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Additive manufacturing is the state of the art in modern tool making. It makes the low-volume production of
polymeric parts and prototype moulds feasible. Injection moulded parts can be customised flexibly and fast with
prototype polymeric moulds. Another trend in the plastics industry is the widespread use of recycled materials to
reduce environmental impact. In this article, we introduce a novel technological concept: applying prototype
injection moulds to process recycled materials. We investigated three materials: original PP, a recycled PP-HDPE
mixture, which is a commercially available injection moulding material and a recycled PA6 that is difficult to
mould due to the high melt temperature. All three materials were injection moulded successfully with
outstanding product quality. The injection moulding process was modelled with a coupled injection moulding
simulation—finite element thermal and mechanical simulation. The presented novel modelling method proved
accurate. The injection pressure, temperature and strain results of the simulations showed excellent agreements
with the measured results. The application of additively manufactured prototype moulds to produce parts from

recycled materials is definitely a novelty.

1. Introduction

The plastics industry today is driven by several global trends. Sig-
nificant trends include the rise of additive manufacturing, the emerging
demand to recycle plastics and the wider application of digitization and
automation. These trends are driven by the need to increase efficiency,
and reduce costs and the environmental impact.

Additive manufacturing (AM) has already revolutionised part and
tool making. With AM, injection moulds can be produced fast and cost-
effectively in a single technological step. This application of AM is called
direct rapid tooling (RT) which reduces the significant investment cost
and lead time of conventional mould machining. Therefore, the hy-
bridization of injection moulding with additively manufactured moulds
and part inserts has the potential to deliver outstanding results both
from an engineering and an economic point of view. The flexibility of
AM also allows the mass customisation and cost-effective low-volume
production of injection moulded parts. This flexibility is essential for
injection moulding to adapt to rapidly changing customer needs. The
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most popular polymeric additive technologies in low-volume mould
making are typically photopolymer resin-based: stereolitography (SLA),
material jetting (MJ) and digital light projection (DLP). The main factors
that influence printing quality are build layer thickness, degree of
curing, density of the polymerised material, and possible post-curing
methods. Polymeric low-volume moulds have already appeared in in-
jection moulding. Case studies available on their application are typi-
cally limited to feasibility studies and the maximum number of cycles.
Rahmati and Dickens [1] printed injection mould cavity insert shells
by stereolitography (SLA) from an epoxy resin. They filled these shells
with aluminium-filled epoxy resin to increase their stiffness and thermal
conductivity. They measured the operational cavity pressure and tem-
perature of the mould inserts and analysed their failure mechanism.
Insert failure occurred after 500 injection moulding cycles. They also
concluded that melt temperature fundamentally influences the lifetime
of the mould inserts. Walsh et al. [2] tested the dimensional stability of
SLA printed parts. They found that a scaling factor of 109.3 % was
necessary to reach nominal dimensions. They concluded that the main
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material parameters determining the suitability of the material for
prototype injection moulds are tensile strength, elongation at break and
heat deflection temperature. Davoudinejad et al. [3] analysed the effect
of thermal aging on the lifetime of SLA-printed mould inserts. They in-
jection moulded ABS into two inserts which were in their as-printed
state, and four inserts which were subjected to thermal aging. During
thermal aging, the temperature of the mould inserts varied cyclically
between 23 °C and 100 °C for 6 h. Heating speed was 5 °C/min. The
treated inserts were subjected to 20 thermal cycles and were left for 2
weeks at room temperature. Cracks appeared on the untreated inserts at
70 and 95 cycles while the thermally aged inserts started cracking at 50,
30, 12 and 8 cycles. The results indicated that cyclic thermal loads
(thermal aging) have a negative effect on the lifetime of SLA-printed
mould inserts. Giorleo et al. [4] printed injection mould inserts by ma-
terial jetting (MJ) from a high-temperature (HT) resin. They showed that
the printing orientation has a significant effect on the surface quality of
the inserts as well as their failure. They also found that the inserts
produced by MJ are suitable for micro injection moulding, due to the
small build layer thickness and the resulting dimensionally accurate
printing. Bogaerts et al. [5] also produced injection mould inserts from
Digital ABS resin by MJ. They found that high-temperature zones occur
on the mould inserts during operation, due to the cyclically injected hot
polymer melt. The location and the extent of these high-temperature
zones determine the lifetime of the polymeric mould inserts. Due to
this, they recommend the application of thermal imaging camera mea-
surements to monitor mould insert temperature to increase their life-
time. Bagalkot et al. [6] presented the typical failure mode of MJ-printed
polymeric moulds. The first step of failure is the appearance of micro-
cracks and thermal degradation of the surface. The second step is crack
propagation and the resulting delamination. These are caused by the
shear load or the bending load created by the high-pressure injected
melt. Stampone et al. [7] also applied MJ to manufacture mould inserts
from a HT resin. The injection moulded material was poly(methyl
methacrylate) (PMMA), which has to be processed at high temperature
and pressure. They found that small geometrical features (that are
necessary for micro injection moulding) drastically promote crack
initiation especially for rigid materials like a HT resin, which exhibits
glass-like behaviour in the application temperature range. However,
when no sharp notches were present, the flat mould inserts withstood 50
moulding cycles without any problems. Bagalkot et al. [8] identified
mould temperature, injection pressure and injection speed as the critical
process parameters that determine the lifetime of MJ-printed polymeric
mould inserts. Berges et al. [9] applied material extrusion to print a
prototype polymeric mould insert, which they used successfully for
metal injection moulding.

