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Abstract

RTIM refers to the integration of rapid tooling (RT) using additive manufacturing (AM) with injection molding (IM). Due to
the use of raw material (pellet), screw extrusion, fused granulate fabrication (FGF) allows for a cost-effective and versatile
production of RTIM inserts especially compared to other material extrusion (MEX) AM processes, such as fused filament
fabrication (FFF). This study 3D printed RTIM inserts out of high-performance thermoplastic polyetherimide (PEI) (ULTEM
9085) in granular form, using an in-house developed FGF system. A cosmetic compact was used as a case study part with a
simplified design. A dynamic mechanical analysis (DMA) conducted on FGF ULTEM 9085 demonstrated that the strength
of the inserts is sustained up to 140 °C, which suits injection molding using polypropylene (PP). Optical profilometry of the
FGF 3D printed RTIM inserts demonstrated that when using a 0.4 mm nozzle, the flat surfaces produced had microscopic
gaps larger than 10~ mm. These gaps are sufficiently large so that melt of low viscosity polymer is able to flow through, which
leads to undesired part flash. The IM experiments confirmed that the inserts were capable of producing PP parts but with
the predicted flash. Simulated part deflection differed both on geometry and magnitude from the actual deflection measured
by optical profilometry. A total of 36 prototype parts were produced before the inserts failed due to poor inter-layer bond
strength. FGF RTIM using ULTEM 9085 is deemed suitable for prototype part production. Improving the inter-layer bond
strength and decreasing part complexity could increase the number of parts produced.

Keywords Rapid tooling - Fused granulate fabrication - Injection molding - High performance - Material extrusion

1 Introduction

Additive manufacturing (AM) can be used for rapid proto-
typing (RP), rapid tooling (RT), and rapid manufacturing
(RM) [1]. Fused granulate fabrication (FGF) is an AM tech-
nology which is based on material extrusion (MEX) and uti-
lizes granules rather than filament as done in fused filament
fabrication (FFF). The raw material versatility provided by
FGF allows for a more cost-effective and discerning material
choice. In the case of RT for injection molding (IM), often
referred to as RTIM, high-performance polymers may be
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used to produce bespoke mold inserts for prototype produc-
tion or low-batch production of end products with typical
injection molding quality. In contrast to RP using RT, direct
RP using an AM technology even using the same desired
grade of material will create prototypes with incongruent
mechanical properties due to the disparate processing con-
ditions [2, 3].

Vat polymerization AM techniques for RTIM have been
studied by multiple research groups [4—10]. This group
of technologies has a high level of surface finish con-
trol, capable of obtaining smooth or textured surfaces by
design. Such surface quality is important for RTIM inserts
but material properties also play a crucial role. Studies
by Davoudinejad et al. and Moritz et al. showed that the
higher the mold temperature, the lower the service life of
the insert and the produced part quality [4-6]. MEX 3D
printed inserts are not capable of reaching the same sur-
face quality as vat polymerized inserts [11] but can achieve
better mechanical performance. MEX systems are capable
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of 3D printing using high performance thermoplastics
such as polyether ether ketone (PEEK) and polyetherimide
(PEI) which can have even better thermal resistance and
strength than their resin counterparts for vat polymeriza-
tion AM. PEEK filled with carbon fiber was used for FFF
to produce mold inserts by Rodzen et al. which showed
encouraging results. The combination of high temperature
resistance, strength, and toughness and the use of a simple
insert with no features resulted in the reported production
of 100 inserts by IM with no apparent damage to the insert
[12]. Acrylonitrile butadiene styrene (ABS) [13, 14], poly-
lactic acid (PLA) [15], and polyamide (PA) [13, 14, 16]
have also been applied for RTIM with good success but
with a lower performance and part quality compared to
PEEK-CEF inserts.

A common issue among all MEX research works is the
large presence of flash on the molded parts. All polymeric
RTIM inserts also suffer from a low thermal conductivity
compared to metallic molds. Better cooling performance is
often necessary and can be achieved by using conformal
cooling channels [17], better heat conductivity [18] or longer
cooling time [17, 19].

