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Abstract: As the injection molding industry has grown, so has the use of injection molding simulation
software. While design groups have utilized the abilities of simulation software, its use is often
underutilized by process engineers. To expand the application of simulation software to
manufacturing groups, this work focuses on developing injection molding process windows through
the predictions of simulation software. Process windows are a set of operating conditions and limits
that allow for the manufacturing of an acceptable injection molded part. A methodology was
developed for the construction of process windows by testing numerous combinations of controllable
process variables in the filling and packing stage of the injection molding process. The methodology
additionally allows for modifications so that the process can be tailored to each manufacturer’s
desired product performance measures. Each process window developed was experimentally
validated showing that each combination of controllable process variables represented by the process
window resulted in an acceptable part. The experimental validation of the process windows
establishes confidence in the software’s ability to aid manufacturing groups to successfully run their
operations.
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1. Introduction

Injection molding is a widely used, cost-effective, manufacturing process able to mass produce
thermoplastic parts for a wide range of products such as medical equipment, automotive
components, and packaging [1,2]. For each stage of the injection molding process, there are several
controllable variables that can affect the overall quality of the final product [3]. The most relevant
include injection time, melt temperature, mold temperature, injection speed, packing pressure, and
cooling time. If one or more of the controllable parameter settings are incorrect, the produced part
contains one or more defects [2]. Defects are any undesirable issue with the final product making it
unacceptable to the customer. Common defects in injection molding include warpage, flash, weld
lines, sinks, and many others. Although each defect has a different effect on the final part, they all
result in the loss of time and money [3-6]. To ensure the elimination of defects, an operator needs to
properly establish the controllable parameter settings. Unfortunately, in most cases, the knowledge
required to properly set up a process comes from either trial and error or previous experience [1,7].

The goal of the injection molding industry is to develop and produce a quality product as
accurately and quickly as possible. This is achieved through developing a process which will
optimize cycle time for a part without incurring any defects. With the multitude of controllable
process parameters, many opportunities present themselves to produce defects in a part when the
correct combination is not used [8]. Furthermore, as the injection molding industry continues to
expand, so does the complexity of custom tooling and part designs. It is because of the development
of a process and the designing of a tool that the use of simulation has grown in the industry for both
designers and process engineers as they develop cost effective, quality parts [8].

The aim of simulation is to select the best combination of process conditions before actual
manufacturing occurs through computer-aided engineering (CAE). CAE is a tool that allows the
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designers of a custom tool to identify issues in the design of a mold before construction has begun.
Some of the uses include, but are not limited to, how a gate type will affect the flow front of the melt,
locations of weld lines in the final product, and proper location of cooling channels and vents in
portions of the mold [8,9]. Before the advancement of simulation and CAE, these issues would not
have been noticed until the mold was constructed, and the first parts were produced incorrectly. This
led to many molds having to be either adjusted to fit the final part’s criteria or scrapped altogether
[10].

Although simulation is heavily used in the design and development of a tool, it is often
underutilized in manufacturing by process engineers. Injection molding simulation software, such as
Moldflow, can simulate each phase of the injection molding process. Manipulation of controllable
process parameters of each injection molding phase within a simulation generates a prediction of a
final product that could be produced physically with the same process [11]. Manufacturing engineers
now can develop a process window by testing different combinations of parameters to identify and
eliminate potential defects while reducing costs incurred from trial and error.

Process windows are a set of operating conditions that allow for the manufacturing of an
acceptable injection molded part. Process windows appear as a window-shaped area on a graph
containing multiple processing parameters that visually indicate which combination of controllable
parameters will produce an acceptable part. If the combination of controllable parameters is chosen
within the window, then an acceptable part can be produced. Defects appear when the combination
of controllable parameters are chosen outside of the window, producing unacceptable parts that need
to be scrapped. It is the goal of the operator to stay within the boundary limits of this window for a
successful process.

Previous work in our group on this topic focused on the development of process windows
through experimental trials [12]. Although this method is successful in constructing process
windows, the process can be long, costly, and difficult. Injection molding simulation software
presents the opportunity to develop process windows economically, and effectively. By developing
process windows through simulation, production time is not wasted from experimentation along
with the scrap produced from unsuccessful trials. Furthermore, simulations can occur before the
mold is even built allowing the operators to have a process window before they first use the mold.

2. Materials and Methods

2.1. Materials

The injection molding CAE software package chosen to use in this project was Autodesk
Moldflow Synergy 2023, product version 45.2.60.60. Moldflow includes a database of most of the
common thermoplastic materials from producers and distributors. The database of the software
provided a material profile for the high impact polystyrene (HIPS) thermoplastic material of Styron
478 from Americas Styrenics. This material was characterized from rheology, PVT, mechanical, and
thermal testing. Styron 478 was selected because it is an amorphous material, and it was desired to
eliminate the effect of crystallinity in the analysis, in particular shrinkage and warpage [13].
Furthermore, the properties of semi-crystalline material are more difficult to predict using simulation
software.

