect the fiber orientation in the weld
significantly, it is suitable that for injection molded parts
design point I is considered while in the following analysis
DP III is considered.

For parts with an initial fiber orientation being longitudi-
nal to the joining direction, welding does not change the fiber
orientation as distinctly as in hot plate welding (Figure 26).
𝑎
𝑥𝑥

decreases by about 10% while 𝑎
𝑧𝑧
increases by about 10%.

The fiber orientation in the joining direction is similar in the
parts to be welded and in the weld.

In the weld of parts with initial fiber orientation being
transverse to the joining direction, 𝑎

𝑧𝑧
with 0.7 is significantly

higher than in the parts before welding with 0.47 (Figure 27).
𝑎
𝑥𝑥

and 𝑎
𝑦𝑦

decrease up to 50% and 35%, respectively.
In contrast to hot plate welding, the squeeze flow plays a

tangential role in the reorientation of fibers during vibration
welding. A systematic increase of 𝑎

𝑥𝑥
is not detectable. 𝑎

𝑧𝑧

increases during welding on the expense of 𝑎
𝑦𝑦

and 𝑎
𝑥𝑥
.

The reorientation effect of the vibration motion is more
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Figure 26: Progress of the fiber orientation along the 𝑥- and 𝑦-axis
in the weld of two plates in vibration welding of PP-LGF30 with
initial fiber orientation being longitudinal to the joining direction.

prominent compared to the squeeze flow. Another difference
to hot plate welding is apparent when looking at the progress
of the fiber orientation along the 𝑦-axis. The remaining melt
layer in vibration welding is much smaller than in hot plate
welding. Therefore the weld is not easy to detect by changes
in the fiber orientation.

Figure 28 shows that the weld strength with initial fiber
orientation being longitudinal to the joining direction is
lower than for injection molded parts in spite of higher fiber
orientation in the joining direction. For PP-LGF30, initial
fiber orientation being transverse to the joining direction
results in a significantly lower weld strength. For the short
glass fiber reinforced materials, the attainable weld strength
is independent of the initial fiber orientation (Figure 29).
The weld strength for sawn plates tends to be lower than for
injection molded plates without any further preparation.

Figure 30 shows a CT image of the weld of two plates
with initial fiber orientation being longitudinal to the joining
direction for PP-GF30. This picture does not differ from
pictures for the short glass fiber reinforced polyamides. In
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Figure 27: Progress of the fiber orientation along the 𝑥- and 𝑦-axis
in the weld of two plates in vibration welding of PP-LGF30 with
initial fiber orientation being transverse to the joining direction.

contrast to hot plate welding, there are no visible fibers that
are oriented in the joining direction. Therefore, no fibers
bridge the weld. Most fibers in the weld are visible as dots,
which means that they are oriented perpendicular to the 𝑥𝑦-
plane in the 𝑧-direction. The fibers that have been oriented
in the 𝑦-direction in the part before welding are being
reoriented during welding by the vibration in the 𝑧-direction.
There are no visible fibers that are oriented in the 𝑥-direction
in the weld.

4. Conclusion

In most applications, the weld is placed at the end of the flow
path of injection molded parts. In this area, fibers are usually
oriented perpendicular to the flow direction of the melt in
injectionmolding. Due to this characteristic fiber orientation
it seems hard to realize an advantageous fiber orientation
in the weld which corresponds to a high proportion of
fibers oriented in the joining direction. Therefore, the parts
to be joined were prepared to attain a special initial fiber



International Journal of Polymer Science 15

25

20

15

10

5

0

0.
66

0.
37

0.
43

0.
20

0.
14

0.
18

0.
68

0.
11

0.
23

0.0

0.2

0.4

0.6

0.8

1.0

∑
a

_x
x
/a

_y
y
/a

_z
z

Injection
molded

Longitudinal Transverse 

W
eld

 st
re

ng
th

 (M
Pa

)

a_xx
a_yy

a_zz
_W

PP-LGF30 Vib DP III

Figure 28: Fiber orientation and weld strength in vibration welding
of PP-LGF30 for different initial fiber orientations.
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Figure 29: Fiber orientation and weld strength in vibration welding
of PP-LGF30 for different initial fiber orientations.

orientation in the joining area: parts with a high proportion
of fibers oriented longitudinally or transversely to the joining
direction. The weld strength and the fiber orientation in the
weld were analyzed for different initial fiber orientations.

In hot plate welding of long glass fiber reinforced PP for
parts to be joined with a high initial fiber orientation being
longitudinal to the joining direction a higher weld strength
was attained than for joining parts with fiber orientation
resulting from injection molding in the end of the flow path.

x

y

Figure 30: CT picture of the weld of PP-GF30 with initial fiber
orientation being longitudinal to the joining direction (DP V).

The higher weld strength can be ascribed to a higher fiber
orientation in the weld. In the middle of the joined parts,
fibers are even bridging the weld. Fiber bridging only results
in higher weld strength for long glass fiber reinforced PP; in
short glass fiber reinforcedmaterials theweld strength cannot
be increased with a higher initial fiber orientation being
longitudinal to the joining direction. Nevertheless, the reori-
entation of fibers into the 𝑥-direction, that is, into the bead,
due to the squeeze flow in welding occurs independently of
the initial fiber orientation. The more the fibers are oriented
initially longitudinally to the joining direction, the more the
increase of fiber orientation in the 𝑥-direction in welding
is pronounced. This means that the higher advantageous
fiber orientation in the joining direction might be partly
compensated by a more pronounced fiber reorientation due
to squeeze flow. A high 𝑎

𝑦𝑦
in the weld enables a high weld

strength but it is not the only influencing factor.
In vibration welding, an initial fiber orientation being

longitudinal to the joining direction does not result in higher
weld strength for long or for short glass fiber reinforced
materials.The initial fiber orientation does not affect the weld
strength as distinctly as in hot plate welding.The reason is the
different reorientation effects in vibration welding compared
to hot plate welding. In contrast to hot plate welding, the
squeeze flow plays a tangential role in the reorientation of
fibers during vibration welding. The vibration motion in
combination with the welding pressure results in increasing
fiber orientation in the vibration direction during welding
independent of the initial fiber orientation.

We have shown that a higher weld strength in hot plate
welding is attainable with a high initial fiber orientation in
the joining direction in the joining area at least for long
glass fiber reinforced materials: the welding factor can be
increased by about 45%.This shows the importance of efforts
in injection molding to attain high fiber orientation in the
flow direction in the areas where the weld is intended to be
located.
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