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ABSTRACT: In injection molding simulation the phase
change from melt to solid state is usually simplified by
using a so called transition temperature. In the present
work, the transition temperatures of several amorphous
and semicrystalline polymers were determined using DSC-
runs at different cooling rates. The transition temperature
was described as a function of cooling rate. The obtained
transition temperatures of the semicrystalline polymers
were used in injection molding simulations with the com-
mercial software package Autodesk Moldflow Insight 2010
to calculate the shrinkage and warpage of box-shaped test

parts. The simulation results were compared with the ex-
perimental values of optically measured injection-molded
boxes. The results showed a strong influence of the transi-
tion temperatures on the simulation results of a 3D model
and a very low influence for a 2.5D model. Transition tem-
peratures obtained at higher cooling rates improved the
3D simulation results for several dimensions. © 2011 Wiley
Periodicals, Inc. ] Appl Polym Sci 123: 1162-1168, 2012

Key words: injection molding; differential
calorimetry; simulations; thermal properties

scanning

INTRODUCTION

The computer simulation of shrinkage and warpage
of injection molded parts is a difficult task. Commer-
cial software packages offer such options, but the accu-
racy of the results is not always sufficient. Regarding
the highly complex material behavior of thermoplastic
polymers, it is clear that the correct determination of
material data is an important need for the injection
molding simulation. Especially a correct modeling of
the phase change from melt to solid state is a major
challenge. There are numerous research groups investi-
gating the phase change phenomena,' but because of
the complex physics of the phase change of thermo-
plastic polymers up to now the typical approach in
simulation is the rather simple concept of the no-flow
or transition temperature, which defines the limit
between melt and solid. As soon as the temperature of
the polymer is below the transition temperature, it is
defined as a solid with zero flow velocity. This temper-
ature can be either determined on a high pressure cap-
illary rheometer, whereas Autodesk Moldflow Insight
(AMI) nowadays uses the results of differential scan-
ning calorimetry (DSC) measurements at a cooling rate
of 20 K/min.* Due to the well known fact that the cool-
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ing rate has a strong influence on the DSC curves™”
and that much higher cooling rates up to ~ 1000 K/
min occur in real injection molding processes, the
target of this work was to determine the transition tem-
peratures from DSC curves obtained at different cool-
ing rates using a commercially available DSC meas-
uring device. Common DSC measurement devices
offer only limited cooling rates up to 100 K/min. To be
able to extrapolate the transition temperature to even
higher cooling rates, a mathematical approximation of
the transition temperature as a function of the cooling
rate should be found. The influence of the varying tran-
sition temperatures on the simulation of shrinkage and
warpage with AMI was the final aim of these investiga-
tions. Whereas published sensitivity studies™® of the
transition temperature on simulation results assume a
variation of the transition temperature only by arbitra-
rily changing its value, this work provides a variation
of the transition temperature based on measurements
performed at different cooling rates.

As reported in literature, there is a difference in
simulation results with AMI using 2.5D-models or
true 3D-models.”'! Therefore the simulations in
AMI were also performed using a Dual Domain
model (2.5D-model) and a true 3D-model to find out
if there is a difference in the sensitivity of these two
models to the transition temperature.

In the Dual Domain model (2.5D), triangle elements
on the surface of the part model are used.* The gov-
erning equations for the numerical description of the
melt flow are based on the 2.5D Hele-Shaw approach
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introduced by Hieber and Shen,'? which is a mixture
between finite difference and finite element method.
Contrary, the true 3D-model used in AMI uses tetra-
hedron elements and full 3D Navier Stokes equations
which are solved by the finite element method.*"!

EXPERIMENTAL
Determination of transition temperature

The transition temperature was determined using a com-
mercially available DSC 1 device by Mettler Toledo Inter-
national Inc. (USA). A small sample of the investigated
polymer and a reference sample are put into a tempera-
ture controlled furnace chamber (Fig. 1). The furnace is
heated to the desired starting temperature and then
cooled down at a defined cooling rate. Following the
temperature program the heat flow difference between
polymer and reference sample to obtain the same tem-
peratures is measured as a function of temperature.

It has to be mentioned that the applied cooling rate
is not constant over the whole temperature range, but
rather decreases with lower temperatures (according
to the decreasing temperature gradient between sam-
ple and cooling agent). Figure 2 shows the cooling
rate that can be achieved with the DSC 1 device as a
function of temperature. In principle, this behavior is
similar to the conditions in an injection mold, where
the cooling rate also decreases with lower tempera-
tures of the injection molded part.
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Figure 1 Mettler Toledo DSC 1 device for determination of
the transition temperature.'® [Color figure can be viewed in the
online issue, which is available at www.wileyonlinelibrary.
com.]
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Figure 2 Cooling rate of the DSC 1 as a function of tem-
perature, measured without polymer sample. [Color figure
can be viewed in the online issue, which is available at
www.wileyonlinelibrary.com.]