Mendible et al. [10] compared three injection mould inserts manu-
factured by conventional machining, MJ and direct metal laser sintering
(DMLS). The inserts were produced from stainless steel, Digital ABS and
bronze, respectively. The bronze and the stainless steel inserts showed
similar operational behaviour and product quality. The metallic inserts
were used for 500 moulding cycles without observable tool wear. On the
other hand, the parts made with the Digital ABS mould insert were
defective after 80 cycles and the mould insert cracked at 116 cycles. The
PolyJet insert also cooled significantly slower, which caused increased
product shrinkage and a higher degree of crystallinity of the moulded
products. Mendible et al. [11] also compared polypropylene (PP) tensile
test specimens injection moulded into an aluminium and a
PolyJet-printed, Digital ABS injection mould. They found that the
specimens injection moulded into the Digital ABS mould showed
approximately 30 % higher modulus of elasticity and significantly lower
elongation at break. This embrittlement of the parts was caused by the
slower heat extraction of the Digital ABS mould and the resulting higher
degree of crystallinity in the tensile specimens. Kampker et al. [12]
presented a similar comparative study and had similar conclusions. They
also analysed high-performance thermoplastic mould materials
(PA3200GF - reinforced PA12, printed by selective laser sintering). Tabi
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et al. [13] also compared the mechanical and thermal properties of poly
(lactic acid) (PLA) plates injection moulded into a conventional steel
mould and a PolyJet printed mould insert. The parts injection moulded
with the PolyJet insert exhibited considerably higher crystallinity
compared to the parts produced with the steel mould. This difference in
crystallinity is primarily caused by the two orders of magnitude lower
thermal conductivity of the Digital ABS compared to tool steel. As a
result of this lower thermal conductivity cooling time is considerably
longer, which is beneficial for the crystallisation of PLA.

Nowadays, the use of recycled materials in plastic products is gaining
more and more attention. This is due to various European Union di-
rectives and regulations (e.g. 2025/40, 2018/852, and 2022/1616) on
the one hand, and social expectations and marketing considerations on
the other [14-16]. With recycled materials, compromises must be made
in many cases, for example, mechanical properties or visual appearance
can be impaired [17,18]. Additive manufacturing can be a good method
for testing recycled materials, as in addition to visually inspecting the
products, functional tests can also be performed [19]. One solution
could be to print the product using filaments made from recycled ma-
terials [20,21]. Innovative and successful projects have produced fila-
ments for AM from recycled plastics [22,23]. Another solution could be
to injection mould recycled plastics into additively manufactured in-
serts, like in our research. The use of recycled plastics can be particularly
beneficial with additively manufactured inserts because the increased
flowability of recycled plastics due to reduced molecular weight reduces
the thermal and mechanical degradation of the insert, which extends its
lifetime [8,17]. Additionally, there are methods for adjusting injection
moulding parameters to increase insert life [24,25].

