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steel tool molds on the performance of injection molded
and overmolded tensile specimens
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ment over traditional methods. Mechanical testing revealed that the tensile speci-
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the properties of final products. However, variations in mold types impacted the
dimensional tolerance and tensile strength of the final specimens. Metal mold-
fabricated tensile bars exhibited superior dimensional accuracy and maximum
tensile strength (50.6-61.7 MPa) compared to those produced with SLA-fabricated
molds (46.9-55.9 MPa). These differences are attributed to the rougher surface fin-
ish inherent to the layer-by-layer construction of SLA and the internal stresses
and defects resulting from lower thermal conductivity and uneven cooling. In con-
clusion, this study underscores the promising future applications of SLA-
fabricated molds in overmolding, offering reduced manufacturing costs and
enhanced design freedom. The findings support the potential of SLA to revolu-
tionize mold fabrication, thereby extending its utility and optimizing the pro-

duction of polymer components with customized properties.
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« SLA molds compared to metal molds for direct injection molding and
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« FFF preforms with varied geometries were overmolded to finalize the specimens.
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1 | INTRODUCTION

Overmolding is an advanced manufacturing technique
that enables the creation of a unified substrate with
varied properties by molding one material onto inserted
preforms.' This process is crucial for ensuring the safe
bonding of components throughout their service life.*
Overmolding has been extensively employed in diverse
fields such as automotive>® and medical devices.” Initially,
overmolded articles were produced by molding polymer
onto injection-molded preforms,*® which limited the
performance and functionality of the final products.
This limitation has led to the exploration of alternative
methods for preform fabrication, notably additive
manufacturing (AM).'®'* In this context, preforms
fabricated using AM can impart tailored characteristics
to the finalized articles, with the overmolded polymer
providing additional features and enhanced quality."?

AM, also known as 3D printing, has been popularized in
several fields, including research,® medicine,'* aerospace,'’
dental,'® and food."” It encompasses several techniques,'®
including material extrusion,” material jetting,®® vat
photopolymerization,”* binder jetting,”* powder bed fusion,*
sheet lamination,” and direct energy deposition.”> Among
these, fused filament fabrication (FFF) and stereolithography
(SLA) are the most commonly used by practitioner.”*>* FFF,
pioneered by Stratasys Corporation under the RepRap pro-
ject.” It involves feeding material through a heated area and
forcing it through a nozzle to be deposited onto a building
platform in the desired geometries.”® The nozzle moves in
the X-Y plane first and then layer-by-layer (stacking in the z-
axis) until the object is fully fabricated.*" This technique has
been widely employed due to its ease of use,* versatility in
material usage,” and rapid prototyping efficiency. However,
FFF-fabricated specimens still face challenges in surface
quality and dimensional precision, which are critical in
applications demanding high accuracy.*

To date, several studies have overmolded FFF-fabricated
preforms to finalize the components. Fuenmayor et al.*®
applied this route in the pharmaceutical field, finding that
finalized tablets could be efficiently manufactured with tai-
lored characteristics. The mechanical performance of these
components was investigated by Gong et al.>'**® focusing

« Joint configurations in overmolding improved tensile performance.
« Overmolding showed better dimensional accuracy than FFF specimens.
« SLA mold preparation significantly reduced manufacturing costs.

joint configuration, manufacturing cost, overmolding, stereolithography (SLA), thermal

on the employed materials and joint configurations. These
studies revealed that varied materials in preform and
overmolding techniques could result in poor mechanical
performance, which could be mitigated by appropriate
joint configurations in the final components. Rajamani
et al.”” demonstrated that increasing the contact surface
and adding carbon fiber to preforms improved bonding
strength between FFF preforms and overmolded ribs.
Smith et al.*® overmolded ultra-high-molecular-weight
polyethylene onto PEEK preforms for orthopedic
implant applications, achieving promising characteris-
tics with a honeycomb topology and 60% infill density.
This result indicates that polymer-polymer overmolding
could potentially replace high-demand metals in ortho-
pedic implants. Nevertheless, the high cost and extended
fabrication time for newly designed molds remain signifi-
cant barriers.