Apart from PEEK, PEI (e.g., ULTEM 9085) is another
high-performance polymer with a wide usage in FFF 3D
printing. ULTEM 9085 is PEI blended with polycarbonate
(PC) [20], having a heat deflection temperature of 153 °C
[21], which makes it applicable as an RTIM material. The
only published study involving PEI AM for RTIM, was pre-
sented by Farioli et al. but using ULTEM 1010 and FFF 3D
printing [22]. Similar to most studies carried out on RTIM,
this study used a simple part geometry, resulting in a sim-
ple insert design and print. This simplification neglects the
real-life complexity of common day objects, where RTIM
process would be applied. Apart from empirically testing
more complex applications of RTIM, simulation may also
be viable route. The issue with such techniques is to ensure
that the anisotropic properties and internal porosity, both
micro and macro, are reflected in the simulation process.
With regard to thermal behavior during IM, the discrepan-
cies could be substantial. Additionally, the current published
research lacks detailed thermal measurements which limits

Fig. 1 Original cosmetic (a)
compound upon which the case
studies were inspired

lid
base

bump

@ Springer

understanding of the effects of low heat dissipation of poly-
meric RTIM inserts.

The aim of this study was to investigate PEI ULTEM
9085 for RTIM using an in-house built FGF 3D printing
system. This novel application of ULTEM 9085 for RTIM
could potentially extend the inserts lifespan while maintain-
ing acceptable insert quality. This, coupled with the reduc-
tion in costs when using FGF for insert production, could
enhance RTIM’s cost-effectiveness and application in indus-
try. A cosmetic packaging case study was used to showcase
the challenges of complexity. The accuracy of the FGF pro-
cess was evaluated for dimensional fidelity, by comparing
the inserts to the original 3D CAD model. Additionally, the
RTIM process was also investigated, particularly regarding
thermal behavior including cooling rate and potential hot
spots in the inserts. Dimensional accuracy and quality of
the produced parts were also analyzed. Beyond empirical
testing, the IM process was simulated to predict the expected
part deflection and to verify the applicability of such a simu-
lation to an RTIM process.

2 Materials and methods
2.1 Case studies

A cosmetic compact studied by Vella et al. [11] will be used
as the case study part for this work as shown in Fig. 1. This
case study originates from the cosmetic packaging industry
which often requires multiple prototyping steps in its design
cycle [23]. The original part was simplified to as shown in
Fig. 2a, similarly done by Vella et al. [11].

Case study 1 had a complex geometry which can be chal-
lenging to 3D print using MEX additive manufacturing pro-
cesses. Both injection and ejection side inserts had shallow
curved surfaces as highlighted and magnified in Fig. 2a. It
is relatively difficult to achieve a high quality of such shal-
low curved surfaces when using MEX systems especially
if the inserts are printed horizontally i.e., flat on the build
plate. Such shallow curves lead to a terraced face where the
layer height used for the 3D printing process limits how well

(b) Bottom view of original part
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Fig.2 Case study 1 inserts and (a)
part (a) with detail of stepped
surface (b) and weak features

(c)

Shallow angle slope
at parting line

(b)

Stepped surface
3D model surface

Injection Side Insert

Ejection Side Insert Part

Weak feature in a
high pressure region

Weak feature

Pressure

Towards build plate

Fig.3 Case study 2 inserts and
part

Injection Side Insert

Weak layer-to-layer bond

Ejection Side Insert Part

the 3D printer can resolve the surface curves, as shown in
Fig. 2b. The issue may be remedied by using 5 axis or non-
planar 3D printing process which in practice can follow the
ideal 3D model surface. Future studies could employ one
or both technologies to improve the insert geometry fidel-
ity. Another relevant issue is poor z strength i.e., interlayer
bond strength which can lead to premature part failure. Case
study 1 has a good example for such a feature, highlighted
in the right, magnified region of Fig. 2a. As illustrated in
Fig. 2c, the pressure generated by the molten polymer start-
ing to fill the insert will leverage on the weak layer-to-layer
bond, possibly leading to breakage [24]. The aforementioned
issues led to drafting of another case study with a simpler
geometry, better suited to MEX processes.

The second case study, as shown in Fig. 3, has a flat con-
tact surface instead of the shallow curved surface that existed
in case study 1. The change is illustrated further in Fig. 4
where both case studies are compared side by side. The part
itself, nevertheless, still has a shallow curved surface which
will be 3D printed as stepped terraces. A flat contact sur-
face should improve the watertightness of the mold which
in turn would improve the quality of the parts produced. The

Case Study 1

Contact Surface

Fig.4 Contact surface of case study 1 and 2

part ribbing was also altered to remove the occurrence of
weak features, especially in front of the injection point [24].
Finally, the insert was also widened to increase the distance
between the fasteners holding the insert to the mold. Both
inserts were FGF 3D printed and subsequently tested using
injection molding.

