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Abstract

The mechanical performance of a product manufactured
by injection moulding depends largely on the presence of
weld lines, whose occurrence is often inevitable during a
production cycle. Due to poor material bonding, the weld
line shows loss of strength and impact resistance under the
influence of external loads, threatening the overall integrity
of the product. These negative effects are particularly pro-
nounced in short fibre reinforced composites, because there
is also a local non-uniform fibre orientation. One way to
mitigate these effects is to use an overflow tab, in order to
create the underflow through the core material layer after
the weld line is initially formed. In recent years, due to the
extremely complex behaviour of short fibre reinforced com-
posites during injection moulding, the application of numer-
ical simulation to describe these phenomena has gained
great importance. The paper presents the application of
Moldex3D Studio software to predict the influence of the
overflow tab on the localised reduction of mechanical prop-
erties at weld lines. This involves describing changes in the
distribution of fibre orientation tensor components as well as
changes in the position and shape of the weld line region.

INTRODUCTION

The most important factors influencing the performance of
products made of short fibre reinforced composites (SFRCs)
are the material microstructure and manufacturing process
/1-3/. Mechanical properties such as stiffness and strength
are much higher in the direction in which more fibres are
aligned /4, 5/. In the case of injection moulded parts, the
manufacturing process induces a complex, locally varying
fibre orientation which significantly affects the mechanical
performance of the final part. This is particularly evident in
the vicinity of injection gates, as well as in the places where
materials are joined from different directions forming weld
lines, for example in the case when there are obstacles to the
polymer flow or when there is more than one gate /6-10/.
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Izvod

Mehanicko ponasanje proizvoda izradenog brizganjem u
velikoj meri zavisi od prisustva linija spajanja, c¢ija je pojava
Cesto neizbezna tokom proizvodnog ciklusa. Zbog loseg
spajanja materijala, na liniji spajanja dolazi do gubitka cvrs-
toce i otpornosti na udar pod uticajem spoljasnjih opterece-
nja, Sto ugrozava sveukupni integritet proizvoda. Ovakvi
negativni efekti su posebno izrazeni kod kompozita ojacanih
kratkim vilaknima, jer u tom slucaju postoji i lokalna neujed-
nacenost u orijentaciji vlakana. Jedan od nacina za ublaza-
vanje ovih efekata je upotreba prelivne plocice, kako bi se
stvorio povratni tok materijala kroz sloj jezgra nakon pocet-
nog formiranja linije spajanja. Poslednjih godina, zbog
izuzetno slozenog ponasanja kompozita ojacanih kratkim
viaknima tokom brizganja, primena numericke simulacije
za opisivanje ovih pojava dobija veliki znacaj. U radu je
predstavljena primena softvera Moldex3D Studio za predvi-
danje uticaja prelivne plocice na lokalno smanjenje meha-
nickih svojstava na linijama spajanja. Opisane su promene
u raspodeli komponenata tenzora orijentacije vlakana, kao
i promene u polozaju i obliku podrucja linije spajanja.

Given the complexity of the interactions between matrix,
fibres and processing conditions, it is very difficult to predict
the integrity of specific products, and standardised experi-
mental verification of such composite materials is necessary
/11/. In recent years, the application of numerical simula-
tion of injection moulding process has also become increas-
ingly important /12-14/. The results of CAE (Computer
Aided Engineering) analysis provide insight into the causes
of problems that may arise and enable the testing of differ-
ent solutions to find the most suitable one. This cannot be
achieved with the traditional experimental trial-and-error
approach, as this requires a significant investment of time
and material resources. In contrast, CAE offers the possibil-
ity of iteratively testing different solutions to achieve suitable
or even optimal process parameters and design geometry.
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WELD LINES

Based on how they develop, the weld lines can be classi-
fied into two different categories: weld lines formed by oppo-
site flow fronts (head-on collision) and weld lines formed
by side flow fronts. The localised reduction of mechanical
properties, i.e., loss of strength and impact resistance, is
particularly pronounced in the case of the head-on collision.
This is the result of the so-called ‘fountain flow’ during the
filling phase, represented in Fig. 1.
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Figure 1. a) Fountain flow of the melt in the mould; b) schematic
fibre orientation at the weld line, /15/.