A 180-ton Sumitomo injection molding machine (SG180M-HP, Tokyo, Japan) was used along
with the physical ASTM mold to produce parts used in the comparison against results from
simulations. The ASTM mold was chosen since it is complex and readily available for
experimentation. It consists of 4 non-uniform cavities, each producing a specimen used for the testing
of moldable materials according to the following ASTM standards of testing plastics: D638-22 for
tensile strength testing, D540-21 for impact testing, and D790-17 for flexural testing [14-16]. Four
pressure sensors, type 6157C from Kistler, were installed into the cavity of the B half of the ASTM
mold. The four sensors allow for the collection of injection pressure during filling and pressure
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during packing at each location for the duration of the production cycle. A Kistler ComoNeo is
connected to the pressure sensors to collect data every 0.028 seconds.

2.2. Model Development

To develop a model for simulation, a company was hired to conduct a 3D scan of the cavity of
the ASTM mold. The scan was reverse engineered into a model suitable for simulation. Additional
features of the mold such as the housings, water lines, and sprue were measured and generated using
SolidWorks. The completed model was discussed with representatives from Moldflow. It was with
their recommendation that to define the system boundaries, the model be cut to only include the A
half of the mold, a portion of the B half which included the cavity, cooling lines, and a portion of the
mold housing. The system of the ASTM model is shown in Figure 1. By doing so, the system of the
model was defined, and the boundary was established [17,18].

The reduced model was imported into Moldflow with each portion of the mold being attributed
as either a part, water line, mold base, or mold insert based on their experimental function. By
assigning portions of the mold attributes, Moldflow is able distinguish their function as the model is
analyzed. Each portion of the model was then meshed using Moldflow’s 3D solid style of meshing at
the default size recommended by the software for each portion’s corresponding attribute. Meshing
each portion of the model based upon the attribute, such as the part itself, requires different mesh
sizes so that the model can be appropriately simulated. In total, the model consisted of 3,890,164
elements. Additionally, four sensor nodes were placed in the model at locations corresponding to the
pressure sensor locations in the ASTM mold. The nodes allowed pressure data at these locations to
be collected and compared against experimental results [17].

The model of the ASTM mold was modified with the assistance of representatives from
Moldflow. During experimentation, it was noticed that a tip of material at the end of the sprue was
being produced by the nozzle of the injection molding machine. Since the original scan of the ASTM
mold did not include the nozzle, the tip was not included in the ASTM model. An updated model
was developed to include this tip of material and used subsequent simulations for which data is
presented [17]. Figure 1 depicts the updated ASTM model was well as the locations of the four
pressure sensors.

Figure 1. ASTM Model and Location of Sensor Nodes

2.3.  Development of Process Windows


https://doi.org/10.20944/preprints202502.0733.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 10 February 2025 d0i:10.20944/preprints202502.0733.v1

4 of 16

The main objective of this work is to demonstrate the use of CAE to develop injection molding
process windows. This objective will be accomplished by utilizing the ASTM mold as an example to
develop a method to construct the process windows. Figure 2 depicts an example of a process
window developed as a function of the two controllable process variables (CPVs) of melt temperature
and packing pressure. In this example of a process window, choosing a combination of CPVs in the
area depicted by the graph will result in the manufacturing of an acceptable part. Combinations of
CPVs outside of this window results in a defect in the part. Process windows developed through
simulation can give an operator the opportunity to identify these conditions without wasting time on
experimental trial and error. Development of process windows is split up into two stages: filling and
packing.

Flash

Plastic
Degradation

Short
Shot

Process Window

Packing Pressure (psi)

Short Shot

v

Melt Temperature (°F)

Figure 2. Visual Representation of a Process Window [12]

The process window for the filling stage is developed as a function of the three CPVs injection
time, melt temperature, and mold temperature. The goal is to identify combinations of these CPVs
that produce an acceptable part. The filling stage process window utilizes a response of the maximum
injection pressure experienced during production from a resulting fill time chosen for a combination
of CPVs. In total, 198 combinations of the three CPVs were tested to collect data to construct this
process window from the selections of 3 melt temperatures, 3 mold temperatures, and 22 fill times.
22 fill times were chosen to test the entire range of a part’s production for both low fill times, which
will be beneficial to manufacturers, and high fill times to determine if the software is able to predict
points at which a non-fill occurs.

Additionally, the process window for the packing stage is developed as a function of the three
CPVs of packing pressure, mold temperature, and melt temperature. The packing stage process
window is developed using shrinkage % as a response from the resulting packing pressure applied.
For the case of the ASTM model, shrinkage % results were collected from the thickness of the thick
flex test bar since it is the portion of the part with the largest thickness, meaning it will be most
impacted by shrinkage [17]. The selection of 3 melt temperatures, 3 mold temperatures, and 9 packing
pressures, ranging through the capabilities of packing pressure the ASTM mold can withstand for
experimentation with the selected injection molding machine, resulted in 81 combinations of CPVs
being tested to collect the data necessary for the construction of this window.

2.4. Selection of Simulation Processing Parameters

Combinations of the three selected CPVs were investigated to build the process window for the
filling stage. The three controllable process variables were injection time, melt temperature, and mold
temperature. Injection times of 0.5, 0.75, and 1 — 20 seconds, evaluated every second, were chosen as
simulation parameters. Although the tested injection times are longer than would be acceptable in
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manufacturing facilities, they were evaluated for a comparison between the software and
experiments at points which a non-fill is produced. Three melt temperatures of 200 °C, 220 °C, and
240 °C were selected based upon the range of processing temperatures of the HIPS Styron 478
material [20]. The material manufacturer recommends the lower processing temperature limit to be
200 °C and the upper processing temperature limit to be 240 °C with 220 °C being in the middle of
this range. Finally, the mold temperatures chosen for the simulations were selected using the same
reasoning with temperatures of 30 °C, 45 °C, and 60 °C [20].