Alongside the rise of AM in mould making and the increase in the
amount of recycled materials, another development direction is digiti-
zation, automated process and product quality control, and the appli-
cation of modern measurement technology, which is still not fully
elaborated. However, the application of sensor technology helps to
adjust the injection moulding parameters relatively fast and product
quality can be optimal. The use of sensors also allows real-time process
supervision, which can increase the lifetime of injection moulds. In in-
dustrial practice, the use of sensors is typically limited to cavity pressure
measurement. However, operational temperature and strain measure-
ment also yields valuable data that can be used to control the injection
moulding process. Ageyeva et al. [26] summarised the wide range of
available measurement technologies, including temperature and pres-
sure sensors. Zhao et al. [27] also made a comprehensive review on the
application of different measurement techniques in injection moulding.
Chen et al. [28] propose to measure the elongation of the injection
moulding machine tie bars for the continuous adjustment of the
switchover point (from filling to holding) during production. From the
variation in the elongation of the column, they inferred the fluctuation
of clamping force based on Hooke’s law. It has significant practical
relevance, as clamping force fluctuation has a profound effect on
product quality. Insufficient clamping force leads to flash, while too high
a clamping force leads to increased tool wear and poor ventilation
during moulding. Mahshid et al. [29] placed inductive sensors on the
fixed and the moving side mould plates and measured mould de-
formations with an accuracy of approximately 10 ym. Huang and Lin
[30] measured the deformation of the tie bars of the injection moulding
machine and used the measured values to estimate the minimally
required clamping force. They also outlined an algorithm to set the ideal
clamping force based on the measured elongations. Giilciir et al. [31]
applied the combination of computer tomography (CT) and confocal
laser scanning microscopy (CLSM) to analyse the dimensional variations
of micro injection moulded parts. They used a PolyJet-printed injection
mould insert made from Vero PureWhite (RGD837) photopolymer resin.
They characterised the gradual wear of the mould inserts by the analysis
of the geometrical features on the mould inserts. Their measurement
system can track the dimensional variations of the products moulded by
the photopolymer inserts. Baruffi et al. [32] also analysed the micro
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injection moulding process with a high-speed thermal imaging camera
in a special mould with a window on it. They used the thermal imaging
camera images to optimise the moulding parameters and the resulting
product quality. Guerrier et al. [33] also used a special mould with a
glass window to monitor the cavity filling stage with a high-speed
camera and used the images to optimise the filling parameters.

The application of numerical methods, mostly finite element simu-
lation has already boosted product development and mould design. In-
jection moulding simulation allows the optimisation of product
geometry, moulding parameters and also the cooling system layout [34,
35]. Slama et al. [36] presented a methodology to design optimal
conformal cooling channels for a mould using cooling simulation in
Autodesk Moldflow. Cervantes-Vallejo et al. [37] presented a coupled
simulation approach to optimise the positions of the heating cartridges
and the cooling channels in rapid heat cycle moulding (RHCM). The
pressure load acting on the mould was calculated with a Moldex3D in-
jection moulding simulation. Then they used this pressure load in a
coupled thermo-mechanical simulation in Ansys Workbench. They used
their model to optimise the operational thermal state of the mould to
reduce the required time to heat and cool the mould during the cycle.
They also minimised the operational stresses in the mould plates to in-
crease the lifetime of the mould. Crema et al. [39] analysed mould in-
serts with lattice structures because the porous inserts allow the direct
circulation of the coolant water in the entire mould volume. This is
especially beneficial for RHCM. They created a coupled computational
fluid dynamics (CFD) and structural simulation model to analyse the
operational deformation and the stress state of the porous mould insert.
They validated their model with actual injection moulding tests, using
the measured temperature-time curves. Macedo et al. [38] analysed the
connection between the moulding parameters and the thickness of the
frozen layer of specimens injection moulded into an RHCM mould. Wang
et al. [40] applied RHCM to eliminate weld lines and improve the sur-
face quality of an automotive part. They analysed the position of the
weld lines by injection moulding simulation (Autodesk Moldflow) and
simulated the operational temperature distribution of the mould block
in Ansys Workbench. They optimised the positions and the dimensions
of the baffles to make the temperature of the cavity surface as uniform as
possible. They also performed injection moulding tests with the opti-
mised mould design and found adequate agreements between the
measured temperatures and the simulation results. Xiao and Huang [41]
also used transient thermal analysis (in Ansys Workbench) to model the
thermal state of an injection mould equipped with RHCM. They vali-
dated their thermal model with thermal imaging camera images during
the injection moulding cycles. Following the successful validation of the
thermal model, they created a coupled mechanical simulation to model
the thermal stresses occurring during the RHCM cycle. Based on their
mechanical model, they redesigned the fixing of the cavity inserts,
reducing the service stresses in the critical areas of the inserts and
increasing the lifetime of the inserts. Li et al. [42] analysed the failure of
an injection mould fitted with electric heating cartridges. The cyclically
occurring thermal stresses caused early failure of the mould. The
coupled thermo-mechanical simulation also showed the actual failure
location as the critical area, proving the adequacy of the
thermo-mechanical simulation in the analysis of injection moulds.
Guerrier et al. [43] applied thermal simulations to model the thermal
state in an induction-heated injection mould. They used injection
moulding simulation (Moldex3D) and thermal simulation (Ansys)