To find out the influence of cooling rate on the
transition temperature of different thermoplastic
materials, two amorphous and two semicrystalline
polymers were investigated. The material grades are
summarized in Table L.

The determination of the transition temperatures
from the heat flow functions obtained by the DSC-
measurements is explained in the following section.
For semicrystalline polymers, the transition tempera-
ture was obtained at the intersection of the tangents
to the heat flow curve in the steep section of the
crystallization peak and above it (Fig. 3).

The transition temperatures of the amorphous
polymers were defined as the temperatures at the
point of inflection of the heat flow curve in the tran-
sition range. To find the exact point of inflection, the
first derivative of the heat flow curve was plotted as
a function of temperature. The maximum value of
the first derivative in the glass transition region
marks the transition temperature (Fig. 4).

Injection molding experiments

To be able to compare the simulation results with
real parts, test parts were produced on a fully elec-
tric injection molding machine (Battenfeld 1000 CD-
SE, Austria). The basic part geometry was a box with
the dimensions 100 mm x 100 mm x 40 mm (CAD-

TABLE I
Investigated Material Grades

Grade name Supplier Morphology
PS 454 C BASF, Germany Amorphous
ABS Urtal M122 Polimeri Europa, Italy Amorphous
PP Hostacom Basell Polyolefins, Semicrystalline

BR 735 G Netherlands
PC/PET Stapron DSM Engineering Semicrystalline

E EM 605 Plastics, Netherlands

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 3 Heat flow H as a function of temperature T for
the determination of the transition temperature of semi-
crystalline materials (example PP, cooling rate 20 K/min).
[Color figure can be viewed in the online issue, which is
available at www.wileyonlinelibrary.com.]

model of the box, Fig. 5). Using different mold inserts,
the wall thickness of the bottom and the side walls of
the box were different for PP (1 mm) and PC/PET
(1.8 mm). The gate is positioned at the center of the
box and the mold is equipped with a hot runner. The
process settings of the injection molding machine
were recorded and used for the simulations (Table II).
For each setting, the machine was run in fully auto-
matic mode, and after 30 shots to assure steady state
conditions on the machine five parts were produced
for the final evaluation.

Measuring of the injection molded parts

After producing the parts, the complete geometry
was measured using an optical 3D-scanner (ATOS II
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Figure 4 Heat flow H and first derivative dH/dT of the
heat flow as a function of temperature T for the determi-
nation of the transition temperature of amorphous poly-
mers (example ABS, cooling rate 20 K/min). [Color figure
can be viewed in the online issue, which is available at
www.wileyonlinelibrary.com.]
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Figure 5 Model of the box that was used for simulation
and injection molding experiments with the chosen dimen-
sions for the comparison of simulation and experiment.
[Color figure can be viewed in the online issue, which is
available at www.wileyonlinelibrary.com.]

SO from GOM - Gesellschaft fuer optische Messtech-
nik, Germany) at the Polymer Competence Center
Leoben GmbH, Austria (Fig. 6).

The system consists of a projector and two digital
cameras with high resolution. The projector gener-
ates a strip pattern on the measured part, which is
recorded by the two cameras. The measuring princi-
ple is similar to the human three-dimensional view-
ing capability. Using the two photos of the part
from two different viewing angles, the evaluation
software calculates the three-dimensional shape of
the part surface. By attaching reference points to the
part, photos from different sides can be overlaid to
compose a complete 3D-surface geometry that can
be used to compare the real part geometry with the
shrinkage and warpage results obtained by simula-
tion. For an easier evaluation, a number of character-
istic dimensions of the box were chosen for compari-
son (Fig. 5): The four side lengths at the rim of box
were averaged to the dimension L1. The two

TABLE II
Process Settings of the Injection Molding Experiments
and Simulation Runs

PP Hostacom PC/PET Stapron

Parameter BR 735 G E EM 605
Melt temperature (°C) 220 255
Mold temperature 40 60
fixed half (°C)
Mold temperature 30 60
moving half (°C)
Packing pressure (MPa) 51 44
Filling time (s) 1.9 2.4
Packing time (s) 5 8
Cooling time (s) 25 8.4
Mold open time (s) 7.9 4.8
Cycle time (s) 39.8 23.6
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Figure 6 Optical 3D-scanner ATOS II SO (GOM, Ger-
many) for the measuring of the injection molded parts.
[Color figure can be viewed in the online issue, which is
available at www.wileyonlinelibrary.com.]

distances of opposite side walls at the rim of the box
were averaged to the dimension L2. The average
value of the four lengths at the bottom of the box
was defined as the dimension L3. Furthermore, the
dimension H1 is the mean value of the four heights
of the side walls at the corners and finally H2 is the
average value of the height in the middle of the four
sidewalls.