When SFRC enters the cold mould cavity, it solidifies in
contact with the cavity wall developing frozen layers or the
so-called skin layers with preferential fibre orientation paral-
lel to the flow direction due to the dominant shear defor-
mations in that area. In the core region, the flow is more
divergent, resulting in irregular fibre orientation. In the weld
line region, the fibres are orientated mostly perpendicular to
the flow direction, so the stresses are mostly transmitted by
the intermolecular forces of the matrix material. This orien-
tation increases the negative effects further, because it pre-
vents the mutual diffusion of macromolecules of the matrix,
which leads to an additional decrease in the strength of the
weld line. In addition, there are often air traps because the
air cannot escape between the melt streams. Furthermore, a
crack initiation can occur on the surface of the part in the
weld line region due to a V-notch which can be formed if
the two melt streams freeze too fast at the mould wall /15/.
All of the above increases the risk of mechanical failure in
the case when a SFRC part with weld line is exposed to
external loads.

It has been shown that the weld line strength for unrein-
forced polymers can be improved using high values of mould
and melt temperature during the injection moulding process,
as well as by increasing pack pressure /2, 16/. However, in
the case of reinforced plastics, the fibre orientation cannot
be significantly changed by modifying mould and melt tem-
peratures. To be reoriented, reinforcement fibres need a me-
chanical force induced by the polymer melt flow right after
the weld line formation. One of the ways to achieve this is
by using overflow tab, which is offset from the weld line in
order to create underflow effect through the core of the part
after the weld line is initially formed, /17, 18/.
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FIBRE ALIGNMENT PREDICTION

The orientation of a single rigid cylindrical fibre in a
three-dimensional space can be described by unit vector
p(@, 6) directed along the fibre axis, as shown in Fig. 2,

)2 cos@siné
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Figure 2. The orientation of a single rigid cylindrical fibre, /19/.

Even in a small volume, adjacent fibres are not aligned
in the same direction and have a distinct orientation distri-
bution instead. The orientation state of a group of fibres in a
defined volume can be described by a probability density
distribution function w(p), which describes the probability
of a fibre to be oriented between angles 8; and (8; + d6),
and between @; and (@; + d@).

The conventional representation in the field of discon-
tinuous fibre-reinforced composites is the Advani-Tucker
orientation tensor which considers an average orientation
property of all fibres within a discrete volume, /20/:

Ay A A
A=fy(p)ppdp=| 4y Ay Ay | @)
A3 Az sz

The volume is assumed to be large enough to contain
sufficient fibres and still small enough to ensure a uniform
orientation distribution of fibres within the volume. The fibre
orientation tensor A is a symmetric positive semidefinite 3
x 3 tensor with the trace, i.e., the sum of elements on its
main diagonal:

3
r(A)=2 A=A + Ay + A3 =1, 3)
i=1
and represents a compact measure of fibre orientation distri-
bution in volume V. The diagonal components of the orien-
tation tensor (Ai1, A2 and As33) describe the degree of
orientation with respect to the defined coordinate system.
Conventionally, the reference coordinates are defined so
that the 1-direction represents the in-flow direction, the 2-
direction is the cross-flow direction, and the 3-direction is
the thickness direction. The off-diagonal components of the
orientation tensor show the tilt of the orientation tensor from
the coordinate axes. Hence, they are zero only if the coordi-
nate axes align with principal directions of the orientation
tensor.
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The physical interpretation of tensor components focuses
mainly on the diagonal components of the tensor, illustrated
in Fig. 3. A completely random orientation (left in Fig. 3)
can be described by diagonal components A1 = Ax»n = 433 =
1/3 = 0.33. Perfectly aligned fibres, for example in the 1-
direction (right in Fig. 3), can be described by 411 =1, A»n =
Az =0.

A is the principal quantity of interest for commercial
injection moulding simulations as it may vary for every
Gauss point of the FEM mesh, /21/.

Figure 3. Physical interpretation of the tensor components, /19/.

Over the last three decades, a few representative theo-
retical models for fibre alignment prediction have been
developed, /22/. Modern fibre orientation models, based on
classic fibre orientation models, the Jeffery hydrodynamic
(HD) model and the Folgar-Tucker isotropic rotary diffusion
(IRD) model, include the Phelps-Tucker anisotropic rotary
diffusion (ARD) model, the Wang-Tucker reduced strain
closure (RSC) model, and the ARD-RSC model. Following
these fibre orientation models, Tseng et al. further devel-
oped the improved iARD-RPR model.