SLA is a vat photopolymerization AM technique that
fabricates articles layer-by-layer using a UV laser to cure lig-
uid resin into solid parts.*® SLA can be employed to produce
molds with desired characteristics due to its high resolution
and low manufacturing cost. Moritz et al.** obtained several
polypropylene tensile bars using SLA-fabricated molds and
found that different SLA materials could affect tensile per-
formance due to varying cooling conditions. Basile et al.*!
created some SLA-fabricated molds with micro-textured
surfaces to produce medical components, tailoring the
microstructures of finalized products efficiently and cost-
effectively. Keane et al.** demonstrated the promising
impact of abrasive blasting and sanding in reducing surface
roughness with minimal geometric loss.

In this study, various FFF-fabricated inserts with differ-
ent geometries were overmolded using SLA-fabricated and
metal molds to assess their tensile performance. This
approach aims to leverage future overmolding techniques
for enhanced personalization of final products. Integrating
FFF-fabricated inserts with overmolding in SLA-designed
molds represents a significant advancement in manufactur-
ing technology. This method not only addresses the limita-
tions of using FFF or SLA independently but also enables
the production of complex, high-quality parts tailored to
specific application requirements. Industries such as auto-
motive, aerospace, consumer electronics, and medical
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devices are increasingly adopting this hybrid manufacturing
technique to achieve more efficient, cost-effective, and
innovative production solutions.

2 | METHODOLOGY

2.1 | Material

The polyethylene terephthalate glycol (PETG) filament
in the diameter of 1.75 mm was purchased from Real
Filament Company in Netherlands. It was first dried at
40°C for 8 h and then carried into FFF process. In case of
the IM processing, the PETG pellets were obtained by
pelletizing the purchased PETG filament. The material
employed in the SLA process was FormLabs Rigid 10 K
resin, obtained from FormLabs Ltd.

2.2 | SLA-fabrication of mold tooling

The SLA-fabricated mold with the same dimension of
metal mold, which was designed using SolidWorks 2023
Edition Software (Dassault Systémes, Waltham, USA),
was shown in Figure 1A. The designed mold consists of
runners, gates, and two cavities of tensile specimen. The
mold was fabricated using a FormLabs 2 (FormLabs Ltd.)
SLA 3D printer as shown in Figure 1B based on the
parameters of 250 mW laser at 405 nm wavelength, layer
thickness of 50 pm in a 45° orientation with respect to
the top plane.

2.3 | Tensile specimen fabrication

Three groups of specimens were fabricated under five
duplicates each batch via the following three routes: FFF
only, IM only, and overmolding, where the SLA-
fabricated and metal molds were used in both IM and
overmolding processes. The overmolded batches were
manufactured in two steps: FFF fabricated the preforms
with three geometries and these preforms were overmolded.
The finalized dimension is according to ASTM-D638-3 with
nominal values presenting in Figure 2.

In case of the FFF-fabricated specimens and preforms
for overmolding stage, designs were created using
SolidWorks 2023 Edition Software and exported as STL
files, which were then sliced using Creality Print Software.
The tensile bars were manufactured with an Ender-3V3
KE 3D Printer (Creality, Shenzhen, China) using a
0.4-mm diameter nozzle based on the z-axis shown in
Figure 2. FFF process parameters were: layer thickness
(0.1 mm), top/bottom solid layers (1), outline/perimeter
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FIGURE 1

SLA-fabricated mold in (A) schematic graph and
(B) SLA-fabricated molds.
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FIGURE 2 Tensile bar dimensions.

shells (2), raster angle (+45°), building platform tempera-
ture (80°C), extrusion temperature (240°C), infill density
(100%), and printing speed (100 mm/s).

The IM tensile bars were produced using a Babyplast
6/12 injection molding machine (Rambaldi Corporation,
Molteno, Italy) with the parameters shown in Table 1.
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TABLE 1 Employed parameters in injection molding process.
Injection pressure parameter Value Unit
Plasticizing temperature 220 °C
Chamber temperature 210 °C
Nozzle temperature 190 °C
Shot size 45 mm
Cooling time 30 S
Injection pressure 70 bar
Injection pressure time 5 S
Holding pressure 60 bar
Holding pressure time 5 S
Holding pressure setting 4 mm
Decompression 4 mm
Injection speed 95 %
Holding speed 50 %
Mold temperature 40 °C

For overmolded specimens, fabrication included two
stages: (a) creating FFF inserts with varied geometries,
and (b) inserting the FFF-fabricated inserts into mold
cavities and performing the overmolding process. The
parameters for insert fabrication were identical to those
for FFF-fabricated tensile bars. The geometries of
FFF-fabricated inserts are based on our previous finding
that the half-thickness series specimens show a compara-
ble tensile behavior compared to the IM tensile bar.** It
can be seen in Figure 3 that the half-thickness preform
owns a 1.6 mm height and it can be stacked or removed
a 64 x 1 x 1(mm) cuboid to create the another two
preforms. Overmolding stage parameters matched those
used for IM-fabricated specimens, with the shot size
adjusted to 28 mm.