Following the same approach, combinations of CPVs were investigated to construct the process
window for the packing stage. The three CPVs were packing pressure, mold temperature, and melt
temperature. Values for the CPV of packing pressure were chosen by focusing on the evaluation of
the process window. The injection molding machine used for experimentation applies packing
pressure (in psi) according to the machine’s hydraulic pressure. Experimentation of developing
process windows using the injection molding machine would have resulted in testing nine
equidistant values from the range of 50 psi — 450 psi [17].

As a means of correlating the packing pressures used for experimentation to simulation, a
conversion of pressure in psi from the machine’s hydraulic pressure to MPa was used. The conversion
came from previous experimentation. Values and profiles of the pressure collected from the sensors
located in the mold were plotted with the values and profiles obtained through the simulation’s
sensor node predictions. Once plotted on the same graph, the means of correlating the two values
was established [17]. For example, a machine hydraulic pressure of 15,000 psi converts to 67.5 MPa
in the software. Therefore, nine packing pressures ranging from 6 MPa — 62 MPa were evaluated as
parameters for the simulation. Each of the nine packing pressures were applied constantly to the part
for the duration of the packing stage. The development of the packing stage process window utilized
the same values for melt and mold temperature as the filling stage process window.

The remainder of the process parameters required for the simulation and the analysis type were
chosen and kept constant between each of the simulations. To resemble the experimental process,
each simulation in Moldflow was performed using an analysis sequence of Cool (FEM) + Fill + Pack
+ Warp. This analysis sequence allows the software to simulate a cooling stage before molding, the
filling stage, the packing stage, as well as the warpage of a part after ejection once it cools to room
temperature. The Cool (FEM) portion of the analysis occurs before the filling stage begins where
temperature in the mold is calculated using FEM (Finite Element Method). This portion of the
analysis allows the mold to reach a quasi-steady state before material is injected into the cavity.

A conduction time of 50 seconds for the ASTM mold was estimated using the following formula
[21]:

hZ
ter = ;(1)

where:
ter = Cooling Time
h = half the part's thickness

k
a = Thermal Dif fusivity = —
PGy

k = Thermal Conductivity
p = Density

The conduction time consists of two components. The packing time is set to 20 seconds and the
cooling time when packing pressure is not applied is set to the be 30 seconds. This separation within
the conduction times comes from previous experimental testing of the ASTM mold where it was
found that a ratio of 40% packing time to 60% cooling time where packing pressure is not applied
provided improved mechanical properties for the final part. Packing at a ratio larger than 40% of total
conduction time resulted in the final part having less tensile stress at both yield and break along with
less tensile strain at break [12].
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During the 20 seconds of packing time for the filling stage process window, a packing pressure
of 27.6 MPa was used. This value comes from the middle of the range for packing pressures tested
for the development of the packing stage process window. For the packing stage process window, a
fill time of 2 seconds was chosen as a constant parameter to ensure that an established fill time will
not impact the results of the simulations. Furthermore, a mold open time of 7.1 seconds and a mold
close time of 12.1 seconds were selected based upon data collected from experimental runs.

2.5. Experimental Validation Methodology

To validate each of the process windows constructed through simulation, the following
experimental methodology was followed. The barrel and mold began heating up to the desired
temperature 45 minutes before any trials were conducted. After both had reached the desired
temperature, the barrel was purged five times to allow the material to reach a consistent state for
molding as well as to remove any material from previous runs. Five cycles were run to produce parts
that were discarded so the mold could reach a quasi-steady state. At this point, data collection began
for each combination of the processing variables tested. Ten samples were collected for each
combination. In the cases where multiple combinations of processing variables were tested in the
same run, data for the first five trials was not collected in-between the changing of variable settings.

3. Results and Discussion

3.1. Filling Stage Simulation Results

To construct the filling stage process window, the first step is to simulate each possible
combination of CPVs for the ASTM mold in the simulation software. In each simulation the
maximum injection pressure experienced by the model is collected. The values of maximum injection
pressure from the simulations according to the combination of injection time, melt temperature, and
mold temperature chosen. The maximum injection pressure collected for each simulation comes from
the point of injection specified in the simulation model. In the case of the ASTM mold, it is located at
the very end of the sprue. Previous testing has been conducted using the pressure sensors located
both in the cavity of the mold and the ASTM simulation model. In this research, predicted and
experimental pressures experienced by both were compared and analyzed [17]. Figure 3 displays the
maximum injection pressures for a melt temperature of 200 °C.