2.2 Material, equipment and insert production

The inserts were 3D printed out of ULTEM 9085 in granu-
late form, supplied by Ensinger Plastics (Germany). The
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Fig.5 FGF setup with magnified granulate extruder

Table 1 Screw geometric dimensions

Length (mm) Turns Helix angle (°) Depth (mm)

Feeding section 38.25 273  17.66 4.0

Compression 38.25 - - -
section

Metering sec- 8.5 045 2236 1.5
tion

granules were dried at 140 °C for 4 h prior to 3D print-
ing. An in house developed FGF system, shown in Fig. 5,
was used to 3D print the inserts. The system used a 14 mm
diameter extrusion screw with variable channel depth and
helix angle as listed in Table 1. The extruder was mounted
on a CR-10s by Creality (China), as done by Curmi and
Rochman [25, 26], using an open chamber configuration.
A calibration procedure was undergone a priori to ensure
a consistent extrusion rate. Prusa Slicer by Prusa Research
(Prague, Czech Republic) was used to slice the 3D models
and generate the GCODE to drive the 3D printer.

The inserts were 3D printed flat on a high temperature
heated build plate (E3D, United Kingdom), as shown in
Fig. 6. The borosilicate glass build plate was cleaned using
acetone and heated to 200 °C before each insert was 3D
printed. The insert was 3D printed in series i.e., from start
to finish before moving on to the next insert. This method
ensured the best repeatability for insert production. Two
insert pairs were produced per case study as the mold itself
has two insert cavities.

The most pertinent process parameters used for 3D
printing are listed in Table 2. The nozzle and build plate
temperature were selected by following the data provided
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3D printed insert

Build plate

Fig.6 Insert orientation used for 3D printing

Table 2 FGF 3D printing process parameters

Parameter Value
Nozzle temperature 310 °C
Build plate temperature 200 °C
Speed 30 mm/s
Infill type Gyroid
Infill percentage 20%
Perimeter count 4
Number of top layers 8
Number of bottom layers 5

Layer height 0.2 mm
Nozzle size 0.4 mm

by Sabic technical datasheet [21]. The printing speed was
set to 30 mm/s to improve the extruder positional accuracy.
At this speed, the corners were well-defined and calibra-
tion cubes were found to 3D print accurately. The infill was
set to 20% gyroid to minimize production times with four
outer perimeter, eight top layers and five bottom layers [27].
These settings are commonly used to obtain high, overall,
printing speeds while still maintaining good surface quality
and strength. The layer height was set to 0.2 mm which is
half of the nozzle diameter of 0.4 mm, to further minimize
production time.

A dynamic mechanical analysis (DMA) using a Mettler
Toledo (USA) DMA 1 in a 3-point bending mode was con-
ducted on parallel and perpendicular FGF 3D printed speci-
mens, as shown in Fig. 7. The 30 X5 X 2.5 mm specimens
were heated from 25 to 150 °C, at 10 um amplitude at a
frequency of 1 Hz, with a 1 N preload, while recording the
storage modulus (M").

2.3 Insert and part dimensional analysis

Inserts and subsequent parts produced by the injection
molding process had some level of unwanted warpage and
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Fig.7 3-point bending DMA setup (a) with parallel (b) and perpen-
dicular (¢) orientation

geometric inaccuracy imparted to them. The dimensional
accuracy of both inserts and parts produced was analyzed
by optical profilometry using a Bruker Alicona G5 Infinite
Focus (Austria) measurement system. In each case, the sur-
face of a representative specimen was 3D scanned and then
the resulting data was compared with the original 3D surface
model, as illustrated in Fig. 8. Cloud Compare open-source
software [28] was used to carry out the comparison. The
ideal and surface models were 3D registered and the differ-
ence between both models was calculated using the mesh to
cloud program available in Cloud Compare.