A good amount of knowledge has been acquired about the applica-
bility of prototype polymeric moulds but a comprehensive use of sensors
and modelling of these inserts is extremely rare. The simultaneous
measurement of operational deformation and temperature gives valu-
able insight into the operational characteristics of polymeric moulds.
The concept of using additively manufactured low-volume moulds to
process recycled materials is a novelty and it has outstanding practical
relevance as the need to achieve a circular economy is growing stronger
every day. This article also shows how a coupled simulation approach,
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combining injection moulding simulation with finite element thermal
and mechanical simulation, can model the operational behaviour of
polymeric prototype mould inserts. For such a coupled model, the
properties of the mould insert material have to be determined first. The
temperature-dependent stiffness of the material was measured by con-
ventional dynamic mechanical analysis (DMA) and the creep properties
were also measured by DMA in creep time temperature superposition
(TTS) mode. After the material tests, the actual injection moulding ex-
periments were performed with the different recycled materials. Oper-
ational strain, temperature, cavity pressure and injection (machine)
pressure were measured during the injection moulding tests. These
measured curves also served as validation tools for subsequent finite
element modelling. After the moulding tests, we performed the coupled
injection moulding simulation, and finite element thermal and me-
chanical simulations. The finite element models were validated suc-
cessfully with the measured injection pressure, temperature and strain
curves. Our results prove that recycled materials can be processed with
low-volume moulds, which can be manufactured easily and flexibly, and
also that the injection moulding process can be systematically designed
with the coupled simulation approach.

2. Materials and methods
2.1. Preparation of mould insert and samples

Dynamic mechanical analysis (DMA) specimens were printed from
RGD835 VeroWhite (epoxy-acrylate) resin produced by Stratasys Ltd.
(United States). The inserts were printed with an Objet Alaris 30 printer
manufactured by Stratasys. The dimensions of the specimens were 4 mm
x 10 mm x 59 mm for the three-point bending arrangement and 4 mm x
10 mm x 50 mm for the dual cantilever arrangement (based on ISO
6721). The mechanical and thermal properties of VeroWhite are pre-
sented in Table 1.

2.2. Material testing

The printed specimens were analysed with a TA Instruments (USA)
Q800 dynamic mechanical analyser (DMA). The DMA analysis deter-
mined the creep compliance at different temperatures (in creep time
temperature superposition (TTS) mode). Table 2 shows the test param-
eters. The analysed temperature range was chosen to completely cover
the application temperature range of the mould insert. The creep pa-
rameters were measured in three-point bending arrangement.

The temperature dependence of stiffness was also measured by DMA
in multi-frequency-strain mode and the tests were performed with the
dual cantilever clamp. The analysed temperature region was 25-105 °C,
and the loading frequency was 1 Hz. Heating speed was 3 °C/min and
the amplitude of loading was 15 pm. The amplitude and the frequency of
the load were chosen to be in the linear viscoelastic region.

The specific heat capacity of the injection moulded materials (recy-
cled PP-HDPE mixture and recycled PA6) were measured by modulated
differential scanning calorimetry (MDSC) on a DSC Q2000 (TA In-
struments, USA) device. It is crucial to determine the specific heat

Table 1
Material properties of RGD835 VeroWhite.

Properties Unit Typical value

Tensile strength MPa 50-65

Flexural strength MPa 75-110

Modulus of elasticity GPa 2-3

Elongation at break % 10-25

Heat deflection temperature (0.45 MPa) °C 45-50

Thermal conductivity W/(m-K) 0.2

Specific heat J/(kgK) 1200-2640
(20 °C-100 °C)

Coefficient of thermal expansion 1/K ~75.107°
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Table 2
Parameters of DMA creep TTS testing.