2.4 | Dimension observation

All fabricated specimens were examined using a Nikon
ShuttlePix P-MFSC Digital Microscope to determine their
dimensions (tolerance), with five replicates in each batch.
Three main parameters (thickness, total length, and width)
were measured and compared to the ideal dimensions.

2.5 | Tensile analysis

Tensile tests were conducted to evaluate the effect of dif-
ferent manufacturing processes on tensile strength and
modulus, following ASTM-D638-3 standards. Tests were
performed using an LRX single-column, bench-mounted

material testing system (JLW Instruments Corporation,
UK) with a 5kN load cell, at a crosshead speed of
5 cm/min at room temperature. Maximum tensile strength
(6), Young's modulus (E), and tensile strain (e) were
measured.

The formulae utilized in tensile test can be found
from Equations (1)-(3), in which P is the testing load,
A is the cross-section area, AL is the displacement of the
crosshead, and L is the gauge length. These results were
all calculated and then exported from the NEXYGEN™
software.

c=P/A (1)
E=c/e (2)
e=AL/L (3)

2.6 | Fracture observation

Fractured sections were analyzed using a Mira
Scanning Electron Microscope (SEM) from Tescan
Oxford Instruments, United Kingdom, operating at
10 kV and 70x magnification. Sections were cut from
the fractured tensile bars, gold-coated with an Agar
Sputter Coater (Agar Scientific, United Kingdom), and
then observed under SEM.

2.7 | Statistical analysis

Experimental data from the tensile tests were analyzed
using Minitab 21.0 Software (Minitab Inc., PA, USA)
employing the analysis of variance (ANOVA) method. In
this case, the varied joint configuration and molds
were set as variables, the tensile strength, and Young's
Modulus for five duplicates for each batch were set in
analysis. The p-value was used to determine statistical
significance, with differences considered significant if the
p-value was below 0.05.

3 | RESULTS AND DISCUSSION

In this study, nine batches of specimens were fabricated
using different techniques: FFF only, IM only, and over-
molding with both metal and SLA-fabricated molds. A
naming convention was established for clarity: M-IM
indicates the full-size specimen injection molded using a
metal mold, M-HTNI refers to the overmolded specimen
based on the half thickness with no joint configuration
preform and S-HTMC means the overmolded specimen
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specimen and inserts utilized in (A)
overmolding stage: (A) full IM;

(B) half thickness; (C) half thickness

with male cube; (D) half thickness

with female cube.*?

in the half thickness male cube configuration fabricated
using an SLA mold.

3.1 | Manufacturing cost in molds and
specimens

The manufacturing cost in mold fabrication can be normally
divided into three parts: material, process, and enelrgy.44 In
context of this, an introduction of SLA-fabricated mold
represents a significant advancement due to their lower
material and process cost and even design flexibility com-
pared to traditional metal molds.** The production of two
SLA-fabricated molds required only 12 h and approximately
30 euros for materials, a stark contrast to the several months
and 5000 euros typically required for metal molds.

Furthermore, the ability to produce high-quality articles
at minimal cost is a critical objective in the manufacturing
industry.* In this study, fabricating a single FFF specimen
required 12 min. In comparison, a full IM cycle producing
two specimens took only 1.5 min. The overmolding tech-
nique, which combines the benefits of both FFF and IM,
required 13.5min to produce two finalized specimens,
significantly reducing the manufacturing time compared to
the FFF process alone. The majority of the time in the over-
molding process was spent on insert fabrication (12 min),
highlighting that overmolding effectively addresses the pri-
mary drawback of FFF—low manufacturing efficiency—by
achieving a 40% reduction in fabrication time.