Simulation with Autodesk Moldflow Insigth 2010
(AMI)

Using the process settings of the injection molding
experiments, the test parts were simulated with
AMYI, including the cooling and runner system. Sepa-
rate simulations were performed using the transition
temperatures obtained from DSC-measurements at
different cooling rates. A varying cooling rate over
the part geometry, which can occur in reality could
not be taken into account in the simulations, as such
a functionality was not yet implemented in AML
Each simulation run was performed with a different
transition temperature obtained at a certain cooling
rate which was a constant value for the whole
geometry. Finally, the calculated deformations of the
dimensions L1, L2, L3, H1, and H2 were evaluated.
The deformation is defined as the relative difference
between mold cavity and final part dimensions.

RESULTS AND DISCUSSION
Transition temperatures at different cooling rates

As the recommended cooling rate for the determination
of the transition temperature according to AMI is 20 K/
min, this cooling rate was used as a reference. For the
investigated amorphous materials, no significant influ-
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Figure 7 Heat flow as a function of temperature at two
different cooling rates for polystyrene PS 454 C. [Color fig-
ure can be viewed in the online issue, which is available
at www.wileyonlinelibrary.com.]

ence of the cooling rate on the transition temperature
was observed. Figure 7 shows the heat flow curves of
PS 454 C as a function of temperature at cooling rates of
20 K/min and 40 K/min. The transition region (marked
with circle) remains almost unchanged.

The results for the second amorphous polymer
(ABS Urtal M122) are very similar. As with the poly-
styrene, there is no remarkable shift in the transition
region (Fig. 8).

As a consequence of this findings it can be
assumed that the determination of the transition
temperature at a standard cooling rate of 20 K/min
is sufficient. Therefore no computer simulations
were performed with the amorphous polymers.

As expected, the heat flow curves of the investi-
gated semicrystalline polymers showed a significant
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Figure 8 Heat flow as a function of temperature at two
different cooling rates for ABS Urtal M122. [Color figure
can be viewed in the online issue, which is available at
www.wileyonlinelibrary.com.]
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Figure 9 Heat flow as a function of temperature at differ-
ent cooling rates for PP Hostacom BR 735 G. [Color figure
can be viewed in the online issue, which is available at
www.wileyonlinelibrary.com.]

sensitivity to higher cooling rates. This behavior has
already been described well in several publica-
tions.”” Target of the present research was the
determination of the transition temperature as a
function of cooling rate with a commercially avail-
able testing device. In principle, the maximum cool-
ing rate achievable with the DSC 1 should be 100 K/
min. During the investigations it turned out that rea-
sonable results for the investigated materials could
only be achieved up to about 70 K/min. Figure 9
shows the heat flow curves of the polypropylene
Hostacom BR 735 G as a function of temperature
and at different cooling rates (5, 10, 20, 40, and 50
K/min). The shift of the transition temperature to
lower temperatures with increasing cooling rates can
clearly be seen.

For the PC/PET blend with mainly semicrystalline
character Stapron E EM 605 cooling rates up to 70

M7 smin
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------ 40 K/min ’ ~ e N

30+

o 40 s 10 160 200 280 280
T(°C)  Stapron E EM 605

Figure 10 Heat flow as a function of temperature at dif-
ferent cooling rates for PC/PET Stapron E EM 605. [Color
figure can be viewed in the online issue, which is available
at www.wileyonlinelibrary.com.]
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TABLE III
Material Parameters and Correlation Coefficient R* for
the Approximation of the Transition Temperature as a
Function of Cooling Rate

PP Hostacom PC/PET

Parameter BR 735 G Stapron E EM 605
a (min® K&~ 4154 512.1
b(-) —0.0148 —0.0266
Correlation 0.983 0.94

coefficient R?

K/min could be achieved. The heat flow curves at
the various cooling rates are illustrated in Figure 10.
Again, a significant dependence of the transition
region on the cooling rate can be observed.

To be able to extrapolate the results to higher cool-
ing rates, a simple mathematical function was found
to describe the transition temperature as a function
of cooling rate [eq. (1)]:

b
Tirans = a - [%_’f] ) (1)
where Ti.ns is the transition temperature (K), %
is the cooling rate (K/min), a is a material parametér
(min® K!Y), and b is a material parameter (-).

The material parameters a and b for the two mate-
rials are summarized in Table III.

The function shows good agreement with the ex-
perimental values of the two materials. The transi-
tion temperature as a function of cooling rate for PP
Hostacom BR 735 G is shown in Figure 11, and the
results for PC/PET Stapron E EM 605 can be seen in
Figure 12.

