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Abstract

In many injection molded parts weld lines are often unavoidable. These cause

optical defects and a reduction of the mechanical properties of the part. Therefore,

the predictability of the weld line strength at an early stage of development would

provide a significant advantage by avoiding costly iterations of the mold and

increases the understanding of the correlation between process history of the melt

and weld line strength. For this purpose, a calculation routine has been developed

to predict the weld line strength based on injection molding simulation. Different

models to calculate the healing of a weld line are compared and analyzed. By

adding a factor to consider the shear rate in addition to the temperature and the

pressure and after calibration to one design of experiment setting of the experi-

mental data, the prediction of the weld line strength shows good agreement for all

examined process setpoints of the experimental data for polystyrene.
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1 | INTRODUCTION

Weld lines can reduce the static strength of the part by
up to 50%. The extent of this reduction in strength is
highly dependent on the material used. In addition, weld
lines often cause optical defects.[1, 2] A weld line is
formed when two or more melt fronts meet in the cavity
during the injection molding process. Most commonly
this is caused by flow obstacles, which divide the melt
front. Other reasons can be multiple flow fronts due to
multiple gates or different local melt acceleration as a
result of different flow resistances based on different wall
thicknesses.[3] While weld lines should be avoided by a
proper part and mold design, this is usually not possible.
Especially if weld lines result from flow obstacles.

Moving the weld line to a less stressed area of the part by
moving the gate is also only possible to a limited
extent.[4, 5] The uncertainty regarding the mechanical
properties in the weld line leads to problems. One such
problem is the oversizing of parts to account for the
uncertain weld line strength. Another problem can be
overall part failure due to the weld line failing before
bulk material failure. Both cases are detrimental to eco-
nomic efficiency. Therefore, the prediction of the weld
line strength already at the design stage is essential to
prevent oversizing or premature part failure.[4–6]

In the characterization of weld lines, a distinction is
made between stagnating and flowing weld lines
(Figure 1). Stagnating weld lines are formed during frontal
contact and subsequent stagnation of the flow front in the
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weld line. Flowing weld lines are created when the flow
fronts meet at a sharp angle and then continue to flow.[4]

The decrease of the strength of weld lines can be
explained by the lack of interdiffusion of the molecular
chains across the interface, the strong molecular orienta-
tion in the weld line due to higher shear rates and the
stress concentration through a V-shaped notch at the
plate surface along the weld line.[3, 4, 6–11]

When the melt fronts meet, the molecular chains of
the separate melt fronts are not entangled beyond the
interface. Gradually, the molecular chains diffuse beyond
the interface of the weld line and begin to entangle. If the
chain entanglement is the same as before the melt sepa-
ration, the original material strength is restored. High
temperatures and a long diffusion time are particularly
beneficial for interdiffusion. The temperature has to
exceed the glass transition temperature for amorphous
thermoplastics or the crystallite melting temperature for
semi-crystalline thermoplastics.[4, 9] This contradicts the
target of short cycle time in the injection molding process
for cost-effective production.

Strong molecular orientation results from the expan-
sion flow of plastic melts. The molecules located in the
flow front are oriented orthogonal to the flow direction.
In stagnant weld lines in particular this orientation is
frozen in transverse direction to the direction of flow.[9,
12] In addition, interdiffusion at the interface is reduced
by a shear-induced deformation of the molecular clus-
ters.[13] Furthermore, the formation of a so-called V-
notch can reduce the mechanical strength. This is due to
a stress concentration in the weld line under load.[11,
14, 15] The origin of V-notches is not yet fully understood.
Explanation approaches are the relaxation of the
strongly oriented molecules or air inclusions in the weld
line.[1, 16–19]