2.4 Simulation and experimental injection molding

The injection molding process was simulated using
Autodesk Moldflow Insight 2023 with a standard fill and
pack strategy. The simulation predicted the warpage of the
molded part after its ejection/demolding from the mold
inserts. The simulations results were then compared with
the optical profilometry results of the produced parts. The
mold material properties used are listed in Table 3. The
cooling time was set to 300 s with an isothermal mold tem-
perature of 25 °C. Moldflow Insight does not have built-in
additive manufacturing functionality for molds nor does it
have a dedicated library for AM produced inserts. The val-
ues selected were the closest available approximation to the
expected properties and attributes of 3D printed ULTEM
9085. This is a limitation of the study whereby future works
may focus further on the simulation aspect.

The inserts and mold were mounted on a BOY 22E injec-
tion molding machine with a 22 mm diameter screw and
maximum clamping force of 220 kN. The mold temperature
was controlled using a Singer temperature control unit and

Fig.8 3D ideal versus scan
comparison method

3D Surface Model
of Insert

Table 3 Mold material properties used for simulation [21, 29, 30]

Mold Value
Density [21] 1.34 g/cm?
Specific heat [29] 50J/kg K
Thermal conductivity [30] 0.25 W/m K
Coefficient of thermal expansion [21] 6.5e—5 1/K
Elastic modulus [21] 3000 MPa
Poisson ratio [21] 0.4

Thermal Camera

Ejection " Injection
Side " Side
—_ ”/ _
3 % J ‘Injection
2 I ] Screw
e N
Inserts

Fig.9 Schematic diagram of thermal camera location with injection
molding setup

was kept at 25 °C to allow for faster mold cooling. The parts
were injection molded using MOPLAN HP501L polypropyl-
ene (PP) by LyondellBasel (Netherlands) [31] with a barrel
temperature set to 190 °C. Since the inserts were printed
using a low thermal conductive polymer, a long cooling time
of about 265 s was used. The injection molding cycles were
repeated until the insert failed.

The injection molding process was recorded using an E95
thermal camera by Teledyne FLIR LLC (USA) with setup
shown in Fig. 9. The emissivity (¢) of ULTEM 9085 was
determined to be 0.85 by heating a specimen in a furnace to
100 °C and then measuring the surface temperature using an
E95 thermal camera. Temperature measurement was started
when the mold began to open after the set cooling time was
reached. The thermal camera recorded the mold insert’s tem-
perature of the ejection side as they cooled. FLIR Research

.

3D Scan
of 3D Printed Insert

3D Cloud-Mesh
Distance
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IR Max was used to process the recorded video and extract
the cooling rate at different locations on the inserts.

3 Results and discussion
3.1 Insert production and evaluation

Production of inserts using an FGF system follows a simi-
lar process to filament-based systems, with the key differ-
ence lying in the raw material. ULTEM 9085 as granules
offer identical physical properties to its filament counterpart
(unless modified), but at a significantly lower cost. ULTEM

Injection Side Insert

Ejection Side Insert

Case Study 1

Case Study 2

Fig. 10 FGF 3D printed inserts

Fig. 11 Dimensional fidel- (a) Injection Side
ity analysis for case study 1
and 2 with 95% displacement
value range using Chebyshev’s
theorem ‘;
°
2
(2}
o
7]
@
(&)
+0.30 mm
(b) Injection Side

Case Study 2
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9085 granules costs around 140 €/kg, nearly half the price
of their filament counterpart (260 €/kg) [32, 33]. This posi-
tions ULTEM9085 granules similarly to the standard gray
resin provided by Formlabs (130 €/kg) and even to the
high-temperature version (200 €/kg), which are for a Vat
polymerization process and would be more suitable for this
application [34, 35]. Therefore, FGF using granules offers
a cost-effective alternative since the cost of ULTEM 9085
is similar to the cost of the basic resins’ materials used for
the Vat polymerization process. However, a trade-off exists
between the cost and inserts properties. While the Vat
polymerization generally boasts a smoother surface finish,
FGF excels in material strength and, consequently, inserts’
longevity. Production time compared to Vat polymerization
might be slower, but the time difference is often negligible.

The inserts produced via FGF were of good appar-
ent quality as shown in Fig. 10. As expected, the shallow
curved surfaces were printed as terraced sections. The ter-
racing effect could have been mitigated by using a smaller
layer height or a completely different AM processes such as
vat polymerization which could achieve even smaller layer
heights, as shown by Vella et al. [11].