In general, as the fill time increases the fill pressure decreases until the time where the increase
in viscosity due to the cooling from the mold walls becomes significant and the fill pressure begins
to increase. This effect is noticeable mostly at lower mold temperatures which result in higher
injection pressures. Furthermore, it can be seen in Figure 3 that the data stops at 9 seconds for a mold
temperature of 30 °C, 12 seconds for a mold temperature of 45 °C, and 17 seconds for a mold
temperature of 60 °C. After each of these points, the software predicts a non-fill due to the cooling
from the mold walls. Similar trends are experienced with simulations using combinations of CPVs at
melt temperatures of 220 °C and 240 °C. Data is shown in supplementary information.
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Figure 3. Moldflow Injection Pressures at 200 °C Melt Temp and Varying Process Conditions.

3.2. Filling Stage Process Window Development

Development of the process window for the filling stage involved using the data collected from
the simulations to construct a window-shaped area on a graph. This window shaped area visually
indicates which combinations of controllable process variables will produce an acceptable part. To
construct this window, boundaries of the processing limits need to be established. The boundaries of
the processing limits can be selected depending upon the desired performance measures of the
manufacturer to include the elimination of particular defects or adherence of parts to critical to
quality dimensions. In the case of the process window developed for the ASTM mold, the boundaries
consist of high and low fill times resulting in the production of an acceptable part. These limits will
establish a point at which combinations of controllable process result in a non-fill due to cooling or
the maximum injection pressure predicted during the simulation exceeds a set limit.

The lower boundary processing limit is influenced by the maximum injection pressure predicted
by a simulation for a particular injection time. Too large of an injection pressure in a process can result
in the part flashing or causing the injection molding machine to pressure limit resulting in a non-fill.
Depending on an injection molding machine’s capability, the lower boundary processing limit can
be established at a known point from prior production. By selecting a point below this threshold, a
processor can ensure that the process will adhere to previous standards.

The upper boundary processing limit is influenced by the allowable fill time of a process. When
a process includes too large of a time, then a short shot will be produced due to the cooling from the
mold walls. The upper boundary processing limit can be set to avoid a short shot being produced. In
some cases, it is beneficial to part quality, to have process windows with longer cycle times even at
the expense of cycle time. Faster injection times introduce higher stress in part and can cause defects
of burns on the part from poor venting [12]. The specific choice of the maximum time is up to the
discretion of the processor and will vary from part to part depending upon its requirements for
production.

Using the established boundary limits of a complete part with no maximum injection pressure,
a process window for the filling stage developed from the simulation’s data is shown in Figure 4.
Figure 4 provides a graphical representation of the combinations of fill time, melt temperature, and
mold temperature which will result in the manufacturing of an acceptable part. Areas outside of the
marked regions will results in the manufacturing of an unacceptable part, which will experience one
of the aforementioned defects. Additionally, a processor can utilize the process window in Figure 4
to determine the maximum injection pressure expected from a chosen combination of CPVs by
looking at the data presented in Figure 3.
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Filling Stage Process Window:
Producing Full Parts, No Machine Limat
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Figure 4. Filling Stage Process Window - Producing Full Parts / No Injection Pressure Limit.

The boundary processing limits can be adjusted to the required specifications of a previously
acceptable process. For the version of the process window shown in Figure 4, there is no limit for
maximum injection pressure and the amount of fill time is limited by a short shot being produced
due to cooling from the mold walls. A different process window can be developed by modifying
these parameters while utilizing the same data. Figure 5 depicts a process window for the filling
stage in which the lower boundary processing limit has an allowable maximum injection pressure
of 45 MPa. Comparison of the two process windows shows that the area of which an acceptable
part would be produced is reduced with the new limitations. With this limit, a melt temperature of
200 °C will no longer produce an acceptable part with portions of the areas of other melt
temperatures being reduced as well.

Filling Stage Process Window:
Producing Full Parts. Max Injection Pressure 45 MPa

MR AU LUERT) (T YN YYN4S NGO R R ‘An4S5 1060

Melt Temp(Mold Temp) ¢

* Maxunum  ® Mimmum
Figure 5. Filling Stage Process Window - Producing Full Parts / Injection Pressure Limit of 45 MPa.

In the case of constructing a process window for the filling stage for the ASTM mold for
experimental evaluation, different boundaries were used. As previously mentioned, the injection
molding machine used for experimentation was a 180-ton Sumitomo machine. The fill peak hydraulic
pressure limit established on this machine before experimentation began was 15,000 psi [17]. When
this pressure limit is reached, the machine immediately switches from the filling stage to the packing
stage producing a short shot. Based on the pressure sensors output, the estimated injection pressure
equivalent to a hydraulic pressure of 15,000 psi is 67.5 MPa [17]. For the upper boundary processing
limit, the allowable fill time is determined by a short shot being produced due to the cooling of the
mold walls. Although the acceptable fill times are very large, shorter fill times can be used within the
window. The process window constructed using these processing limits is shown in Figure 6.
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Filling Stage Process Window:
Practical Application for the ASTM Mold
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Figure 6. Filling Stage Process Window - Practical Application for the ASTM Mold.

3.3. Filling Stage Experimental Validation

The next step of the project is to experimentally validate the recommended combinations of
CPVs depicted by the area of the process window presented in Figure 6. Following the same
experimental procedure listed previously, trials consisting of several combinations of controllable
process variables were performed. Data collected in each trials includes responses from the injection
molding machine consisting of the actual fill time (s), fill peak pressure (psi), V/P switch position (in),
and cushion position (in). Table 1 displays the data collected for trials consisting of a melt
temperature of 200 °C and a mold temperature of 30 °C. At the set fill time of 0.75 seconds, a short
shot was produced due to the machine reaching the established fill peak pressure limit. The machine
also begins to pressure limit at a set fill time of 1 second, causing instability in the part’s production.
This finding aligns with the process window for the filling stage as it predicts an unacceptable part
being produced at this combination of CPVs.