Parameters used Unit Typical value
Furnace time min 10

Creep time min 30

Recovery min 30

Minimum temperature °C 30
Maximum temperature °C 65
Temperature increment °C 5

Bending stress MPa 5
Atmosphere Air

capacity of the moulded materials exactly so that the heat load trans-
ferred to the mould insert during the cooling of the product can be
accurately modelled.

2.3. The comprehensive measurement system of the injection mould insert

Fig. 1 shows the test mould. The dimensions of the injection mould
insert were 75 mm x 65 mm x 15 mm. The injection moulded product
was a ring with an average diameter of 44 mm. The mould was filled
through two standard gates. The gate inserts were also made from RGD
835 (VeroWhite). The measurement system of the prototype mould
contains a strain gauge (KMT-LIAS-06-3-350-5EL, Hungary) glued into
the slot at the back of the insert. The temperature of the mould insert
was measured with a thermowire (Ahlborn NiCr-Ni thermowire T
190-0, Ahlborn Mess- und Regelungstechnik GmbH, Germany) also
glued to the back of the insert in the respective hole. Cavity surface
temperature was measured with a FLIR A325sc thermal imaging camera
(Teledyne FLIR LLC, Wilsonville, United States). The measured strain
data were collected with a Spider 8 unit (Hottinger Baldwin Messtechnik
GmbH, Austria), while the temperature data were gathered with an
Ahlborn Almemo 8990-6 data collector unit (Ahlborn Mess- und Rege-
lungstechnik GmbH, Germany). The accuracy of the injection moulded
products was checked by 3D scanning, with a GOM ATOS Core 5 M
scanner (Carl Zeiss GOM Metrology GmbH, Germany) whose theoretical
resolution is 0.01 mm.

We used three different materials. The first one was an original
polypropylene homopolymer (Tipplen H145F) manufactured by MOL
Group Plc. (Hungary). It has a low minimal recommended processing
temperature (230 °C) and an excellent melt flow index

(MFI=29 g/10 min at a load of 2.16 kg). The second was a recycled,
post-consumer cap waste (polypropylene (PP) and high density poly-
ethylene (HDPE) mixture in 20 %-80 % ratio, MFI=12 g/10 min at 230
°C; 2.16 kg). The third material was recycled, post-industrial polyamide
6 (PA6) textile waste (MFI=200 g/10 min at 275 °C; 5 kg). After

Injection moulded product
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injection moulding 10 cycles with each material, we also tried to in-
jection mould recycled post-consumer poly(ethylene terephthalate)
(PET) bottle waste but the mould insert failed in the first cycle. The
products were injection moulded with an Arburg Allrounder Advance
270S 400-170 (ARBURG GmbH, Germany) machine (screw diameter:
30 mm). The main injection moulding parameters are shown in Table 3
for the three materials that were injection moulded successfully. It is
necessary to set a low injection rate and pressure limit to avoid a severe
pressure load that could damage the mould insert. With a low injection
rate, clamping force can also be reduced, which increases the lifetime of
the mould insert. The low thermal conductivity of the epoxy-acrylate
mould insert material also means that residual cooling time is longer,
which is necessary for the product to reach a proper ejection tempera-
ture. A long idle time between the cycles is also necessary for the mould
insert to cool down and this way, early failure can be prevented. During
the injection moulding test, 10 cycles were moulded successfully with
each material in Table 3.

2.4. Finite element modelling of the operational state of the mould insert

After the injection moulding tests, we performed the finite element
modelling of the process—first, an injection moulding simulation model
in Autodesk Moldflow, then a coupled thermal-mechanical simulation
model in Ansys Workbench.