The results of the more detailed optical profilometry
inspection of case study 1 inserts are shown in Fig. 11a. All
inserts were printed with a dimensional difference smaller
than +0.5 mm. These values were determined using Che-
byshev’s theorem using a 95% range. This range is intended
to remove any trivial strands and artifacts which in practice
are easy to remove and are not relevant for the analysis.
The range between +0.5 and + 1 mm was grayed out as only
strands and other easily removable artifacts are present in
this range.

Ejection Side

o 9
@ @
o )
3 3
8 8
E} 3
2 2
-1.0" + 0.44 mm -1.0%
Ejection Side
1.0
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3 3
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All results showed in Fig. 11 suggest that the inserts were
convexly warped i.e., the internal region is higher than the
external region of the inserts. This dimensional study also
confirmed that the terraced and shallow curved surfaces
were 3D printed with the outer edge following the 3D model
surface, as illustrated in Fig. 2b. Therefore, this is a clear
indication that case study 1 is not watertight. Similarly, case
study 2 is also not watertight since the flat contact/clamping
surface area has micro paths which leave gaps in the order of
107! mm, as shown in the representative profilometry results
in Fig. 12. Such gaps are sufficient to leak polymer melt dur-
ing injection. This is supported by the work of Menges et al.
which defined a recommended vent thickness of 0.015 mm
to ensure no leakages for low viscosity materials [36]. It
should be noted that during actual injection molding, the
inserts were compressed on each other which may cause a
certain amount of crushing. Therefore, once the inserts are
compressed, the effective gap between the faces might be of
a smaller order than as discussed.

Apart from the warpage and general lack of watertight-
ness, the 3D printed inserts had areas of over-extrusion
and blobbing. Such regions are marked with sharp reds in
Fig. 11, with the most prominent example being the injec-
tion side insert of the case study 1. These artifacts are easily
removable by hand but leave a blemish upon removal. A
high retraction or screw reversing value of the FGF system
may decrease the occurrence of such defects given that they
are commonly caused by drooling.

3.2 Part production and failure analysis

The case study 1 inserts failed at the first injection molding
run. The ejector pins were unable to push out the molded
part from the insert. This caused the insert to rip out from
the mold as shown in Fig. 13 with the parts still attached.
Since the case study 1 inserts had a large surface area with a
rough surface finish, the molten polymer could get ingrained
within the layer lines. This led to a strong bond between the

—— Ejection side Injection side

0.1 \

- Il

I Dk

-0.3 T T T T T T T T
0 2 4 6 8 10 12 14 16 18

Length (mm)

/\ J"'m/

Profile (mm)
<)

Fig. 12 Representative profile of ejection and injection contact sur-
face obtained by optical profilometry

Fig. 13 Ejection side, case study 1, insert failure at first injection run

molded part and the insert so that the ejector pins failed
to demold the molded parts without damaging them and/or
the inserts. The large amount of flashes formed, as shown
in Fig. 13, was caused by the blockage of the other cavity
which led to an overflow of material.

In contrast to the case study 1 inserts, the case study 2
inserts did not fail. They were used for 18 molding cycles of
which the first 5 cycles were only partially filled, as listed
in Table 4. These first shots were underfilled to avoid pre-
mature insert failure. The shot volume had to be increased
beyond the theoretical target part volume, to be able to com-
pletely fill the cavity and account for the flashing. This flash
formation was attributed to the poor water tightness of the
inserts as described previously. The extra material also filled
the thin space between the insert and metal cavity plate,
which in turn partially stuck the parts to the mold, as shown
in Fig. 14. It was also noted that during injection molding,

Table 4 Case study 2 injection molding detailed run description

Trial Shot Fill rate (estimate) Damage to insert

volume

(ccm)
1 10 Partial None
2 10 Partial None
3 11.1 Partial Material removal at outer edge
4 12.4 Partial Material removal at outer edge
5 14.5 Partial Material removal at outer edge
6 15.5 Filled Material removal at outer edge
7 15.5 Filled Material removal at outer edge
8 15.5 Filled None
18 15.5 Filled None

@ Springer
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Fig. 14 Parts of case study 2 as produced during injection molding.
The parts were stuck to the sides of the inserts due to flash, even after
ejection

Fig. 15 Failure modes of case
study 2 inserts

(b)

@ Springer

there was a slow but progressive removal of material from
weak points in the ULTEM 9085 inserts, such as at corners
or sharp edges. This gradually decreased the structural integ-
rity of the inserts and led to failure.

