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Optimization of 3D Printed Mold Performance
for Injection Molding via Hollow Infill Patterns

Alan Fong, Faryar Etesami

ME Department, Portland State University

Abstract:

The applicability of hollow infill patterns has been explored for its applications in making 3D
printed polymer-based injection molds in the additive manufacturing industry. Hollow infill
patterns offer a significant reduction in material costs as well as the opportunity for reducing the
cooling times via pumping a coolant fluid through the hollow cavity in a similar fashion to
traditional conformal cooling channels. A 3D Jacks Support Hollow mold model was determined
to be the best performing design. FEA analysis was conducted to determine the maximum
reduction in internal volume (percentage of material saved) that could be achieved without
exceeding the acceptable stress and deflection limitations for the 3D Jacks Supports Hollow
mold design compared to the traditional base solid mold model used in injection molding. The
transient thermal simulations were performed to determine the effects of cooldown times
between the base solid mold model and the hollow 3D Jacks Supports model. Finally, real flow
(transient conjugate heat transfer) simulation was performed in order to determine a more
accurate result pertaining to the cooldown time for the best performing polymer in this study
(30% carbon reinforced PEEK). The results show a 62% in material saved for reinforced PEEK
compared to the base solid mold and a cooling time reduction of 93.9%. A transient conjugate
heat transfer flow analysis indicates a 27% difference between results when compared to a
simplified transient thermal analysis.

1. Introduction:

The process of plastic injection molding [1], [2] involves the heating of plastic material up to the
point where it becomes soft enough to be forced through a closed mold cavity. Once the plastic
has been sufficiently cooled and hardened, the finished part is then ejected from the cavity.
Traditionally, the mold is made of metals such as steel and aluminum due to their inherent
mechanical/thermal properties which can withstand the high temperature and pressure that the
mold is subjected to during this process. Generally, the manufacturing of these metal molds is
accomplished via subtractive manufacturing techniques such as machining, whereby a solid
piece of raw material is removed through a controlled process (drilling, CNC milling, etc.) until
the desired geometry is made. Unfortunately, subtractive manufacturing is a costly and time-
consuming process due to the fact that depending on the kind of geometry desired, all of the
material that is required to be removed in order to obtain the complex shape via machining is a
traditionally expensive process.
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The advantages of additive manufacturing are primarily based on the principle that this process
involves adding and joining together raw material on a layer-by-layer basis to form a part [3]. As
a result, the part is made with the exact amount of material necessary to produce it and the
technology also allows for complex/detailed geometric designs to be produced quickly with ease.
This allows for a more cost-effective and time-saving approach (compared to traditional
subtractive manufacturing) that could be applied to the manufacturing of molds for plastic
injection molding. With the increased adoption of additive manufacturing, the improvement in
3D printing technology has allowed for a wide array of material choices ranging from metals
(steel and aluminum) to polymers (plastics), composites, and resins [4]. Additionally, the
viability of additive manufacturing has been researched on the production of sand molds for
metal casting [5], [6] as well as investment casting for light metals [7].

However, in spite of the apparent advantages of additive manufacturing compared to traditional
subtractive manufacturing, there are still many issues that need to be addressed in regards to the
design and manufacturing problems that may occur during the production of 3D printed molds
for plastic injection molding [8]. This paper seeks to provide simulation-based solutions to two
primary issues which involves the reduction of the time/cost it takes to manufacture (3D print)
molds by minimizing the volume of material that needs to be printed without critically affecting
the structural rigidity of the mold. The other issue is in regard to the inherently slow heat transfer
characteristics of polymer molds which increases the cooling time needed for solidification and
could potentially worsen the mechanical properties of the mold due to prolonged exposure to
high temperatures/pressure. A potential design approach that could address these two problems is
the implementation of a hollowed-out (shell) mold geometry in which the internal cavity of the
mold is comprised of infill patterns that provide structural support while subjected to molding
pressure. This allows a significant decrease in material usage due to the decreased volume of the
mold without compromising its strength, while also reducing the time and cost required to
manufacture it. A hollow infill pattern design additionally allows for the usage of a cooling
liquid to pass through it in a similar fashion to traditional conformal cooling channels [9]-[13]
and may even surpass the performance improvements obtained from these conventional
channels. In this simulation-focused study, a comparison was made between the material saving
(volume of material reduced) and cooling time reduction across different hollow 3D printed
mold designs for a 25mm spherical lens that is to be injection molded out of HDPE. The results
obtained from these simulations are then compared to a baseline solid mold in terms of their
mechanical and thermal performance.