2 | HEALING OF WELD LINES

In general, a complete healing, that is, a recovery of the
weld line to the original mechanical properties of the
material is possible. However, in reality there is usually
only partial healing mainly due to interdiffusion pro-
cesses in the interface, which are influenced by the pro-
cess, the part geometry, and the material.[20] The greater
the difference between melt temperature and glass transi-
tion temperature, the faster the interdiffusion. Below the
glass transition temperature, the interdiffusion is negligi-
ble.[21, 22] An increase in holding pressure should also
result in a positive effect.[23, 24] The holding pressure
time, cooling time, and mold temperature only show a
small influence on the weld line strength.[5, 24, 25]

Often, the weld line factor FWL is used to describe the
weld line strength. It is defined as the ratio of the
strength of the weld line σb to the strength of the
undisturbed material σu without weld line[5, 26]:

FWL =
σb
σu

: ð1Þ

Since it is often impossible to avoid weld lines as well
as a limited possibility to increase the weld line strength
by adjusting the injection molding parameters, a method
to predict the weld line strength in the product develop-
ment process is shown below.

2.1 | Prediction of weld lines with
injection molding simulation software

The simulation of the injection molding process enables
the description and prediction of the manufacturing

FIGURE 1 Formation of

stagnating (left) and flowing weld lines

(right) using the example of an

injection-molded plate with circular flow

obstacle and different gate positions
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process of injection molded parts. This allows for the
investigation of the thermal and rheological conditions
during the filling process. Commercially available pro-
grams for injection molding simulation allow the prediction
of the position of weld lines.[23] However, a quantitative pre-
diction of the weld line strength is impossible yet.

There are various investigations that consider the
simulated thermo-rheological state in the weld line in
order to correlate it to the weld line strength. Correla-
tions of the viscosity or temperature profile in the weld
line with the weld line strength were found.[18, 27, 28]

However, these only allow a qualitative prediction of the
weld line strength, which can only be used to a very
limited extent as a basis for part design.

Therefore, the suitability of different models for
describing the healing of weld lines is investigated below.
The aim of the investigated models is the quantitative
prediction of weld line strength based on injection mold-
ing simulation. The required calibration of the models is
carried out at different design of experiment (DoE) settings
to show the influence of the calibration. To compare the
different models, the respective results of the weld line
strength prediction are shown. In addition, the factors
taken into account for the weld line strength prediction of
the different models are compared.

2.2 | Design of experiment

The investigations of weld lines are carried out on
injection-molded plates of 114 mm x 125 mm size and
2 mm thickness made of polystyrene as shown in
Figure 2. Two flow barrier geometries are used for the
investigation. First, a circular flow barrier with a diame-
ter of 20 mm. And second, a rectangular flow barrier with
a width of 40 mm and a height of 20 mm. In addition to
the plates shown in Figure 2, plates without flow obstacle
and thus without weld line are produced for reference
tests. During production, the melt temperature and the
pressure are varied in three steps (+, 0 and −). Test speci-
mens are taken from the plates at distances of 5, 25, and
45 mm from the flow obstacle (Figure 2, left). The
mechanical test results used for this work were already
published, so they will be not discussed here again.[29, 30]

For the evaluation of the mathematical models to pre-
dict the weld line strength the results of the tensile tests for
polystyrene behind the rectangular flow obstacle are used.

2.3 | Simulation model to predict the
formation of the weld line

For the simulations presented in this paper, the injection
molding process simulation software SigmaSoft, version

5.2.1.0 of SIGMA Engineering GmbH, Aachen, Germany,
is used. The material data required for the simulations
were specifically measured and determined for these
investigations. The software used is based on the finite
volume method. The part is meshed using hexahedral
elements. For a good resolution of the rheological and
thermal conditions inside the cavity, a mesh with seven
elements over the thickness of the part is created. The
temperatures, pressures, and shear rates determined in
the simulation are exported and used as the basis for the
healing models described below.

2.4 | Reptation model by de Gennes

One approach used for modeling the healing of a weld
line is the reptation model by de Gennes.[31] Originally
the model describes the molecular movement of individ-
ual polymer chains interacting with their environment.
In the process of interdiffusion in a weld line the polymer
chains have to move across the weld line interface in
order to restore the entanglements of the polymer and
thus regain the original material strength. Therefore, the
mathematical description of the reptation time is used to
describe the weld line strength.