3.2 | Dimensional precision

The dimensions of all fabricated specimens, which were
shown in Table 2, indicated that overmolded batches
exhibited lower dimensional tolerance compared to FFF

batches, consistent with previous findings.'**® Regarding
to the difference between the SLA-fabricated batches and
the metal mold batches, a tiny higher dimensional
tolerance can be observed in the SLA batch. This phe-
nomenon can be attributed to the following statements:
1. A greater stiffness, hardness, and resistance to defor-
mation under pressure for the metal mold ensure a more
stable shape and dimension throughout the IM process,
especially under the high injection pressure and tempera-
ture; 2. The minor surface imperfections and layer lines
due to the layer-by-layer fabrication manner in SLA
can slightly affect the dimensional accuracy of finalized
products; 3. The higher thermal conductivity of metal
molds ensure an efficient and uniform cooling for the
injection molded material, which reduces the warping,
shrinkage, and other dimensional inaccuracies; 4. The
less durable and more prone to wear after repeated
process in SLA-fabricated mold can result in a gradual
loss of dimensional precision over time.

3.3 | Tensile performance
The tensile performances of all fabricated specimens
were evaluated based on maximum tensile strength (o)
and Young's Modulus (E), as displayed in Table 3. FFF
batches demonstrated the lowest tensile performance
(6 = 41.3 MPa, E = 823.1 MPa) compared to other batches
(o ranging from 46.9 to 61.7 MPa, E ranging from 883.2
to 983.5 MPa). This indicates a positive effect of the over-
molding process on tensile performance. Low standard
deviations in IM and overmolded batches suggest promis-
ing repeatability, which is beneficial for manufacturing
consistency.*®

In this study, the effects of different fabrication
methods, mold types, and joint configurations on the
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Parameter FFF batch Metal mold batch
Thickness 3.2+0.2 3.2+0.2
Total length 64 +£0.3 64 + 0.1
Width at two ends 10 + 0.2 10 + 0.1

TABLE 3 Tensile results of all fabricated specimens.

Batch o (MPa) E (MPa)

FFF 413+ 4.2 823.1 + 18.6
M-IM 61.7 + 0.9 963.2 + 74.8
M-HTNIJ 50.6 + 2.1 959.3 + 26.1
M-HTMC 54.5 +4.7 921.5 + 34.7
M-HTFC 60.9 + 0.5 969.0 + 10.5
S-IM 559+ 0.8 983.5 + 72.9
S-HTNIJ 46.9 + 2.7 883.2 + 53.6
S-HTMC 49.3 + 2.7 956.8 + 69.6
S-HTFC 51.5+ 0.7 977.8 + 66.4

tensile performance of the finalized specimens are
discussed in detail in the following sections. This dis-
cussion includes failure analysis based on stress—strain
curves and SEM images, as well as statistical analysis
using ANOVA.

3.3.1 | Effect of fabrication methods on
tensile performance

As shown in Table 3, Figures 4, and 5, M-IM batches
displayed the highest tensile strength (¢ = 61.7 MPa)
compared to M-overmolded batches (¢ = 50.6-60.9 MPa)
and FFF batch (¢ = 41.3 MPa). Similarly, S-IM batches
(6 = 55.9 MPa) outperformed other SLA-fabricated mold
batches (6 = 46.9-51.5 MPa). The superior tensile perfor-
mance of IM batches is attributed to better homogeneity,
bonding, and fewer defects in IM processing,*’” reducing
stress concentration and material weakness. The higher
tensile performance of the IM batches compared to the
overmolded batches can be explained by two main factors:
(i) the interface between the substrate and the overmolded
section may have defects and weak bonding, which reduce
tensile strength; (ii) the varied cooling rates and thermal
expansion between the inserts and the overmolded mate-
rial can induce residual stresses, further reducing tensile
strength. Despite the small difference in tensile strength
between the IM and overmolded batches, the signifi-
cant difference compared to the FFF batch indicates
that overmolding is a highly recommended technique
in the manufacturing industry. This technique not

TABLE 2 Dimensions of all

fabricated samples (all units are

SLA mold batch
32+0.2
64 +0.2
10 +0.1

in mm).
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f——5-IM

60 |-
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T T T

N
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FIGURE 4 Stress-strain curves for FFF and IM batches.

only provides promising mechanical properties but
also allows for tailored characteristics, such as bespoke
prostheses with enhanced bonding strength, fulfilling
specific patient needs.