Two types of failures were noted. The first one involves
the molten PP being stuck in the features of the inserts, as
shown in Fig. 15a. This occurrence did not create any direct
part defects or any instabilities in the molding process. The
second type of failure is more relevant as it led to the insert
failure. In this case, one of the two injection side inserts
failed through interlaminar cracking, as shown in Fig. 15b.
Failure was caused by the action of pulling the part out of
the injection side insert. This motion created a perpendicular
stress on the insert which acts on the weakest direction of
FGF 3D printed parts i.e., the inter-layer bond [2, 3].

Another contributing factor to the inserts’ failure is tem-
perature. The thermal images of the mold are shown in
Fig. 16 with detailed cooling curves illustrated in Fig. 17.
After mold opening, the maximum insert/part temperature
was around 130 °C which is lower than the heat deflection
temperature (HDT) as listed in the material datasheet [21].
Nonetheless, the barrel temperature was set to 190 °C, and
therefore, during the initial stages of injection, the inserts
could be hotter than the HDT tested at 1.82 MPa and 153 °C.
This could partly be the cause behind the gradual removal of
material from the insert edges after multiple runs in contact
with the hot melt. The thermal imaging also confirmed that
when injecting PP in ULTEM 9085 inserts, a long cooling
time with an open mold of about 170 s is necessary to get the
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Fig. 16 Thermal images of
injection molding cycle
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Fig. 17 Cooling curves (a) of discrete points on the ejection side
insert (b)
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mold back to room temperature. Without this extra cooling
process, the heat accumulation in the inserts could lead to
an accelerated degradation.

The detailed cooling curves shown in Fig. 17 demon-
strate the change in temperature along the ejection side
insert. It should be noted that the disturbance seen around
the 50 s mark was caused during the removal of the stuck
part. The insert heating and cooling process seemed inho-
mogeneous being highest at the center (1) of the insert
and at the rib (4) sections. The part regions adjacent to the
ejector pins (3) and insert’s edge (5) cooled at a similar
rate. Any simulation carried out in future work should,

Part Stuck

Part Ejection

Cold Insert After 170s

150 »
()

130 | | 8
110 || 8
90 || 8
c
7003
50 é

£€=0.85 30

therefore, account for the cooling effect of ejector pins.
The outer region of the insert was completely cool with
barely any change registered during the whole cooling
cycle. At mold opening, the difference in temperature
between the center of the mold and outer regions was
about 80 °C. Such a large temperature difference may lead
to the generation of internal stresses and insert warpage
caused by the thermally expanded center of the insert. In
this case, ULTEM 9085 is a rather ductile material [21]
and can absorb the extra load caused by the constrained,
localized thermal expansion. A brittle material could fail
prematurely because of thermal expansion. Vat polymeri-
zation resins tend to be brittle, and therefore, for RTIM
application, modified grades for increased toughness
should be used.

The highest temperature recorded by thermal imaging
was less than 130 °C. In contrast, the DMA results shown
in Fig. 18 indicated that FGF 3D printed ULTEM 9085
maintained a high M’ until about 140 °C. This compares
favorably with vat polymerization material, such as Rigid
10k and HighTemp by Formlabs. The DMA conducted
by Moritz et al. [6] demonstrated that while these materi-
als tend to have a higher M at room temperature, it is not
maintained over the whole molding temperature range. By
100 °C, the resins would have softened significantly whereas
the 3D printed ULTEM 9085 maintained similar M" until
about 140 °C. The DMA results also demonstrate that the
perpendicularly printed specimens, representing the strand-
to-strand bond, had half the storage modulus of parallelly
printed specimens. This further confirms the weak interlayer
bond created by the respective printing parameters and setup
used in this study, leading to the failure shown in Fig. 15b.
Future studies may use a heated chamber coupled with a
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Fig. 18 DMA of parallelly and perpendicularly 3D printed ULTEM
9085 (n=3)

Fig. 19 Representative injection molded part with flash removed

Fig.20 Part warpage as (a)
observed using optical profilom-
etry (a) and as predicted by
simulation (b)

@ Springer

Actual Part Deflection

higher extrusion temperature, to improve the layer-to-layer
bond strength and thus improve insert longevity.