The reptation model is based on the assumption that
a polymer chain can move freely within a tube but can
only leave the tube via its ends (Figure 3). Any other
movement beyond the tube is prevented by entanglement
with the surrounding molecules.

The thermal energy of the melt enables the move-
ment of the polymer chains. Thus, higher temperatures
lead to a higher mobility of the polymer chains, which
reduces the so-called reptation time trep.

[31] With the help
of the reptation model the reptation time can be deter-
mined. The reptation time defines the average time a

FIGURE 2 Injection-molded PS and PMMA plates for the

generation of test specimens with weld lines and position of the test

specimens. PMMA, polymethyl methacrylate
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polymer chain needs to completely escape the initial tube
(Figure 2, left). It is significantly influenced by the tem-
perature of the melt and its rheological properties. An
approach for the calculation of the reptation time was
developed by Kim and Wool.[33, 34] The temperature
dependent reptation time trep can be calculated using the
entanglement molar mass Me, the density ρ, the zero vis-
cosity ηo, the ideal gas constant R, and the temperature T
of the polymer (Equation (2)).

trep Tð Þ= 20Me

π2RTρ
η0: ð2Þ

Reptation of the polymer chains also takes place
across weld lines and thus contributes significantly to the
healing of weld lines.[22, 33] This is shown schematically
on the right of Figure 3. Experimental studies showed
that the weld line factor σb/σu is proportional to the
fourth root of time available for a weld line to heal in the
molten isothermal state[22, 33]:

σb
σu

/ t0:25: ð3Þ

Kausch and Tirrell introduced the following relation-
ship in order to determine the weld line strength as a func-
tion of the reptation time under isothermal conditions:

σb
σu

=
t
trep

� �0:25

: ð4Þ

The reptation model has already been validated by var-
ious molecular dynamic and experimental studies.[35–38]

If the model is applied to the movement of polymer
chains across weld lines and thus to their healing, the
mathematical formulation results in a healing process in
the form of a root function, as exemplary shown in
Figure 4. A higher cooling rate results into slower
healing. To prevent physically reasonable values greater
than 1, the healing must be terminated at this value.

2.5 | Influencing factors on the
reptation time

The reptation time is calculated using the entanglement
molar mass Me, the density ρ, the zero viscosity ηo, the ideal
gas constant R, and the temperature T. Thus, there is a
direct dependence on the temperature. For the description
of the zero viscosity the Carreau-WLF-model is used[39]:

η T, _γð Þ= η0
1+B _γaTð ÞC with η0 =A �aT : ð5Þ

FIGURE 3 The reptation

theory and its influence on the

healing of weld lines[31, 32]

FIGURE 4 Exemplary healing progression of a weld line

interface according to the reptation model at different temperatures
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Here η is the shear rate- and temperature-dependent
viscosity, ηo the zero viscosity, A, B, and C are model
parameters, and aT the temperature shift parameter of
the Williams-Landel-Ferry (WLF) equation.

In addition to the influence of temperature, an influ-
ence of the pressure in the part on the weld line strength
is observed in our previously published studies.[29] In
these experimental studies, an increase in holding pres-
sure leads to a reduction in weld line strength, which is
in contrast to what literature states for amorphous ther-
moplastics. One reason for this could be the high pres-
sure dependence of viscosity of polystyrene. Under
higher pressure the viscosity rises and thus inhibits the
interdiffusion. To illustrate this influence in the model,
an extension of the WLF equation according to Menges,
Wortberg, and Michaeli[39–41] is used. The calculation of
the shift factor aT includes, in addition to the shift in vis-
cosity due to temperature, a shift due to local pressure
(Equation (6)). Here T0 represents the reference tempera-
ture, TS the standard temperature, and T the local tem-
perature. The parameter fp is the pressure shift factor.
This can be approximated by the displacement of the
glass transition temperature with the pressure deter-
mined from pvT data.[42]