3.3.2 | Effect of joint configuration on tensile
performance

The joint configurations achieved through the FFF
machine offer high customization levels in overmolded
articles. As presented in Table 3 and Figure 5, the
female cube joint configuration (FC) resulted in the
highest tensile strength (60.9 and 51.5 MPa) when
using metal and SLA-fabricated molds, respectively.
Additionally, the male cube joint configuration (MC)
also showed superior tensile strength compared to
the non-jointed (NJ) configurations (54.5 MPa for
M-HTMC vs. 50.6 MPa for M-HTNJ and 49.3 MPa for
S-HTMC vs. 46.9 MPa for S-HTNI).

This finding is consistent with our previous studies on
PLA material® and can be attributed to several factors:
(i) the enhanced mechanical engagement due to the inter-
locking mechanism provided by the cube joint configura-
tion, where protrusions and recesses fit together, enhances
bonding strength by offering additional resistance to
separation. In contrast, NJ configurations rely primarily on
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(A) —— M-HTNI quality of finalized articles. This optimization allows for
70 - ——M-HTMC personalization to meet customer demands and ensures
[ M-HTFC robust and resilient bonds capable of withstanding
60 | greater forces and stresses without failure.
50 |-
— 3.3.3 | Effect of mold type on tensile
§ a0 | performance
g 30 - The design and fabrication of molds pose significant chal-
lenges for IM users due to the need to balance manufactur-
20r ing costs and production efficiency. To address this, an SLA
ol technique was utilized to fabricate thermosetting resin
molds for a comparative analysis with metal molds in pro-
0 | . 1 . , | ducing overmolded specimens. As shown in Table 2 and
0 2 4 6 8 10 12 Figure 5A for metal mold and (b) for SLA-fabricated mold,
Strain (%) specimens fabricated using metal molds exhibited superior
tensile performance (50.6-161.7 MPa) compared to those
(B) E—T— fabricated with SLA molds (46.9-55.9 MPa). This difference
70 ——S-HTMC can be attributed to the properties of the mold materials
[ SHTFC and thermal management during the molding process. The
60 L superior thermal conductivity of metal molds facilitates uni-
form cooling and solidification of the material. This efficient
50 thermal management prevents the accumulation of internal
. stresses and warping in the finalized specimens, thereby
§ 40 enhancing tensile performance. Moreover, the controlled
- cooling rate in metal molds is crucial for optimizing the
§ 30 molecular orientation of the polymer, resulting in higher
@ quality samples.
20
10 3.4 | Morphological behavior
0 110 ' 1'2 The SEM images of the cross sections of fractured tensile

Strain (%)

FIGURE 5 Stress-strain curves for all overmolded batches in
function of employed molds: (A) metal mold and (B) SLA-
fabricated mold.

adhesive or cohesive forces, which provide limited
mechanical engagement; (ii) the increased contact area
that the cube joint configuration offers a larger actual
contact surface area between the two substrates com-
pared to the NJ configuration. This larger contact area
results in an enhanced grip and stronger overall bond-
ing; and (iii) the improved stress distribution that the
cube joint configuration as it distributes stress over
multiple planes and directions, effectively bearing loads
and reducing stress concentrations, thereby improving
overall bonding strength. The results indicate that opti-
mizing FFF parameters can significantly enhance the

batches are displayed in Figure 6. A comparison between
the batches fabricated using metal and SLA-fabricated
molds reveals more ductile fracture behavior in the metal
mold overmolding group (Figure 6D,F,H) compared to
the predominantly brittle fracture behavior observed in
the SLA-fabricated mold batches Figure 6C,E,G. This
result aligns with the tensile results shown in Table 2 and
Figure 5 and can be attributed to the lower thermal conduc-
tivity of thermosetting resin compared to metal. For exam-
ple, overmolded specimens fabricated using SLA-fabricated
molds experience uneven cooling rates at the interfaces
where the majority of tensile loading is borne by the
injection-molded materials. This results in residual stresses
within the finalized specimen, leading to brittle behavior.
Conversely, specimens produced using metal molds benefit
from uniform cooling, reducing internal stresses, and
enhancing ductility. Within the IM batches, a notable differ-
ence in ductility is observed between the SLA and metal
mold specimens. Greater ductility is evident in Figure 6B
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FIGURE 6 SEM images for the cross sections of failed tensile
bars: (A) M-IM; (B) S-IM; (C) M-HT; (D) S-HT; (E) M-HTMC;
(F) S-HTMC; (G) M-HTFC; (H) S-HTFC; and (I) FFF.