2. Mold Materials and Designs:

The materials used for the purposes of this study were Aluminum 6061 for the metal and
Polyether Ether Ketone (PEEK) for the thermoplastic due to its excellent mechanical properties
when subjected to high temperatures [14]. Additionally, a 30% carbon-reinforced PEEK was
used in this study as this version provided even greater mechanical and heat transfer properties
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compared to the unreinforced counterpart. The thermal and mechanical properties of PEEK, 30%
reinforced PEEK, and Aluminum 6061 are listed in Table-1 below:

Table 1 — Properties of materials used for mold modeling simulation (FEA, Transient thermal, and
Transient Conjugate Heat Transfer flow analysis)

Material Melting Yield Ultimate Young Poisson’s Thermal
Point (°C) | strength tensile Modulus of Ratio conductivity
(MPa) strength elasticity (W/m °C)
(MPa) (GPa)
PEEK 332 90 96.3 3.85 0.4 0.32
PEEK 30% 386 - 245 6.40 0.4 0.95
Carbon filled
(AKROTEK
®)
Aluminum 600 276 310 71 0.33 155-165
6061 at 50 °C -100
°C

The design of the mold used in this study is for a 25mm diameter spherical lens that is made of
high-density polyethylene (HDPE). HDPE has a melting point that generally ranges anywhere
between 130-160 degrees Celsius. The dimensions of this baseline (solid) traditional mold has a
length of 112 mm and a width of 60 mm. The thickness of the mold is 15 mm with a 10 mm fillet
edges across each corner. A SolidWorks model of the HDPE lens mold is shown below in
Figure-1:

Figure 1 — Base solid model of HDPE lens injection mold with a 25 mm hemisphere (two identical
halves of this model makes up the mold)
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Polyether Ether Ketone (PEEK) was chosen as the thermoplastic to be used in this study due to
its outstanding thermo and mechanical properties as well as its applications in Fused Filament
Fabrication (FFF) 3D printing technology, which is a commonly used technology in the industry
for a number of applications ranging from medical, automotive, aerospace, etc... as well as at
even the consumer level (hobby 3D printers). PEEK’s ability to maintain structural rigidity and
therefore prevent significant deformation at elevated temperatures of over 300 degrees Celsius
makes it an excellent material for use in injection molding applications. For the purposes of this
simulation-based study, an injection pressure of 20 MPa was determined to be sufficient for the
size of the 25 mm HDPE lens mold. This pressure is used across all of the mold designs (both
solid and hollow geometries) and each of the materials (Aluminum 6061, PEEK, and 30%
Carbon-reinforced PEEK).

3. Hollow Mold Designs:

Initially, the performance of five different hollow mold designs were explored in a previous
study conducted by Dr. Yasser Alizadeh and Dr. Faryar Etesami from the Mechanical &
Materials Engineering Department at Portland State University, which consists of the following:

Hollow Horizontal Pipes Mold: The design involves implementing round 2.8 mm cylindrical
shaped voids extruded across the length of the mold.

Hollow Horizontal Walls Mold: The design involves implementing rectangular voids extruded
across the length of the mold.

Hollow Vertical Pipes Mold: The design involves implementing round 2.8 mm pipe shaped
voids extending along the thickness of the mold.

Hollow Vertical Honeycomb Cells Mold: The design involves implementing hexagonal shaped
voids (6-sided/ 3 mm walls) extending along the thickness of the mold.

Jack Supports Pattern (JSP) Hollow Mold: The design involves implementing orthogonal
cylindrical bars that extend across the length and thickness of the mold. The diameter of the
pillars and the density of the pillars (number of pillars and spacing between each) were adjusted
as the design parameters until the design constraints were finally met.