aT = e
8:86 T0−Tsð Þ

101:6�C+T0−Ts
−

8:86 T−Ts− f p �pð Þ
101:6�C+T−Ts− f p �p

� �
: ð6Þ

This formulation of the temperature and pressure
dependence of viscosity means that the calculated zero
viscosity decreases with increasing temperature and
increases with increasing pressure. Used in Equation (2),
increasing temperature decreases the reptation time and
thus the healing of the interface is faster, while an
increase in pressure provides a higher reptation time and
thus slower healing. This is also consistent with the
assumption that a higher pressure gives a reduction of
the free volume in the plastic melt and thus to poorer
healing of the weld line.

The density is described using the modified 2-domain
Tait model.[43] The model describes the specific volume ν,
which is the reciprocal of the density ρ, as a function of
pressure and temperature.

The entanglement molar mass Me is the statistical
average molecular weight of the part of one polymer
chain, which lies between two entanglements of this
chain with other polymer chains from its surroundings.
Me thereby describes in an implicit way the degree of
entanglement of the polymer chains among themselves.
In this research, the literature values for polystyrene are
used.[44]

In previously published studies, the weld line strength
could be correlated with the local shear rate.[30] This is

not taken into account in the model presented so far,
which is based on the reptation model. A consideration
of the shear rate would be possible by replacing the zero
viscosity in Equation (2) by a simulated dynamic viscos-
ity. However, a higher viscosity is also found in those
areas where greater healing is observed. Thus, an
increase of the dynamic viscosity would lead to a higher
reptation time and thus to slower healing in areas with
actually high weld line factors. Therefore, this exchange
is not useful.

In addition to the experimental investigations in this
work, investigations by Yokomizo et al.[13] indicate that
shear deformation of the melt inhibits reptation. There-
fore, the described model is extended by a factor β to inte-
grate the observed influence of the shear rate into the
model to improve the prediction of the weld line
strength. For the integration of the shear rate into the
reptation model, the reptation time needs to be multi-
plied by a factor depending on the shear rate.[32] The fac-
tor should not change the reptation time at a shear rate
of zero but increase the reptation time with increasing
shear rates. The investigations show a nonlinear relation-
ship between shear rate and weld line factor, which can
be represented by a logarithmic function:

βrep _γð Þ=1+ ln brep _γ+1
� �

: ð7Þ

Here βrep represents a shear rate-dependent function,
brep a calibration factor, and _γ the shear rate. The loga-
rithmic function does not change the reptation time at a
shear rate of 0 1/s but increases the reptation time expo-
nentially with increasing shear rate. The factor brep
defines the slope and must be calibrated based on experi-
mental results.

The consideration shown above results in a
temperature-, pressure-, and shear rate-dependent
description of the reptation time as shown in Equa-
tion (8). In addition, the constant 1/Crep is added, which
is calibrated by experimental results.

trep T,p, _γð Þ= βrep _γð Þ 20Me

π2RTρ T,pð Þη0 T,pð Þ 1
Crep

: ð8Þ

2.6 | Time discretization for the
reptation model

The formulation of the reptation time is based on isother-
mal and isobaric conditions. However, in the injection
molding process anisothermal and anisobaric conditions
are present. Anisothermal formulations of the reptation

ONKEN ET AL. 5



model utilizing a time discretization are found in the
investigations of Bastien and Gillespie.[45] In addition
to the anisothermal and anisobaric calculation of
healing, this also allows the use of results of injection
molding simulations, as these are only available in a
time-discrete form.

The formulation of the incremental healing in
Equation (9) showed the best agreement with experimen-
tal results in the studies of Bastien and Gillespie.[45] In
the equation dHi represents the healing increment at
time i. The healing increment is calculated in the same
way as in Equation (4) from the elapsed time at time i
and i + 1 and the reptation time of the respective time i.

dHi =
ti+1

0:25− ti0:25

trep,i0:25
: ð9Þ

The total healing, and respectively, the weld line
factor is determined by summing up the individual
healing increments (Equation (10)).