TABLE 4 ANOVA result of tensile strength, where the DF
indicates the degree of freedom, SS indicates the standard
deviation, and MS indicates the mean square.

Source DF SS MS F-Value p-Value
JC 2 169.65 84.824 10.62 0.002
Mold 1 168.67 168.667  21.11 0

Error 14 111.85 7.99

Lack-of-fit 2 2743 13.717 1.95 0.185
Pure error 12 84.42 7.035

Total 17 450.17

compared to Figure 6A. This can be attributed to the low
thermal conductivity of the SLA mold, which affects the
polymer in a way that favors ductility.

Additionally, the FC batches exhibit more polymer
entanglement compared to the NJ and MC batches,
consistent with previous studies.>'**® This increased
entanglement contributes to improved mechanical
properties. For the FFF batch (Figure 61), a brittle ten-
sile behavior can be observed, which is resulted from
the weaker bonds between layers, voids in the internal
structure, and internal stresses due to the less homoge-
neous structure and rapid cooling inherent to the FFF
process.

3.5 | Statistical analysis
The ANOVA results shown in Table 4 indicate that both
joint configuration and the mold type have a significant
effect on tensile strength since the p-values of JC and
mold are below 0.05 (P;c = 0.002 and Pygq = 0). Addi-
tionally, the higher F-value for the mold (21.11) com-
pared to the joint configuration (10.62) demonstrates that
the type of mold has a greater impact on tensile strength
than the joint configuration (FFF inserts). This finding is
consistent with the results discussed in Section 3.3.3,
highlighting the critical role of mold material and design
in determining the mechanical properties of the final
specimens.

Regarding the Young's Modulus, the ANOVA results
in Table 5 indicate that the joint configuration has a
greater F-value (1.54) compared to the mold (0.19), sug-
gesting a more pronounced impact from the joint config-
uration than from the type of mold. However, since their
p-values are above 0.05, these effects are not statistically
significant, indicating that neither the joint configuration
nor the mold type has a significant influence on the
Young's Modulus.
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TABLE 5 ANOVA result of Young's Modulus, where the DF
indicates the degree of freedom, SS indicates the standard
deviation, and MS indicates the mean square.

Source DF SS MS F-Value p-Value
JC 2 8437.7  4218.9 1.54 0.249
Mold 1 508.8 508.8 0.19 0.673
Error 14 38424.1 2744.6

Lack-of-fit 2 10187.7 50939  2.16 0.157
Pure error 12 28236.4 2353

Total 17 47370.6

4 | CONCLUSION

This study used polyethylene terephthalate glycol (PETG)
to proceed a comparative analysis in the tensile speci-
mens fabricated using SLA-fabricated mold and metal
mold, respectively.

The dimensions of all finalized specimens were first
investigated and followed with the tensile performances.
It can be seen that a higher dimension tolerance shown
in the specimens manufactured by SLA-fabricated mold,
which indicates a stable cavity geometry needs to be
confirmed. In case of the tensile behaviors, consistent
with our previous findings, the IM batch exhibited supe-
rior tensile behavior compared to the FFF and overmold-
ing batches. Among the joint configurations, the FC joint
configuration specimens demonstrated the highest tensile
performance compared to the NJ and MC configurations.
This can be attributed to enhanced mechanical engage-
ment, greater contact area, and improved stress distribu-
tion in the FC batch.

Additionally, the tensile performance of SLA-fabricated
mold batches was lower than that of metal mold batches,
which can be attributed to the superior thermal conductiv-
ity of metal molds. This results in lower internal stresses
and warping in the finalized specimens. Despite this, the
ease of mold design and low fabrication cost of SLA-
fabricated molds remain significant advantages over metal
molds. This suggests a promising future for SLA-fabricated
molds in the overmolding process, particularly for applica-
tions requiring bespoke characteristics, such as home
appliances. Future work will focus on exploring methods
to enhance the service life and broaden the application
scope of SLA-fabricated molds concerning the overmold-
ing technique.
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