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A
s a result of endeavors to extract
maximum efficiency from compo-
nent materials, the stresses which

occur in service are pushing materials
closer and closer to their limits. This
makes it necessary to factor additional as-
pects that affect part strength into simu-
lations. At the Institute of Plastics Pro-
cessing (IKV), Aachen, Germany, an in-
tegrative simulation based on the finite
elements method (FEM) has been devel-
oped which factors the weld lines into the
virtual design of chopped-strand-rein-
forced thermoplastic parts.

Weld Lines and Fibers

There are two basic types of weld lines:
the stagnant and the flowing [1]. Stagnant
weld lines are formed when melt streams
meet head-on. Flow lines arise when at
least two melt fronts meet at an acute an-
gle to each other and then continue to
flow in a combined front.

In fiber-reinforced materials, aside
from generally weakening the polymer
matrix, local fiber orientation exerts a sig-
nificant influence on the mechanical
properties of the weld area. Within this
area, each basic type of weld has a char-
acteristic fiber orientation. In the case of
the stagnant type, the melt fronts solidi-
fy shortly after meeting. The effect of this
is that the fibers remain oriented in the

direction of the source flow. In other
words, the fibers more or less orient
themselves transversely to the direction
of flow [2]. In the area of flow lines, the
fibers align themselves with the flow di-
rection due to the continued flow of the
combined flow fronts. This means that
they are mainly aligned parallel with the
weld line [3].

Experimental Studies

The mechanical properties of weld lines
in a chopped-strand-reinforced thermo-
plastic were characterized by performing
material studies on semicrystalline
polyamide 6.6 with
a fiber content of
15 and 30 weight
percent (PA6.6-GF
15/30, grade: Dur-
ethan AKV 15/30
H2.0,manufactur-
er: Lanxess Ger-
many GmbH, Lev-
erkusen, Germa-
ny) in the freshly
molded state and
the standard con-
ditioned state in
accordance with
DIN EN ISO 1100.
The studies in-
volved two differ-
ent specimen ge-
ometries that make
it possible to selec-
tively incorporate
weld lines into the
specimen. The
specimen for char-

acterizing stagnant weld lines is shown in
Figure 1 (left). Flow lines were studied on
tensile rods removed at different positions
from injection-molded slabs (Fig. 1, right).

The aforementioned specimens were
subjected to short-term tensile studies in
a universal testing machine (type: Z100;
manufacturer: Zwick GmbH & Co. KG,
Ulm, Germany) in order that the tensile
strengths of specimens with and without
weld lines could be determined. Figure 2

shows the experimental tensile strengths
for PA6.6-GF 30 for both basic types of
weld. The results demonstrate the influ-
ence of fiber orientation on the strength
of the material. Thus, injection molded
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tensile rods without weld line have a
marked longitudinal orientation while
those removed transversely to the flow
direction in slabs have a high transverse
orientation. It can be seen that weld lines
have lower strengths than a pure trans-
verse orientation. This is due to addition-
al weakening of the matrix polymer.

Developing a Simulation Chain

In the structure simulation, weld lines are
taken into account by constructing an in-
tegrative simulation chain (Fig. 3). Fluid-
mechanics simulation software (type: Sig-
ma Soft; provider: Sigma Engineering
GmbH,Aachen, Germany) is used to sim-
ulate filling processes during manufactur-
ing. The filling simulation determines
fiber orientations and weld positions and
maps them to the finite element mesh of
the structure simulation. The structure
simulation is performed with a FE pro-
gram (type: Abaqus; manufacturer: DS

Simulia Corp. Rhode Island, Providence,
RI, USA) that was expanded with a ma-
terial description which was developed at
the IKV. The material description simu-

lates the nonlinear and anisotropic stiff-
ness of the fiber/matrix composite [4].
For this, the composite is considered to
be a macroscopically homogeneous ma-
terial, whose properties are determined
from the individual parameters of fiber
and matrix via micro-mechanical mod-
els [5].