σb
σu

= dH =
X

dHi: ð10Þ

The termination criterion for calculating the healing
increments is reaching a weld line factor of 1 or falling
below the pressure-dependent glass transition tempera-
ture TG.

2.7 | Interdiffusion model according to
Kim and Suh

Another approach to calculate the weld line strength is
the interdiffusion model of Kim and Suh,[6] which
describes the healing of polymer-polymer interfaces
based on molecular interdiffusion. With the approach of
Kim and Suh, the weld line factor can be represented as a
function of the ratio of two surfaces (Equation (11)). A0

represents the total interface in the weld line. A is the
area where interdiffusion has not yet taken place
(Figure 5).

σb
σu

=1−
A
A0

: ð11Þ

The change of the area A where no interdiffusion has
taken place over time is determined by a diffusion equa-
tion (Equation (12)). D represents the interdiffusion coef-
ficient, ΔG the change in free enthalpy, k the Boltzmann

constant, and Cdiff a constant, which can be used to cali-
brate the model.[6]

dA
dt

=Cdiff
DΔG
kT

: ð12Þ

Mathematically the healing curve of the interdiffusion
model follows an exponential function, which asymptoti-
cally approaches the value 1. In contrast to the reptation
model there is no need to terminate the healing. The
healing curve is exemplary illustrated in Figure 6.

The free enthalpy ΔG is composed of the surface ten-
sion of the melt γ, the area A, the temperature T, and the
mixture entropy ΔS (Equation (13)).

ΔG= −2γA−TΔS: ð13Þ

Since the mixture entropy of high polymer materials
is negligible, in the following only the surface tension is
considered.[22, 46] Inserting Equation (13) with ΔS = 0 in
Equation (12) results in Equation (14). If this equation is
solved for A, subsequently integrated and then inserted
into Equation (11), the weld line healing or the weld line
factor can be calculated according to Equation (15).

FIGURE 5 Healing of a weld line according to the model of

Kim and Suh[6, 32]

FIGURE 6 Exemplary healing process of a weld line interface

according to the interdiffusion model at different temperatures
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dA
dt

= −
D2γA
kT

Cdiff , ð14Þ

σb
σu

=1−e−
D2γt
kT Cdiff : ð15Þ

For the calculation of the interdiffusion coefficient D
there are different approaches, which are generally based
on rheological and thermal material data.[21, 47] Two such
approaches will be used in the scope of this work and will
be presented in the following.

The first approach to determine the diffusion coefficient
is the approach provided by Bueche (Equation (16)).[48]

The diffusion coefficient is dependent on the mean square
end to end distance Re

2 and the mean molecular weight
MW of the polymer as well as the density ρ, the Avogadro
constant AG, the Boltzmann constant k, the temperature T,
and the dynamic viscosity η of the plastic melt. The diffu-
sion coefficient of a given material is thus dependent on
density, temperature, and viscosity, since the other values
are material constants.

DB ρ,T,ηð Þ=
AGρkT
36

� �
Re

2

Mw

� �
η

: ð16Þ

The second approach used is the diffusion coefficient of
the model according to Doi and Edwards
(Equation (17)).[21] Here, the diffusion coefficient is a func-
tion of the plateau module G0, the density ρ, the ideal gas
constant R, the mean square end to end distance Re

2, the
mean molecular weight MW, and the critical molecular
weight MC, which describes the minimum molar mass of a
polymer chain needed for forming entanglements, and the
zero viscosity η0. As such, this model determines the diffu-
sion coefficient, apart from material constants, only as a
function of density, temperature, and zero viscosity.