Table 1. Average Experimental Data for Filling Stage at 200 °C Melt Temperature and 30 °C Mold
Temperature.

SetFill AvgActual Fill AvgFillPeak  Avg V/P Switch  Avg Cushion Did the Part

Time (s) Time (s) Pressure (psi) Position (in) Position (in) Short?
0.75 0.195 1481 1.557 1.502 Yes
1 0.954 1477 0.217 0.207 No
4 3.733 1157 0.209 0.207 No
5 5.058 1088 0.209 0.208 No
7 7.060 1079 0.209 0.209 No
8 7.976 1008 0.209 0.209 No
9 9.137 1073 0.209 0.209 No

10 10.271 1069 0.209 0.209 No


https://doi.org/10.20944/preprints202502.0733.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 10 February 2025 d0i:10.20944/preprints202502.0733.v1

10 of 16
11 11.184 1072 0.209 0.209 No
13 12.961 1061 0.209 0.209 No
14 14.035 1498 0.276 0.276 Yes

Figure 7 is developed by plotting the fill peak pressure data from experiments shown in Table 1
along with the maximum injection pressure values predicted by the simulations shown in Figure 3.
This graph was constructed by selecting a data point from both the simulations and the experiments
collected at the same fill time. At this chosen point, the data presented for the fill peak pressure was
scaled until it matched the same location as the data collected from the simulation. By matching this
point, the two outputs from the data sets can be compared. The graph in Figure 7 shows the smallest
and largest fill times resulted in the highest pressure both experimentally and in the simulation’s
predictions. In Figure 7, it appears that the maximum injection pressures predicted by Moldflow seem
to agree with the fill peak pressures collected through experimentation, thus providing confidence in
the experimental validation of the process windows.

Correlation of Mold{low Injection Pressure and Experimental
Fill Peak Pressure

30.00

'0.00 .

sure (MPa)

1775

650

640 00
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50.00
0 2 1 6 8 10 12 14 16

Fill Time (s)

« Moldflow Experiments
Figure 7. Correlation of Moldflow Injection Pressure and Experimental Fill Peak Pressure Data.

Experimental validation of the process windows developed through simulations results in the
following conclusions. The first conclusion is the process window made through simulation is
acceptable with all regions within the window producing an acceptable part. Regions outside of the
process window will either produce a part with defects or exceeding the machine injection pressure
limit. Additionally, trials from experimentation show that the maximum injection pressures during
fill are similar to the fill peak pressure measured by the injection molding machine. Therefore, the
methodology of developing a process window through the use of CAE can be utilized within a
manufacturing facility as an acceptable approach.

3.4. Packing Stage Simulation Results

Shrinkage %, the targeted response for developing the packing stage process window, is
obtained within the simulation for each unique CPV combination by examining the warpage results.
Within this results tab, a color map containing the parts total warpage after the part has been ejected
from the mold cooled to room temperature can be seen. Two nodes are selected in the desired
dimension, in this case the thickness of the thick flex test bar, to obtain the shrinkage % of the selected
study. The two nodes calculate the distance a part has shrank from their position in the original ASTM
model [17]. The nominal shrinkage for the material used in this study is 0.5844% [20].
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The thickness shrinkage % from the thick flex test bar collected using this method is shown in
Figure 8. Figure 8 displays the predicted shrinkage % of this dimension from simulations with
varying packing pressures, mold temperatures, and a melt temperature of 200 °C. The data within
this figure shows that at each packing pressure value, the highest mold temperature of 60 °C results
in the largest shrinkage %. Additionally, as packing pressure increases, shrinkage % decreases across
the three mold temperatures until a point at which the values become constant. At this point,
increasing the packing pressure no longer has an impact on shrinkage. The shrinkage % data collected
at melt temperatures of 220 °C and 240 °C depict similar trends to the data collected at a melt
temperature of 200 °C (supplementary information).

Moldflow Thick Flex Test Bar Shrinkage % at 200 °C Melt
[emp, Varying Processing Conditions, and a Fill Time of 2 s

Shrinkage (%
.

0 10 20 30 40 0 60 70

Packing Pressure (MPa)

* 30 °C Mold Temp * 45 °C Mold Temp + 60 °C Mold Temp
Figure 8. Moldflow Thick Flex Test Bar Shrinkage % at 200 °C Melt Temp and Varying Process Conditions.

3.5.  Packing Stage Process Window Development

The shrinkage % of the thickness of the thick flex test bar collected from simulation’s predictions
was used to construct the packing stage process window. The lower and upper boundary processing
limits were established based upon the shrinkage % result. Similar to the development of the filling
stage process window, the boundaries of the packing stage process window can be manipulated to
adhere to a manufacturer’s desired performance measures of a part. The lower boundary processing
limit is influenced by defects in a part produced with too low of a packing pressure. Too low of a
packing pressure can result in a response of a high shrinkage impacting the final dimensions of a part
thus impacting a critical to quality dimension, making it unacceptable. Using a process where the
packing pressure is too low can also result in sinks, warpage, and short shots, all of which are
unacceptable defects. To avoid these outcomes, the lower boundary limit is established by choosing
packing pressure with a correlating shrinkage % for which a defect is not predicted by the simulation.