Table 3

The injection moulding parameters for the three materials.
Processing parameters Unit PP HDPE- PA

PP
Clamping force [tons] 5 5 5
Dose volume [em?] 40 40 40
Injection rate [em3/ 15 18 18
sl

Injection pressure limit [bar] 400 450 400
Switchover point [em®] 28 27 28
Holding pressure [bar] 175 225 200
Holding time [s] 5 5 5
Residual cooling time [s] 30 30 30
Cycle time from mould closing to opening  [s] ~47  ~ 47 ~ 47
Overall cycle time (delay time included) [s] 300 300 300
Melt temperature [°C] 190 210 265

+8

65

strain gauge

~Slot for

JMOWIBYY
10y \0H

Fig. 1. The test mould, the product and the additively manufactured insert with the strain gauge slot and the thermowire hole.
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3. Results and discussion
3.1. Material testing

3.1.1. Dynamic mechanical analysis

Conventional DMA was carried out first, to characterise the
temperature-dependent stiffness of the mould insert material. The
storage modulus (E’) and the loss factor (d) were determined with the
test (Fig. 2). There is a sharp drop in the storage modulus in the 35 °C to
55 °C range. The 2 GPa modulus at 35 °C drops to 0.75 GPa at 55 °C
which is a 63 % decrease. The applicability of the material is mainly
limited by its relatively low glass transition temperature. Therefore, it is
essential to minimise the heat load on the mould insert during injection
moulding. The loss factor shows a sharp peak at 70 °C, indicating the
transition of the mould insert material from the glassy to the rubbery
state.

3.1.2. Creep tests

Creep is a crucial source of deformation for polymeric injection
moulds and inserts. The effect of creep is amplified by the elevated
temperature during their operation. Creep testing was performed on
DMA equipment, in creep time-temperature superposition (TTS) mode.
The measured quantity was creep compliance (J), which is calculated
according to Eq.(1), where (eg) is the time-dependent flexural strain and
(op) is the pre-set flexural stress. Higher creep compliance indicates
increased creep.
Jey = 90 )

0o

Creep compliance is shown in Fig. 3. Maximum creep compliance
necessarily occurs at the moment of unloading. In the lower temperature
range, at 30 °C and 35 °C, the material showed glassy behaviour and the
maximum creep compliance values were 1086 pmz/ N and 1920 pmz/ N,
respectively. These values indicate moderate creep in this temperature
range. However, as the material enters the transition temperature re-
gion, the creep compliance changes stepwise. Maximal creep compli-
ance was 5629 pm?%/N at 40 °C, which is an almost threefold increase
compared to the value measured at 35 °C. Above that temperature,
deformation is excessive, which means that the material is not suitable
for prototype moulds.

3.1.3. Measuring the specific heat capacity of the recycled materials

The measured specific heat capacity —temperature curves are pre-
sented in Fig. 4. The curves were measured during the cooling of the
samples for accurate modelling of the actual injection moulding process.
The recycled PA6 shows a peak in specific heat capacity at 236 °C, which
corresponds to the melting temperature of the material. The recycled PP-

2500 - - 12
Ezooo : -1
=
2 1 L 0.8 =
= 1500 1 5
< ] L 0.6 2
E “—
£ 1000 - 2
én ] - 0.4 S
& 007 ) - 0.2

0 — 0

25 35 45 55 65 75 85 95 105
Temperature [°C]

Fig. 2. Storage modulus (E’) and loss factor (d) of VeroWhite (RGD835),
measured by DMA.
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HDPE mixture shows two peaks: one at 121 °C and one at 129 °C.
3.2. Injection moulding tests

3.2.1. Injection moulding of original PP

The injection moulding tests were started with the original PP ma-
terial. Fig. 5 shows the operational deformations of the mould insert in
each cycle. The injection moulding cycle from mould closing to mould
opening is detailed in Fig. 5b), while the filling and the holding phases
are further detailed in Fig. 5c). A small stepwise increase can be
observed at mould closing as the clamping force slightly deforms the
mould insert. After that, the melt is injected at high speed and the cavity
is filled through the two standard gates. This happens almost instanta-
neously, which results in a bigger stepwise increase in operational
strain. After the volumetric filling of the cavity, the machine switches
over to the holding phase. At this point, the pressure drops from the
maximal injection pressure of approximately 290 bar to the pre-set
holding pressure of 175 bar. This pressure drop also causes a decrease
in the operational strains at switchover (indicated by the dashed bracket
in Fig. 5¢). Gate freeze occurs at approximately 2.2 s as the standard gate
has small cross-sectional area and the aluminium cavity insert in the
fixed mould half extracts the heat fast. After gate freeze, additional
material can hardly be injected into the cavity in the holding phase,
which results in a gradual decrease in relative strains from 5 to 7 s, until
the end of the holding phase. Then, dosing occurs and the back pressure
of the freshly plasticised melt compresses the runner of the moulded
product (Fig. 5b). This also causes an increase in strain during dosage.
After dosing is finished at 14 s, the plasticising unit with the compressed
melt inside is removed from the sprue of the mould and the entire
product can then cool inside the closed mould without external load.
During cooling, the part shrinks, which results in free space for the
mould insert to regain its original shape, and it causes a decrease in
strain.