DDE ρ,T,η0ð Þ= G0

135
ρRT
G0

� �2 Re
2

Mw

� �
MC

Mw
2η0

: ð17Þ

2.8 | Influencing factors on the
interdiffusion

The temperature directly influences both the interdiffu-
sion and the two presented interdiffusion coefficients.
Furthermore, the density present in both interdiffusion
coefficients is influenced by temperature and pressure.
The zero viscosity of the interdiffusion coefficient DDE

also is dependent on temperature and pressure. For the
calculation of the interdiffusion coefficient DB, the local
dynamic temperature- and shear rate-dependent viscosity
calculated by the injection molding simulation is used.

Just like the reptation model, the interdiffusion model
does not take the shear rate into account for modeling
the healing of the weld line. Therefore, similar to the
reptation model, a factor is integrated, which reduces the
healing rate with increasing shear rate. To achieve this,
the interdiffusion coefficient is multiplied by a factor,
which decreases with increasing shear rate and thus
reduces the calculated healing.[32]

The factor must not change the interdiffusion coefficient
at a shear rate of zero. For the description of the nonlinear
relationship, the use of an exponential function is obvious
(Equation (18)). In the equation b is a factor that has to be
calibrated for the material used with experimentally deter-
mined values and _γ is the shear rate. The exponential
function allows the factor β to have a value of 1 at a shear
rate of 0.1/s. Thus, the diffusion coefficient is not affected
at this shear rate. As the shear rate increases, the func-
tion asymptotically approaches a value of 0. Thus, when
the diffusion coefficient is multiplied by β, the interdiffu-
sion is increasingly inhibited with increasing shear rate.

βdiff _γð Þ= e−bdiff _γ: ð18Þ

Integration of these factors in Equation (15) results in
the temperature, pressure, and shear-rate dependent
description of weld line healing as presented in
Equation (19).

σb
σu

T,p, _γð Þ=1−e−
D T,pð Þβdiff _γð Þ2γt

kT Cdiff : ð19Þ

2.9 | Time discretization for the
interdiffusion model

The healing process of the interdiffusion model follows an
exponential function. Thus, the function follows a steep
gradient at the beginning and subsequently asymptotically
approaches a value 1. For each healing increment dHi the
previous theoretical healing at the given process condi-
tions at time i must be subtracted (Equation (20)). If this is
not done, the maximum healing of 1 may be exceeded,
which would represent an unphysical value.

dHi = 1−e−
Dβdiff 2γti+1

kTi
Cdiff

� �
− 1−e−

Dβdiff 2γti
kTi

Cdiff

� �
: ð20Þ
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Furthermore, a sensitivity analysis in previous investi-
gations shows that the summation of the individual
increments may results in calculated weld line factors of
more than 1, which is physically unreasonable. There-
fore, the healing increments are normalized to the
remaining possible healing in each time step. The sum of
the normalized healing increments results in the total
healing of the weld line factor (Equation (21))

σb
σu

= dH =
X

dHi,Ti

1−dHi−1,Ti−1

1−dHi−1,Ti

: ð21Þ

3 | MECHANICAL MODELING

For a structural-mechanical simulation of injection
molded parts made of amorphous unfilled thermoplastics
with weld lines, the weld lines must also be modeled
mechanically. The most important aspect of this is the
way in which the weld line factor calculated with the
models presented is integrated into the structural
simulation.

There are a few requirements for the mechanical
modeling. The macromechanical behavior of the parts
must not be influenced by the weld line. The shear
strength of the weld line must be higher than the tensile
strength of the material without weld line. The crack ini-
tiation occurs in the outer layers of the weld line and the
failure of the weld line is abruptly without previous
damage.

Since the macromechanical behavior of the parts is
not influenced by the weld line, an elastoplastic descrip-
tion of the stress–strain behavior can be used for the
parts.[49]

Previously published studies have shown that the
shear strength of the weld lines is higher than the tensile
strength of the undisturbed material.[29] Therefore, the
normal stress hypothesis is used to determine the stresses
present in the part. Thus, the part fails if the normal
stress exceeds the breaking stress.

To take into account the sudden failure of the weld
line without prior damage, the calculated weld line factor
is implemented as a local reduction factor of the breaking
stress. Consequently, the part fails as soon as the break-
ing stress of the weld line is exceeded.