The upper boundary processing limit is influenced by having too high of a packing pressure
within a process which can result in the part not experiencing enough shrinkage. Two outcomes can
occur with a part experiencing too little shrinkage. Just as in the lower boundary processing limit, a
part may become unacceptable if a part’s dimension is too large to meet a specified requirement. This
requirement comes from a dimensional tolerance of the part which is critical to quality and the
customer. The second outcome is the part can become lodged within the B half of the mold during
ejection. Failure to eject a part can result in damage to the part along with the loss of cycle time.
Taking these two outcomes into consideration, the upper boundary processing limit is established
based upon the dimensional tolerances of a part as well as packing limits for a machine’s capability.

A process window for the packing stage can be constructed by selecting the desired amount of
maximum and minimum shrinkage % to generate the upper and lower boundary processing limits.
Figure 9 displays an example of process window that can constructed in this manner by using the
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limits of a maximum shrinkage of 0.95% and a minimum shrinkage of 0.85%. Figure 9 provides a
graphical representation of the possible combinations of packing pressure, mold temperature, and
melt temperature which will produce a part with a shrinkage % of the thick flex test bar between
these two limits. In this process window, a combination of CPVs that are outside of the marked region
will result in a part whose shrinkage % does not meet these criteria, making it unacceptable. Within
the process window, the area on the lower-left hand side of the graph is marked with a dotted line.
The dotted line notes that if a combination of CPVs consisting of a melt temperature of 200 °C, and a
packing pressure less than 13.8 MPa is chosen, then a short will be produced instead of the part not
meeting the established requirements.

Packing Stage Process Window:
Maximum Shrinkage 0.95%, Minumum Shrinkage 0.85%

Pressure (MPa)
1

——— ) ————

Packing

JON 3O 200445) J200(60) 220030) 220(45) 22H00) 24400 30) 240(45) JANG6O)

Melt Temp(Mold Temp) “C

= = = = Past Limit is Non-Fill e Maximum @ Minimum
Figure 9. Packing Stage Process Window - Max Shrinkage of 0.95%, Min Shrinkage of 0.85%.

To develop a process window for an experimental evaluation of the ASTM mold, different
boundaries were used. When viewing the average volumetric simulation results within the
simulation, a sink appears in the center of the thick flex test bar at lower packing pressure values [17].
Since the sink is a visible, major defect, its appearance will provide the limits for the lower boundary
of the process window. The sink appears when the measured shrinkage in the simulation is above
1.02%, therefore the lower boundary processing window is established at this point [17].

The data presented in Figure 8 reveals a point at which the shrinkage % becomes constant at
each tested melt temperature. At these points, the parts no longer shrink even as additional packing
pressure is applied. Since applying additional packing pressure at these points is no longer beneficial,
the upper boundary processing limit is established at the amount of packing pressure before the
resulting shrinkage becomes linear for each combination of CPVs. Furthermore, setting the upper
limit at these points provides the added assurance that the parts which do not experience enough
shrinkage do not get stuck or damaged during ejection. The practical application of the ASTM mold
process window for the packing stage using these two boundaries is shown in Figure 10. This process
window follows the same notation as the previous example process window in Figure 9.
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Packing Stage Process Window:
Practical Application of the ASTM Mold

- - - - N U -

Packing Pressure (MPa)
)

2000 30) 045 JOO(60) 2200 30) 220045) 220060) Y430 J4(K45) J4(60)

Melt Temp{Mold Temp)

= = = =Past Limit is Non-Fill e Maximum @ Minimum
Figure 10. Packing Stage Process Window - Practical Application of the ASTM Mold.

3.6 . Packing Stage Experimental Validation

Using the established methodology of producing experimental parts for validation, the thick flex
test bars produced were measured with a dial caliper. The thickness of the bar was measured in the
center of the part at the corresponding location data from the simulations was collected. An average
of the measurements was taken across 10 replicates for each trial, with an exception for experiments
where parts became damaged during ejection. The measurements were converted into shrinkage %
using the equation below where the actual dimension is based upon the thickness of the scanned
CAD model of the part:

. Actual Dimension —Measured Dimension
Shrinkage = ¢ ){2)

Actual Dimension

Table 2 presented the shrinkage % data collected for the packing stage evaluation. Table 9
consists of two combinations of melt and mold temperatures used within the process window (200
°C melt temperature / 30 °C mold temperature and 240 °C melt temperature / 60 °C mold
temperature) to evaluate the extreme points of the process window parameters. Different values of
packing pressure, in both psi according to the hydraulic pressure of the machine and its
corresponding conversion to MPa in Moldflow, were tested for each mold and melt temperature
combination. From each of these combinations, the experimental shrinkage % was measured and it
was noted whether or not the part failed to eject from the mold.

Table 2. Shrinkage % Data for Packing Stage Evaluation.