For each of these hollow mold designs, an offset thickness of 2mm was used as the “shell” for
the base of the mold and the internal cavity was filled by these geometric structures. Ultimately,
the 3D Jacks Supports Pattern design (shown in Figure-2) was determined to be the best
performer out of the other designs as it was able to meet the stress and deformation constraints
while saving the most material (52% internal volume reduction). As such, for the purposes of
this study, the 3D Jacks Supports hollow design will be used for FEA, Transient Thermal, and
Conjugate Heat Transfer (flow simulation) analysis.
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Figure 2 — Cross-sectional view of hollow HDPE lens mold with internal 3D Jacks Support
geometry (orthogonal 2.8 mm cylindrical pillars intersecting along all three axes)

4. Finite Element Analysis (FEA for stress and deformation):

An injection molding pressure of 20 MPa was applied to the surface of the spherical mold cavity
for each of the designs. The FEA (stress and deformation) simulations were performed via
SolidWorks CAD software. Due to the simplistic geometry of the structure for the base HDPE
lens mold, a standard mesh parameter was determined to yield accurate results. The global size
(average size of each element) was set to 4.00 mm with a tolerance of 0.20 mm (whereby
adjacent nodes within this set distance would be merged together in order to mitigate issues
during mesh generation). For the purposes of this study, the yield strength of PEEK was set to
100 MPa. For the 3D Jacks Supports Hollow mold design, the internal volume was reduced
iteratively until the maximum von Mises stress experienced by the mold cavity reach 80% of the
mold material’s yield strength (which in the case would be 80 MPa). Figure-3 below portrays the
maximum von Mises stress and Figure-4 shows the total deformation experienced by the base
solid model for the HDPE lens mold:

o4 | ;&‘:f; U-@® Q)ﬁ =2

Injection Mold (100% infill)

von Mises (N/m*2)
2671e+07
2404e+07

- 2137e+07
. 1871e+07

_ 1.604e+07

1.337e+07
1.070e+07

L 8.031e+06

2.693e+06
-7 24320+04

SOLIDWORKS Educational Product. For Instructional Use Only

P Yield strength: 9.000e+07
Figure 3 — Maximum von Mises stress experienced by the solid base model in N/m”2
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NORKS Educational Product. For Instructional Use Onl

Figure 4 — Maximum deformation experienced by the solid base model in mm.

The maximum von Mises stress on the surface of the hemisphere mold cavity was determined to
be 26.71 MPa which is well below the acceptable stress limit of 80 MPa. The maximum
deformation when subjected to the 20 MPa molding pressure was determined to be 0.053 mm
which is also within the acceptable displacement limit of 0.1 mm.

5. Transient Thermal Analysis:

For the purposes of this simulation study, a molding temperature of 100 degrees Celsius was
used for the HDPE lens and as such, it was set as the initial temperature of the mold.
Subsequently, an ejection temperature of 50 degrees Celsius was set as the target temperature for
determining the cooling time between each mold design. As discussed earlier, reducing
cooldown times for polymer-based materials is often a significant challenge due to their
inherently poor thermal conductivity characteristics compared to metals which have a
significantly greater thermal conductivity that makes them excellent/efficient thermal

conductors. Therefore, in this study the 3D Jacks Supports Hollow mold model with PEEK
material was simulated for purpose of determining the potential reduction in cooldown time
compared to the traditional solid mold design. The thermal conductivity of the Aluminum 6061
was set to 167 W/m. °C and the thermal conductivity of the PEEK was set to a 0.25 W/m. °C. An
ambient constant temperature of 20 °C was used for simulating water flowing through the hollow
3D Jacks Supports mold as a liquid coolant in a similar manner to conventional conformal
cooling channels. As such, the convection coefficient of water was set to a value of 3,000 W/m? -
°C (assuming forced convection).

6. Flow Simulation Analysis:

Due to the complexity of the 3D Jacks Supports structure within the hollow mold design, it was
determined that a real flow simulation performed in SolidWorks CAD software was necessary to
produce more accurate results for the cooldown time associated with the 30% carbon-reinforced
PEEK with the 3D Jacks design (due to the uniform temperature distribution of the transient
thermal analysis which assumes that the water flows without inhibition across the dense internal
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mold geometry). In order to simulate the flow of fluid within the hollow mold volume, two inlets
and outlets were designed across opposite lengths of the 3D Jacks Supports mold as shown in

Figure-5 below:

Features | Sketch | Markup | Evakuate | MBD Dimensions

SOLIDWORKS Add-Ins | Simulation | MBD | SOLIDWORKS CAM | SOLIDWORKS CAM TBM | Analysis Preparation | Flow Simulation
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Figure 5 — Internal volume of the 3D Jacks Supports mold highlighted in blue with two inlets and
two outlets for the coolant fluid (water) to flow through

The analysis type for this flow simulation was set to “internal” with physical features set to “heat
conduction in solids” and “time-dependent” as this is a transient conjugate heat transfer scenario
(where the 30% reinforced PEEK mold is initially hot at 100 °C and cooled by a fluid flowing
through). The fluid type was selected to be a liquid with a default fluid of water as the coolant.
Subsequently, for the purposes of this study, an assumption was made to include both laminar
and turbulent flow for the flow characteristic of this simulation. The inclusion of both laminar

and turbulent flow was determined to best portray the flow of water as it initially enters the

uniform cylindrical shape of the two inlets and the expected turbulent flow that occurs as fluid

maneuvers across the dense geometry of the 3D Jacks Supports structures. The inlet mass

flowrate for the water coolant was set to 0.0005 kg/s. The initial solid temperature was set to 100

°C (molding temperature) and temperature of the fluid was set to a constant value of 20 °C

(coolant temperature).

7. Results/Discussion:

The FEA simulations were performed to determine the maximum reduction in internal volume
(percentage of material saved) that could be achieved without exceeding the acceptable tensile
stress and deflection limitations for the 3D Jacks Supports Hollow mold design compared to the

traditional base solid mold model used in injection molding. The maximum stress and

deformation for the base solid model and 3D Jacks Supports model are summarized below in

Table-2:
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Table 2 — Performance metrics comparison between the base solid mold vs. the 3D Jacks Supports
across each material

SOLID MOLD  Aluminum 0% 27.22 0.0027
6061
PEEK 0% 26.71 0.0530
P . 0% 26.72 0.0320
PEEK (30)

3D JACKS  Aluminum 65% 78.76 0.0057

SUPPORTS 6061

(hollow)  pepy 51% 75.29 0.0990
Reinforced 62% 75.29 0.0590
PEEK

According to Table-2, the results show that between a traditional solid mold design and a hollow
3D Jacks Supports mold, there is a volume reduction of over 50% across each of the materials
while still remaining within the acceptable tensile stress of 80 MPa and allowable deformation of
0.1 mm. While the PEEK hollow mold design provided 51% in material savings, the carbon
reinforced PEEK vyielded 62% in material savings with only a 3% difference from the best
performing Aluminum 6061 material as a result of its superior thermal conductivity which is to
be expected from metals.

The transient thermal simulations were performed to determine the effects of cooldown times
between the base solid mold model and the hollow 3D Jacks Supports model. As described
earlier, the internal surfaces within the hollow 3D Jacks model were set as convective surfaces in
contact with water which was set at a constant 20 °C with a convection coefficient of 3,000
W/m? - °C. The thermal conductivity of PEEK was set to 0.25 W/m. °C and 0.95 W/m. °C for the
30% carbon reinforced PEEK. The initial molding temperature was set to 100 ° C and the
suitable ejection temperature for the HDPE lens mold was set to 50 °C. The cooldown times for
both the base solid model and 3D Jacks Supports model are summarized below in Table-3:
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Table 3 — Transient thermal cooling comparison between the base solid mold vs. the 3D Jacks
Supports across each material

SOLID MOLD Aluminum 6061 11.56
PEEK 843
Reinforced 478
PEEK (30)
3D JACKS SUPPORTS Aluminum 6061 1.18
(hollow)
PEEK 88.2
Reinforced PEEK 29.1

According to Table-3, it is no surprise that Aluminum 6061 once again takes the lead in yielding
the shortest cooldown time of 11.56 seconds for the solid mold and 1.18 seconds for the 3D
Jacks Supports model. However, it is important to note the significant cooldown time reduction
between the solid (843 seconds) and hollow PEEK (88.2 seconds) mold models which resulted in
an 89.5% cooling time reduction. Comparatively, the cooldown time reduction is even greater
between the solid and hollow 30% carbon reinforced PEEK mold models which had a 93.9%
cooling time reduction.