The structure of the integrative calculation routine
was already published in References [30, 50], and is
therefore, not explained here.

To use the calculation routine, the investigated
models must first be calibrated once for the material
used. Then the different models are compared. The cali-
bration of the models is carried out using the calibration

factors C and b (Equations (7), (8), (12), and (18)). The
calibration of the various models is based on tensile tests
and injection molding simulations presented in.[29, 30]

For calibration, the injection molding process of the
plates and the experimental testing of the tensile bars is
simulated. In addition to the results of the modeling, the
influence of the process condition, that is, DoE settings
selected for calibration on the calculated weld line factors
is also compared. For this purpose, the calibration is
exemplary carried out at the DoE settings (++), (00), and
(−−).

Figure 7 shows an example of the predicted weld line
factors used in a structural simulation in the software
Abaqus of DS Simulia, Providence, RI, USA. The test bar
is taken from a plate made of polystyrene at a distance of
5 mm behind a rectangular flow obstacle. The weld line
factors shown are calculated by the reptation model. It
can be seen that the simulation predicts a low weld line
factor in the surface layers of the part. In the middle of
the part the original strength of the material is restored.
The weld line strength also decreases with increasing dis-
tance from the flow obstacle, which is in agreement with
the experimental results.

3.1 | Calibration and evaluation of the
presented models to predict the weld line
strength

In the following, the results of predicting the weld line
factors using the three modified models introduced above
are presented for different process parameters. In addi-
tion, the influence of the calibration at different DoE set-
tings is compared to show the influence of the calibration
and to find the best setting to calibrate the routine. In
previous experimental investigations, plates made of
polystyrene with rectangular flow barrier show the
clearest dependence of weld line strength on process and
flow barrier geometry. Therefore, they are used as exam-
ples for the comparison of the models and the calibration
procedure.[32]

3.2 | Evaluation of the interdiffusion
model with the diffusion coefficient DDE
and of the calibration at different DoE
settings

Figure 8 shows the experimentally determined weld line
factors compared to the weld line factors calculated by
the interdiffusion model with the diffusion coefficient
DDE according to Doi and Edwards (Equation (17)).[21]

Furthermore, model calibration at different DoE settings
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and distance to the flow obstacle is shown. The DoE set-
tings shown are (++), (00), and (−−). The DoE setting
for which the weld line factors were measured and
predicted is shown above the graph. The experimentally
determined weld line factors as a function of the distance
to the flow obstacle are shown on the left-hand side
(Exp.) on each paragraph. On the right-hand side, the

weld line factors as a function of the distance to the flow
obstacle as calculated by the weld line routine are shown.
The DoE setting used for calibration of the routine is
given below the respective graph. For example, the bars
on the far right of the left graph show the weld line fac-
tors for the DoE setting (++) as indicated above the
graph calculated with the weld line routine, which was

FIGURE 7 Weld line factors calculated using the reptation model for a tensile bar made of PS at a distance of 5 mm from the flow

obstacle of a plate with a rectangular flow obstacle at DoE setting (00)

FIGURE 8 Weld line factors for polystyrene plates with rectangular flow barrier calculated using the interdiffusion model with DDE
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previously calibrated at the DoE setting (−−) as indicated
below the graph.

The best agreement between the weld line factors
determined experimentally and the weld line factors deter-
mined by simulation is found if the weld line routine is
calibrated at the corresponding DoE setting (second col-
umn in the first graph, third column in the second graph,
and fourth column in the third graph). Both the quantita-
tive values as well as the qualitative progressions are best
met. Only at the DoE setting (−−) higher deviations can
be found. Since calibration at the DoE setting, which
should be predicted is not useful, one DoE setting for cali-
bration to predict all other DoE settings should be used.
The best DoE setting for calibration to predict all DoE set-
tings is DoE setting (00), thus the central point. Here, the
deviations in the prediction are the smallest on average
with an error value of 0.0545. However, the qualitative
progression over the distance to the flow obstacle cannot
be represented correctly for DoE setting (++).