Moldflow
Experimental
Melt Mold K Equivalent Experimental Moldflow Part Stuck
Packin
Temp Temp & Packing Shrinkage Shrinkage During
Pressure
(W) €O Pressure % % Ejection?
(psi)
(MPa)
200 30 100 13.8 1.39 0.91 No
200 30 150 20.7 0.99 0.91 No

200 30 350 41.4 0.87 0.79 No
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200 30 400 55.2 0.87 0.76 No
200 30 450 62.1 0.87 0.76 No
240 60 50 6.9 1.59 1.02 No
240 60 100 13.8 1.23 1.06 No
240 60 150 20.7 1.37 1.04 No
240 60 200 27.6 1.19 1.01 No
240 60 400 55.2 0.40 0.90 Yes

Within Table 2, the shrinkage % measurements from experiments were higher than the
shrinkage % predicted by the simulation software. Although these values do not equate, Moldflow
was able predict the shrinkage % values within 1% throughout each packing pressure tested.
Additionally, the simulation software predicts a similar trend to what was found from experiments.
In both sets of data, the shrinkage % decreases as higher amounts of packing pressure is applied to
the part until a point at which the shrinkage % becomes constant. After this point, applying additional
packing pressure no longer has an effect on the shrinkage %. This implies that the upper limit for the
process window construct for the ASTM mold can be established using this indication.

Furthermore, from the combinations of CPVs tested, only the combination of 240 °C melt
temperature, 60 °C mold temperature, and a packing pressure of 55.2 MPa resulted in the part getting
stuck during ejection. This combination of CPVs is outside of the marked region of the process
window shown above in Figure 10. Additional experiments were also conducted utilizing a 200 °C
melt temperature, 30 °C mold temperature, and a packing pressure of 6.9 MPa. When producing parts
utilizing this combination of CPVs, a sink appeared in the center of the thick flex test bar, just as the
simulation predicted [17]. Once again, this combination of CPVs is outside of the marked region of
the process window, thus providing credibility that the process window properly constructed though
simulation.

Experiments of the boundaries of the process window developed in simulation lead to the
following conclusions. First, the process window made through simulation consists of all regions
within the window producing part without a sink or being stuck inside the mold. A combination of
CPVs outside of the process window can result in a defect. Additionally, there is less than 1%
difference between the experimental shrinkage % data and the simulations’ predictions along with
similar trends. This results in the discovery that the simulation is able to successfully construct a
process window for the packing stage using simulation shrinkage % results. In future cases, the
packing process window can also be altered a desired part’s production by eliminating specified
defects or achieving critical to part quality tolerances.

4. Conclusions

This project focused on developing a method to construct process windows using injection
molding simulation software with the process windows split up into two stages: filling and packing.
The filling stage process window was developed by using a response of maximum injection pressure
and fill. Utilization of these two responses allowed for the process window to be easily manipulated
to adhere to production requirements. In this study, three filling stage process windows were
developed, all using the same data, to demonstrate examples of how they can be modified to a
requirement or performance measure. Furthermore, process windows for the packing stage were
developed, using a response of shrinkage %. Once again, processors can utilize data collected from
the CAE’s predictions to construct numerous process windows, each with their own specifications
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and adherence to desired performance measures. These process windows can also be constructed
before a mold has entered their facility, giving processors an advantage to know how to correctly
manufacture a part without wasting production time or materials.

Process windows developed through CAE data for both the filling and packing stage underwent
an experimental validation. In both process windows, experimental trials revealed the processing
limits for each desired performance measure aligned with the limits established by the process
window. The areas captured by the process window were shown to include all combinations of CPVs
which resulted in the manufacturing of an acceptable part according to the standards set in place.
Additionally, the methodology developed in this work presents the opportunity for manufactures
and future researchers hoping to develop process windows for their own parts. Therefore, this work
establishes trust in the simulation software’s ability and its utilization as a tool to simulate production
and develop process windows for manufacturers.

Supplementary Materials: The following supporting information can be downloaded at the website
of this paper posted on Preprints.org.

Author Contributions: Conceptualization, Castro, J. M. and Mulyana, R.; Methodology, O’Leary, T.; Software,
O’Leary, T and Mulyana, R.; Validation, O’'Leary, T.; Formal Analysis, O'Leary T., Castro, J. M. and Mulyana,
R.; Investigation, O’Leary, T., Castro, J. M. and Mulyana, R.; Resources, Castro, J. M. and Mulyana, R.; Data
Curtain, O’Leary, T.; Writing — Original Draft Preparation, O'Leary, T.; Writing — Reviewing and Editing, Castro,
J. M. and Mulyana, R.; Visualization, O’Leary, T.; Supervision, Castro, J. M. and Mulyana, R.; Project
Administration, Castro, J. M.;

Funding: Funding was provided by Honda Manufacturing grant number GR129167. Injection molding process
window development through simulation APC was funded by Release Time Account of corresponding author,
The Ohio State University.

Institutional Review Board Statement: Not applicable.

Data Availability Statement: Data available from the authors.

Acknowledgments: We would like to thank Honda for sponsoring this project and Autodesk Moldflow for their
support throughout.

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations

The following abbreviations are used in this manuscript:

CPV Controllable Process Variables

References

1. Nitnara, C.; Tragangoon, K. Simulation-Based Optimization of Injection Molding Process Parameters for
Minimizing Warpage by ANN and GA. International Journal of Technology 2023, 14 (2), 422-433.
https://doi.org/10.14716/ijtech.v14i2.5573.