Sigmasoft features a weld line param-
eter which detects the weld lines by as-
sessing the likelihood of the presence of
a weld at the respective position in the
model. The parameter is good at localiz-
ing stagnant weld lines, whereas it tends
to return spuriously short flow line
lengths.

On account of their characteristic fiber
orientation, weld lines constitute an

anisotropic vulnerability. Therefore, a di-
rectional failure criterion is needed so
that weld line failure may be described.
The weld line parameter does not pro-
vide such directional information as it is
described by a scalar quantity only. The
directions that describe a weld line plane,
however, can be reconstructed retrospec-
tively from the characteristic fiber orien-
tation in weld lines. Consequently, the
anisotropic strength both of weld lines
and the unstressed composite can be de-
scribed by a common strength criterion
with appropriately assigned strengths. In
this regard, a non-differentiating failure
criterion of Tsai/Wu [6], which uses a
failure function to describe material
loading, serves as anisotropic failure cri-
terion.A value greater than one indicates
failure.

First, the computational method is val-
idated for a simple geometry. This is done
by simulating tensile tests on specimens
that were removed at different angles

Fig. 1. The mechanical behavior of weld lines was determined on specimens of different geometry
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Fig. 2. The results of the short-term studies demonstrate the influence of fiber and moisture content

on tensile strength
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Fig. 3. To take account of weld lines in the structure simulation, an integrative simulation chain is being

developed
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from injection molded slabs. Figure 4 com-
pares the simulation results with the ex-
perimental results for different angles.
Clearly, there is very good agreement, es-
pecially with regard to localization of the
failure.

Second, the computational method is
validated for a complex geometry. This is
done by performing tensile tests on the
connecting rod of an electric hand tool
made of PA6.6-GF 15, which is a series
component made from another materi-
al. Since the injection point is located in
the center of the part, weld lines form at
each end of the flow path in the connect-
ing rod “eyelets”.At these points, there are
two overflow cavities which permit these
weld lines to be perfused and thus help
boost strength.

Figure 5 shows both a failure pattern
and the visualized material stress from
the simulation. Here, the material stress
is shown left with weld line detection and
right with the weld line ignored. In the

latter case, the failure is thus determined
solely on the basis of fiber orientations;
matrix weakening is ignored. In the stud-
ies, the failure pattern shown in Figure 5

occurred sometimes; however, it also oc-
curred exclusively in the weld line in
some cases. In the simulation, the most
stressed areas are outside the weld line.
This suggests that the failure in the un-
stressed composite tends to be detected
prematurely by the failure criterion em-
ployed. Aside from that, however, the
simulated material stresses on the weld
show good agreement with the experi-
mental results.

Conclusion and Outlook

Studies performed on special test speci-
mens can identify tensile strengths which
serve as material parameters for charac-
terizing weld lines. An integrative simu-
lation method makes it possible to map
weld line positions from a filling simula-

tion to a structure simulation and to de-
pict anisotropic material stress there. A
parameter serves to localize the weld,
while the spatial position of the weld can
be reconstructed from the fiber orienta-
tions. Application of an anisotropic fail-
ure criterion enables possible part failure
to be predicted on the basis of locally and
directionally variable strengths.

The simulation method which has
been developed is being validated in ex-
perimental studies and is good at depict-
ing the anisotropic properties of both
weld lines and flow lines. As a way of fur-
ther improving the failure description, es-
pecially of the unstressed fiber/matrix
composite, in the future, the non-differ-
entiating failure criterion should be re-
placed by a more complex criterion. This
should differentiate between matrix and
fiber damage and also depict the plastic
behavior of the matrix material. �
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Fig. 4. Comparison of simulated failure pattern and failure location reveals good agreement

Fig. 5. The connecting rod failure patterns generated in the simulation are in good agreement with

the results of the tensile test
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