Finally, a real flow (transient conjugate heat transfer) simulation was performed in order to
determine a more accurate result pertaining to the cooldown time for the best performing
polymer in this study (30% carbon reinforced PEEK) due to the ununiform flow characteristics
that are to be expected when the water coolant passes through the dense geometry of the internal
structure from the hollow 3D Jacks Supports mold design. To properly simulate these conditions,
an assumption was made to include both laminar and turbulent flow characteristics. The initial
temperature of the mold was set to 100 °C (molding temperature) and the temperature of the
cooling fluid (water) was set to a constant 20 °C. The inlet mass flowrate for the water coolant
was set to 0.0005 kg/s. A plot of the center of the mold cavity temperature as a function of time
as the 3D Jacks Supports model is cooled from 100 °C to 50 °C is shown in Figure-6 below:
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PEEK 30 Carbon Fiber Reinforced FLOW
SIMULATION
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Figure 6 — A transient conjugate heat transfer cooling flow simulation on the injection mold
cavity. The resulting time taken to cool the mold temperature to 50°C is 38.43 seconds with
an inlet mass flow rate = 0.0005 kg/s.

In comparison to the results obtained from the transient thermal simulation (29.1 seconds for
carbon reinforced PEEK), there is a cooldown time difference of 9.33 seconds. This difference is
likely attributed to the early discussed issues associated with assuming that the temperature
distribution of the hollow mold is uniform during cooling when a fluid is pumped through it.
There is in fact a non-uniform temperature distribution that occurs from the initial point in which
the water coolant is pumped in through the two inlets as shown in figure-7 below:

Temperature (Solid) (°C)

c OO
000
Min = 20 3419 °C  Max = 97 3879 °C

lteration = 742 l
Time = 206305689 s 20.3419 °C

Figure 7 — A front plane cross-sectional view of the temperature distribution for the 3D
Jacks Supports hollow model 742 iterations into the solving flow solution

07 3879 °C
|

oo
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8. Conclusion:

In this simulation-based study, the implementation of hollow infill patterns was explored for its
applications in making 3D printed polymer-based injection molds in additive manufacturing. The
two main issues concerning 3D polymer-based molds that were addressed in this project involves
the reduction of the time/cost it takes to manufacture (3D print) molds and the inherently slow
heat transfer characteristics of polymer molds. Hollow infill structures are not only ideal for
reducing the volume of material that needs to be printed (and thereby saving material costs
without violating certain design stress and deformation constraints), but they are also viable for
reducing the cooling time for polymer-based molds due to the implementation of certain design
elements that allow for a coolant to be pumped in through the mold in a similar fashion to
traditional conformal cooling channels.

From the preliminary hollow mold designs discussed earlier from a prior study conducted by Dr.
Yasser Alizadeh and Dr. Faryar Etesami from the Mechanical & Materials Engineering
Department at Portland State University, the 3D Jacks Supports mold design was determined to
be the best performer both in terms of material savings and its capacity to allow fluid coolant to
flow through it. As such, this was the hollow infill pattern design that was ultimately
implemented in this study and it’s performance was compared to a base line solid mold pattern
that serves to emulate a traditionally manufactured mold.

While the transient thermal analysis approach was initially expected to be sufficient in providing
accurate results for the cooldown time due to the relatively small geometric dimensions of this
particular HDPE lens mold, there were discrepancies between the results collected from these
two simulation methods. As indicated by Figure-7, there is a distinctly noticeable non-
uniformities in the temperature distribution of the mold as it is being cooled down. The left half
of the mold in which the coolant first enters the hollow structure from the two inlets illustrate a
much lower temperature near 20 °C compared to the right half of the mold in which the coolant
exits through the two outlets. This could be due to the obstruction of fluid flow as a result of the
geometric density of the 3D Jacks supports along with the turbulent flow characteristics as the
fluid enters and exits the hollow cavity. The result of this was that the real flow simulation
yielded a cooldown time of 38.43 seconds compared to the transient thermal simulation which
had a cooldown time of 29.1 seconds (27% difference).

Additional simulations would need to be performed in order to determine whether or not these
non-uniform temperature distributions could be mitigated by adjusting the mass flow rate of the
coolant fluid at the inlet (increasing the rate) without creating too great of an internal pressure
within the mold. However, given that the external surfaces of the mold are constrained by mold
carrier walls, it appears to be unlikely that this would become a significant issue.
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