Macroscopic fibre orientation models are computation-
ally efficient and are implemented in commercial injection
moulding software for estimating fibre orientation in large
industrial applications. For example, Moldex3D provides
the Folgar-Tucker, ARD and iARD-RPR models. The limi-
tation of these models is their dependency on a set of fitting
parameters that need to be selected to obtain an accurate
orientation prediction. For example, the iARD-RPR model
has three physical parameters: a fibre-fibre interaction
parameter Cj, a fibre matrix interaction parameter Cys and a
slow-down parameter a. The available region of these param-
eters is: 0 < ;< 0.1, 0 < Cy < 1, and 0 < ¢ < 1. Thereby, the
shell-orientation layer depends on iARD parameters, while
the core width is controlled by the RPR parameter, /23/. The
value of fibre orientation in the shell increases with increas-
ing C; and decreasing Cy. The core width increases with
increasing «. According to these criteria, an optimal param-
eter set for a given problem can be defined in order to get
an accurate orientation prediction verified with experimental
data, for example, measured by micro-computed tomography
(micro-CT).

NUMERICAL SIMULATION

In this study, we used Moldex3D Studio to simulate the

effect of overflow tab on fibre orientation tensor by using

the geometry of tensile test specimens, according to ISO
527 type 1B /24/, with the length of narrow parallel-sided
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portion of /; = 60 mm, width at narrow portion b; = 10 mm
and specimen thickness of # =4 mm (Fig. 4).
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Figure 4. Geometry of the tensile test specimen according to ISO
527, type 1B: a) without overflow tab; b) with overflow tab.

Five different configurations are observed: the model with
one gate (M1), the model with two identical gates at oppo-
site ends (M2), and the model with two identical gates at
opposite ends and an overflow tab offset from the specimen
centre at distances d of 5 mm, 15 mm and 25 mm (M2-5,
M2-15 and M2-25) (Fig. 5).
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Figure 5. Simulation models.

To create the underflow effect, the overflow tab dimen-
sions are designed to be completely filled after forming of
the weld line in the basic specimen geometry. In order to
cause the hesitation effect, the overflow tab thickness should
be less than the specimen thickness and here it is set to 1=
2.5 mm.

In all simulations, selected material is the commercial
composite with glass fibre concentration of 40 wt.% and
matrix resin of polyamide 6 (PA6), grade name Akulon
K224-G8, produced by DSM Engineering Plastics /25/. The
fibre orientation was predicted by the iARD-RPR model,
using the parameters: C;= 0.005, Cyy=0 and = 0.7.

The process parameters are taken in accordance with
Moldex3D Studio recommendations for the considered mate-
rial and the geometry of specimens: the filling time 0.4 s,
mould temperature 65 °C and melting temperature 265 °C.

The chosen mesh for the simulation is solid with 11
layers of boundary layer mesh (BLM), and an automatic
boundary layer offset ratio (Fig. 6). BLM allows generating
of injection flow of multiple layers with prismatic elements
created out of triangular surface mesh. The internal space is
filled with tetrahedral mesh. The mesh seed size is set to
0.5.
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Figure 6. 11-layer boundary layer mesh (BLM).
RESULTS AND DISCUSSION

Figures 7 and 8 show the distribution of tensor compo-
nents All (flow direction), A22 (crossflow direction) and
A33 (thickness direction) obtained for specimens with one
gate (M1), i.e., with two gates without overflow tab (M2).
The distribution is measured at the centre of the specimen
across its thickness.

It is evident that the fibre orientation differs significantly
with the formation of the weld line. In both configurations,
the thickness distribution can be described by the five-layer
structure: two skin layers (at the surface of the specimen, 0-
5 % and 95-100 % of the relative thickness), one core layer
(in the middle of the specimen, 35-65 % of the relative
thickness) and two shell layers (between skin and core
layer, 5-35 % and 65-95 % of relative thickness). In the case
of the one-gated M1 configuration, the high rate of All,
especially in the shell layers, with values in the range from
0.80 to 0.85, indicates that most fibres are oriented in the
flow direction. In the case of model M2, the values of All
at the location of the weld line are low (= 0.1), since fibres
are oriented mostly in transverse directions.

The complete region where the formation of the weld
line will lead to a severe deterioration of mechanical prop-
erties in the longitudinal direction (with A11 < 0.33) can be
seen in Fig. 9.
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Figure 7. Fiber orientation distribution for model M1 (one-gated
specimen without overflow tab) at the centre of specimen.
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Figure 8. Fiber orientation distribution for model M2 (two-gated
specimen without overflow tab) at the centre of specimen.

Figure 9. Weld line region with A11 <0.33 for model M2.