2. Tsai, K.-M,; Tang, B.-H. Determination of Injection Molding Process Window Based on Form Accuracy of
Lens Using Response Surface Methodology. The International Journal of Advanced Manufacturing Technology
2014, 75 (5-8), 947-958. https://doi.org/10.1007/s00170-014-6185-9.

3. Parizs, R.D.; Torok, D.; Ageyeva, T.; Kovacs, ].G. Multiple In-Mold Sensors for Quality and Process Control
in Injection Molding. Sensors 2023, 23, 1735. https:// doi.org/10.3390/s23031735.

4. Osswald, T. A.; Lih-Sheng Turng; Gramann, P. Injection Molding Handbook, 2nd ed.; Hanser Publications:
Munich, Bavaria, Germany, 2008; ISBN 978-1569904206.

5. Groover, M. P. Fundamentals of Modern Manufacturing: Materials, Processes, and Systems., 7th ed.; John Wiley
& Sons, 2019.


https://doi.org/10.20944/preprints202502.0733.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 10 February 2025 d0i:10.20944/preprints202502.0733.v1

16 of 16

6. Kitayama, S.; Akihiro Matsubayashi; Takano, M.; Yamazaki, Y.; Kubo, Y., Shuji Aiba. Numerical
Optimization of Multistage Packing Pressure Profile in Plastic Injection Molding and Experimental
Validation. Polymers for Advanced Technologies 2022, 33 (9), 3002-3012. https://doi.org/10.1002/pat.5735.

7. Villarreal-Marroquin, M.G.; Mulyana, R.; Castro, ].M.; Cabrera-Rios, M. Selecting process parameter in
injection molding via simulation optimization. J. Polym. Eng. 2011, 31, 387-395.

8.  Vietri, U.; Sorrentino, A.; Speranza, V.; R. Pantani. Improving the Predictions of Injection Molding
Simulation Software. SPE transactions/Polymer engineering and science 2011, 51 (12), 2542-2551.
https://doi.org/10.1002/pen.22035.

9. Yang, K; Tang, L; Wu, P. Research on Optimization of Injection Molding Process Parameters of
Automobile Plastic Front-End Frame. Advances in Materials Science and Engineering 2022, 1-18.
https://doi.org/10.1155/2022/5955725.

10. Zhang, D.; Bartlett, L.; Cai, K.; Hoffman, B.; Mulyana, R.; Herderick, E.; Castro, J.M. Difference in
Mechanical Properties Between Plastic and Metal Molds for Injection Molding a Talc Reinforced Rubber
Modified Polypropylene. Polym. Eng. Sci. 2022, 62, 3470-3475.

11.  Guerrier, P.; Tosello, G.; Hattel, ]. H. Flow Visualization and Simulation of the Filling Process during
Injection Molding. CIRP  Journal of Manufacturing Science and  Technology 2017, 16.
https://doi.org/10.1016/j.cirpj.2016.08.002.

12. Myers, M.; Mulyana, R.; Castro, J. M.; Hoffman, B. Experimental Development of an Injection Molding
Process Window. Polymers 2023, 15 (15), 3207. https://doi.org/10.3390/polym15153207.

13. Cai, K,; O’Leary, T.; Rachmat Mulyana; Castro, J. M. Effect of Processing Parameter Changes on Mechanical
Properties during Injection Molding: Amorphous versus Semi-Crystalline Materials. Polymer Engineering
and Science 2024. https://doi.org/10.1002/pen.26731.

14. ASTM International. Standard Test Method for Tensile Properties of Plastics; ASTM D638-22; West
Conshohocken, PA, 2022. DOI: 10.1520/D0638-22.

15. ASTM International. Standard Test Method for Impact Resistance of Flat, Rigid Plastic Specimen by Means of a
Striker Impacted by a Falling Weight (Gardner Impact); ASTM D540-21; West Conshohocken, PA, 2021. DOL
10.1520/D5420-21.

16.  ASTM International. Standard Test Methods for Flexural Properties of Unreinforced and Reinforced Plastics and
Electrical Insulating Materials; D790-17; West Conshohocken, PA, 2017. DOI: 10.1520/D0790-17.

17.  O’Leary, T. Utilizing Simulation Software to Develop Injection Molding Process Windows. Master Thesis,
The Ohio State University, Columbus, OH, USA, 2024.

18.  Approaches to software development. OpenLearn. https://www.open.edu/openlearn/science-maths-
technology/approaches-software-development/content-section-1.1.4.

19. Bird, R. B,; Stewart, W. E.; Lightfoot, E. N. Transport Phenomena, 2nd ed.; J. Wiley: New York, NY, USA,
2007; ISBN 0-471-41077-2.

20. Autodesk Moldflow Synergy, version 2023; Autodesk: San Francisco, CA, 2023

21. Castro, J. M. ISE 5540 Lecture on Volumetric and Thermal Properties. Ohio State University, January 19, 2023.
https://osu.instructure.com/courses/136654/files/50778788?module_item_id=9921589

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those
of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s)
disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or

products referred to in the content.


https://doi.org/10.20944/preprints202502.0733.v1