3.3 Part quality

A molded part is shown in Fig. 19, with the extra flash
removed as a representative molding result. Most of the
PP molded part is slightly transparent which indicates
that a large share of PP part was amorphous. Transpar-
ency decreased at the ribbed sections of the parts and at the
injection point, creating opaque regions. Such regions are
caused by hot spots created by the poor thermal conductiv-
ity of ULTEM 9085, which limited heat dissipation. These
hotter regions led to a prolonged period of high tempera-
ture which allowed for crystallization of the PP, indicated
by the opacity at those hot spots only. Apart from changes
in color, crystallization also changed mechanical properties
and density. In the latter case, the result is a densification
of the PP leading to a decrease in volume at the crystal-
lized region, creating differential shrinkage thus warping the
part. In general, shrinkage at the crystallized area pulls in
the surrounding region causing a bending effect along with
localized stresses in the part. Any dimensional tolerances
required of the part are, therefore, compromised unless crys-
tallization is accounted for in the design [37]. Furthermore,
the mechanical behavior of the part becomes a complex mix
of amorphous and crystalline PP properties further compli-
cated by localized, internal stresses. In this manner, the part
is inhomogeneous which is undesirable in most applications.
Localized hot spots may also lead to other undesirable fea-
tures such as sink marks which are more prevalent for thicker
parts [38]. In the end, the product would not have the desired
properties or the apparent quality for the final application.
All parts produced had a rough surface with a clear
imprint of the FGF 3D printed insert strand lines and
terraced shallow curves. Optical profilometry results,
shown in Fig. 20a, demonstrated that the parts warped
with a deviation from the ideal geometry of +0.60 mm
for 95% of the top surface. The simulated deflection is
shown in Fig. 20b. There is a significant discrepancy
between the two results as the simulation results grossly

(b)

Simulated Deflection
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underestimating the deflection to about + 0.2 mm. Further-
more, as seen from top view of actual part deflection in
Fig. 20a, the side portions of the part are deflected out-
wards as opposed to the top and bottom portions. There-
fore, the simulated deflection shape did not agree with the
actual part deflection.

The discrepancy between these two results may be caused
by two aspects. The first concerns the ejection process. Upon
mold opening and ejection, the part temperature was the
same as that of the insert, reaching 130 °C, as shown in
Fig. 16. At that temperature, PP is beyond its softening tem-
perature [31] and therefore, the ejection process was con-
ducted on a soft part, with poor shape retention. This effect
is expected to increase the part’s warpage, beyond what
was directly caused by differential shrinkage. The second
is related to insert temperature and the discrepancy in tem-
perature between different points on the insert, as observed
by the thermal imaging results of Fig. 17. The Moldflow
simulation with pack and fill strategy may not be optimized
for such slow heat transfer and may assume that the insert
is at a stable 25 °C, leading to the lower deflection. Even if
the simulation had correctly calculated the cooling rate, the
ejector pin issue would have nullified the warpage results
anyway as the simulation cannot take that kind of action into
account. Therefore, due to the high, undesired but unavoid-
able flashing of the parts and the related anchorage of part
with insert, simulating warpage is not deemed feasible for
FGF printed inserts.

4 Conclusion

This study demonstrated for the first time that rapid tooling
of injection mold inserts manufactured using ULTEM 9085
with an open chamber FGF system are amenable to produce
small quantities of molded parts intended for prototyping
purposes. In one case, a total of 28 parts were produced
until the insert failed. The Moldflow simulation undervalued
the amount of part deflection and even the general warpage
shape. This was attributed to the slow cooling speed of the
inserts and the action of the ejector pins pushing on the still
hot, molded parts. The part geometry complexity was found
to affect the viability of the rapid tooling process. Simpler
geometries with a lower amount of anchorage points that are
unintentionally created by the layered nature of MEX 3D
printing system are better suited for rapid tooling of injec-
tion mold inserts. FGF 3D printed inserts are expected to
produce parts with flash. A flat surface 3D printed using a
0.4 mm nozzle, will have surface perturbations large enough
to allow polymer melt to flow. ULTEM 9085 demonstrated
its applicability for RTIM as it maintained a high storage
modulus up to 140 °C.
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