Shrinkage and warpage simulation results

In the following figures the simulation results per-
formed with the transition temperatures obtained at

410 4

Ttrans (K)

3mIII
0 10 20 30

40 50 6 70 80 90 100 110
Cooling rate (Kimin) ~ Hostacom BR 735 G

Figure 11 Transition temperature as a function of cooling
rate for PP Hostacom BR 735 G (experimental values and
data fit).
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Figure 12 Transition temperature as a function of cooling
rate for PC/PET Stapron E EM 605 (experimental values
and data fit).

different cooling rates are compared with the experi-
mental results. The measured part deformations are
only drawn into the graphs as reference values, but
they were not obtained at different cooling rates.
The simulations in AMI were done with 3D as well
as 2.5D models. Figure 13 shows the results for the
3D calculation for the PP Hostacom BR 735 G. The
predicted shrinkage decreased with transition tem-
peratures obtained at increasing cooling rates. For
some dimensions (L1 and L3) the transition tempera-
tures at higher cooling rates improved the simula-
tion results. The dimension L2, which is mainly
influenced by warpage (corner effect), could not be
predicted well at all for this material. The reason for
this is still unclear.

Compared to the 3D model, the influence of the
transition temperature on the shrinkage and warp-
age simulation results for PP Hostacom BR 735 G
was much lower in the 2.5D model. The results
obtained with the 2.5D model are generally too low
compared with the experimental data, especially for
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Figure 13 Shrinkage and warpage simulation results for
PP Hostacom BR 735 G (box with 1 mm wall thickness,
3D model). [Color figure can be viewed in the online
issue, which is available at www.wileyonlinelibrary.com.]
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Figure 14 Shrinkage and warpage simulation results for
PP Hostacom BR 735 G (box with 1 mm wall thickness,
2.5D model). [Color figure can be viewed in the online
issue, which is available at www.wileyonlinelibrary.com.]

the warpage dominated dimension L2, but also for
the other dimensions (Fig. 14).

Similar tendencies were found for the PC/PET
Stapron E EM 605. Using the 3D model, transition
temperatures at higher cooling rates improved the
simulation results (Fig. 15). The 2.5D model once
again did not show much influence of the transition
temperatures on the simulation results (Fig. 16).

CONCLUSIONS

In this article the influence of cooling rate on the
determination of the so called transition temperature
with DSC measurement was investigated for two
amorphous and two semicrystalline materials. The
amorphous polymers hardly showed any sensitivity
of the transition temperature to the cooling rate.
Contrary, the cooling rate had a strong influence on
the transition temperatures of the two semicrystal-
line polymers. For the latter, a mathematical function
was found to describe the dependence of the
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Figure 15 Shrinkage and warpage simulation results for
PC/PET Stapron E EM 605 (box with 1.8 mm wall thick-
ness, 3D model). [Color figure can be viewed in the online
issue, which is available at www.wileyonlinelibrary.com.]
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Figure 16 Shrinkage and warpage simulation results for
PC/PET Stapron E EM 605 (box with 1 mm wall thickness,
2.5D model). [Color figure can be viewed in the online
issue, which is available at www.wileyonlinelibrary.com.]

transition temperature on the cooling rate to be able
to extrapolate to higher rates which are not accessi-
ble by standard DSC measurements. Furthermore,
this mathematical function can be used for imple-
mentation of a cooling rate dependent transition
temperature in an injection molding simulation
software.

In the next step box-shaped test parts of the two
semicrystalline materials were injection molded and
subsequently simulated in the commercial injection
molding software Autodesk Moldflow Insight 2010
using the experimental process settings. The influ-
ence of transition temperatures obtained at different
cooling rates on the shrinkage and warpage simula-
tion results was analyzed and the predicted values
were compared to the experimental values which
had been measured using a 3D optical scanner. The
calculations were performed using 3D as well as
2.5D models. The results for the investigated box-
shaped parts showed a strong influence of the tran-
sition temperatures on simulation results of the 3D
model and a very low influence on the 2.5D model.
Generally, the simulation results of the 3D models
matched better with experimental values. For several
dimensions of the investigated test part, the 3D sim-

Journal of Applied Polymer Science DOI 10.1002/app
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ulation results were improved using transition tem-
peratures at higher cooling rates.

Based on these results further research will be per-
formed additionally taking into account different
temperature dependent curves of specific heat at
higher cooling rates.

The research work of this paper was performed in coopera-
tion with the Polymer Competence Center Leoben GmbH
(PCCL, Austria) within the framework of the COMET-pro-
gram of the Austrian Ministry of Traffic, Innovation and
Technology. The PCCL is funded by the Austrian Govern-
ment and the State Governments of Styria and Upper
Austria.
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