3.3 | Evaluation of the interdiffusion
model with the diffusion coefficient DB
and of the calibration at different DoE
settings

In Figure 9 the weld line factors are determined by the
interdiffusion model with the diffusion coefficient DB

(Equation (16))[48] analogous to Figure 8.

When using the diffusion coefficient according to
Bueche, as with the diffusion coefficient DDE, the greatest
agreement is achieved if the corresponding DoE setting is
used for calibration. Likewise, the best average prediction
results for all DoE settings is achieved by calibration at
the central DoE setting (00) with an error value of 0.0943.
However, the qualitative course of the prediction in par-
ticular is represented with lower accuracy when com-
pared to using the diffusion coefficient DDE. This is
mainly due to the fact that in the model according to
Bueche, the dynamic viscosity is included in the descrip-
tion of the diffusion coefficient. Here, a higher shear rate
causes the dynamic viscosity to decrease. This increases
the diffusion coefficient and thus the weld line healing
(Equation (16)). This contradicts the observations that an
increased shear rate slows down interdiffusion. The influ-
ence of the introduced factor βdiff (Equation (18)) is thus
reduced by the use of dynamic viscosity in the diffusion
coefficient.

3.4 | Evaluation of the reptation model
and of the calibration at different DoE
settings

In Figure 10, the weld line factors are determined using
the reptation model[31] analog to Figure 8.

As with the interdiffusion model, the best agreement
between the weld line factor determined experimentally

FIGURE 9 Weld line factors for polystyrene plates with rectangular flow barrier calculated using the interdiffusion model with DB
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and the weld line factor predicted by the reptation model
is achieved by calibration at the corresponding DoE set-
ting. Calibration at the central DoE setting (00) also shows
the best average results for all DoE settings with an error
value of 0.0805. However, the differences between experi-
mental data and prediction results are greater overall
when using the reptation model than the interdiffusion
model using the DDE diffusion coefficient. The qualitative
progression of the weld line factors over the distance to
the flow obstacle is also worse than with the interdiffusion
model. The reason for this is that the reptation model is
much less sensitive to process conditions, which results in
very similar predictions for all DoE settings. This results in
bigger deviations to the experimental weld line strength
due to its high dependency of the process.

4 | CONCLUSION

Different healing models for predicting the weld line
strength of the amorphous thermoplastic polystyrene
based on injection molding simulation were compared.
The physical models considered were extended by experi-
mental observations to improve the prediction accuracy.
In particular, the increased weld line factors closer to the
flow obstacle could be reproduced by considering the
shear rate in the modeling.

A comparison of the calculation results of the individ-
ual models shows that the interdiffusion model using the

interdiffusion coefficient DDE according to Doi and
Edwards provides the best representation of reality. In
addition, when using this model, the best agreement of
the qualitative difference between the weld line factors of
the tensile bars at the different distances from the flow
barrier can be achieved. The interdiffusion model with
the interdiffusion coefficient DB according to Bueche
shows the largest deviations between prediction and real-
ity. The quality of the results of the reptation model is set
between the two models. However, although the
reptation model generates the second-best results purely
on the basis of deviations, the results show the same pro-
gression of weld line strength as a function of the dis-
tance from the flow obstacle in all calculations. So
qualitatively the reptation model shows the worst predic-
tion since it is less sensitive to process influences than
the weld line strength in reality.

With the models described, the weld line strength can
be predicted at an early stage of development after a sin-
gle calibration at one process point, ideally the central
point of all process settings used. Especially for fre-
quently used materials, this results in big economic
advantages. In addition, the models allow a better under-
standing of the relationship between different influencing
factors on the weld line strength. However, the deviations
of the prediction from reality also show that the pres-
ented model does not consider all influencing factors.
Possible further influences to be investigated are the V-
notch and the molecular orientation.

FIGURE 10 Weld line factors for polystyrene plates with rectangular flow barrier calculated using the reptation model
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