Figure 10 shows the results for fibre thickness distribution
at the weld line for the model with the overflow tab set at
distance of 5 mm from specimen centre (model M2-5).
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Figure 10. Fiber orientation distribution for model M2-5 (two-
gated specimen with overflow tab) at the weld line.

As it can be seen, due to the overflow effect there is an
improvement in the distribution of fibres in the flow direc-
tion at the weld line, which in this case nearly coincides
with the central line of the specimen (Fig. 11).

However, when using the overflow tab, the change in the
melt flow direction at the entrance into the tab creates a poor
area with regard to fibre orientation in the flow direction. In
this case, with the tab very slightly displaced from the spec-
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imen centre, the region with extremely low All values
(< 0.33) extends almost over the entire cross-section area of
the specimen (Figs. 12 and 13). Therefore, this position of
the tab does not contribute to a significant improvement in
fibre distribution, since the bad region is essentially shifted
from the location of the weld line to the location of the tab
placement.

In this case, the weld line is shifted by 0.85 mm relative
to the centre of specimen (Fig. 14).

o

Figure 11. Filling of the model M2-5 at 96 % of the filling time.

4

Figure 12. Region with A11 <0.33 for model M2-5 at the end of
filling time, isometric view.
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Figure 14. Filling of the model M2-15 at 96.5 % of filling time.
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Figure 15. Fiber orientation distribution for model M2-15 (two-
gated specimen with overflow tab) at the weld line.

Figure 16. Region with A11 <0.33 for model M2-15 at the end of
filling time, isometric view.

-

Figure 13. Region with A11 < 0.33 for model M2-5 at the end of
filling time, frontal and top view.

Figure 15 shows the thickness distribution curves at the
weld line for specimen with the overflow tab set at distance
of 15 mm from specimen centre (model M2-15). As it can
be seen, the fibre orientation distribution in the flow direction
at the weld line is now much better compared to the two-
gated specimen without the overflow tab (model M2, Fig. 8).

The poor area with low values of the Al1 component
due to the change in flow direction is also significantly
smaller compared to the M2-5 model and does not extend
across the entire specimen cross-section (Figs. 16 and 17).
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Figure 17. Region with A11 < 0.33 for model M2-15 at the end of
filling time, frontal and top view.
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The fibre orientation distribution at the weld line for the
specimen with overflow tab set at distance of 25 mm from
the specimen centre (model M2-15) is given in Fig. 18 with
A1l values significantly lower than in the two preceding
models with overflow tabs (M2-5 and M2-15), especially in
the core layer. This can be explained by the fact that the tab
is already mostly filled by the time the weld line is formed
in the specimen, so that the appropriate overflow effect
cannot be achieved (Fig. 19). The weld line in this case is
shifted at a distance 1.5 mm from the specimen centre.

All A2l A33

0 20 40 60 80 100

% Relative thickness
Figure 18. Fibre orientation distribution for model M2-25 (two-
gated specimen with overflow tab) at the weld line.

Figure 19. Filling of the model M2-25 at 96 % of filling time.

It is also interesting to notice that the planar weld line
region, as it exists in the case of a specimen without an
overflow tab (model M2), now takes on a parabolic shape
(Figs. 20 and 21).

Figure 20. The region with A11 <0.33 for the model M2-25
at the end of filling time, isometric view.
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Figure 21. Region with A11 <0.33 for model M2-25 at the end of
filling time, frontal and top view.

CONCLUSION

The paper presents the results of a numerical analysis
whose goal is to predict the influence of the overflow tab on
the position and quality of the weld line formed by injection
moulding of the tensile test specimen with two gates. It has
been shown that proper tab positioning can significantly
contribute to the quality of the fibre orientation tensor at the
weld line region. If the tab is placed too close to the weld
line position, the change in flow direction will cause a bad
area with low values of fibre orientation tensor in the flow
direction that extends over a large part of the cross-section
of the specimen. On the contrary, in the case when the tab
is located too far away, it is not possible to achieve the
appropriate overflow effect, whereby the change in the shape
of the weld line region occurs, i.e., it comes to its transition
from the originally planar to a parabolic shape. The M2-15
model shows a significant improvement in fibre orientation
compared to the model without a tab, which confirms the
justification of its application in cases where the formation
of a weld line can violate the integrity of the product. Based
on the appropriate position and alignment of the overflow
tab determined by numerical simulation, experimental tests
can provide additional confirmation of the accuracy of the
parameters used in the iARD-RPR model.
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