The volumetric temperature (measured by the thermowire) and the
average cavity surface temperature of the mould insert (measured by the
thermal imaging camera) are presented in Fig. 6a) and b), respectively.
Both measured temperatures increased during the injection moulding
series. Volumetric temperature varies cyclically, following the cycles,
but the average temperature increases. The minimum of volumetric
temperature was 26 °C at the start of the injection moulding tests, which
increased to 32 °C by the 10th cycle. Average cavity surface temperature
also increased from 45 °C at mould opening after the 1st cycle to 53 °C,
which was measured at mould opening in the 10th cycle. The effect of
the limited thermal conductivity is also presented as there is a temper-
ature difference of approximately 20 °C between the cavity surface
temperature, measured at mould opening and the maximum volumetric
temperatures measured by the thermowire. It is essential to measure the
heating of the polymeric mould inserts because the stiffness, the creep
compliance and the thermal expansion of the material heavily depend
on temperature—there is a strong correlation between insert tempera-
ture and the measured strains.

The thermal imaging camera images at mould opening with the part
in the mould, right after part removal and at the end of the idle time are
presented in Fig. 7a), b) and c), respectively. There is a balance between
product temperature and cavity surface temperature right after product
removal. Cavity surface temperature massively exceeds the glass tran-
sition temperature of the insert material. However, as a result of the low
thermal conductivity of the polymeric insert material, the high-
temperature zone is localised strictly around the cavity walls, which
prevents the failure of the insert. After the idle time, the temperature
decreases well below the glass transition range, to 27-31 °C, which is in
thermal balance with the volumetric temperature measured by the
thermowire.

3.2.2. Injection moulding of the PP-HDPE mixture
Fig. 8 shows the operational strains of the mould insert during the
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injection moulding of the PP-HDPE mixture. The strain curves show a
significant difference compared to the ones measured when the original
PP was injection moulded (Fig. 5). It is because the viscosity of the
recycled material is significantly higher than that of the original PP,
which causes increased injection pressure load. There is a sharp increase
in strain during cavity filling and the maximum strain at the end of
filling is in the 0.08-0.13 % range, which is 2-3 times more than the
strain measured when original PP was injection moulded. After
switchover, the strain curves stabilise in the holding time and start to
increase during dosing. Strain curves increase steadily in the residual
cooling phase, because the injected melt gradually heats the mould
insert. The heating of the insert causes three simultaneous phenomena.
The mould insert suffers thermal expansion, the stiffness of the insert
material drops while creep compliance increases significantly, ampli-
fying the deformations at a given pressure load. The melt temperature of
the PP-HDPE mixture was 210 °C compared to 190 °C of the original PP,
which causes an increase in the heat load.

The volumetric temperature of the mould insert and the average
cavity surface temperature are presented in Fig. 9a) and b), respectively.
The insert heats up similarly to the injection moulding of original PP, but
both volumetric temperature and cavity surface temperature are
significantly higher. These temperature results also prove that the insert
heated more intensively during the injection moulding of the PP-HDPE
mixture, which is the consequence of the increased melt temperature.

3.2.3. Analysis of product quality and the failure of the inserts

The injection moulded products were 3D scanned and their dimen-
sional accuracy was checked (Fig. 10). The shrinkage of the outer
diameter can be clearly seen. The original PP material showed the
highest dimensional deviation with the inner diameter varying between
+0.33 and +0.50 mm. The outer diameter had a maximal deviation of
—1.06 mm, which is caused by the increased shrinkage due to the

relatively high wall thickness. The recycled PP-HDPE mixture showed
almost the same dimensional deviations ranging from +0.33 to +0.47
mm in the inner diameter. The outer diameter showed a maximum
dimensional difference of —0.86 mm, which is still relatively high. It is
caused by the relatively high wall thickness and the resulting shrinkage.
The recycled PA6 material is the most accurate with dimensional de-
viations of +0.28 to +0.33 mm in the inner diameter and —0.70 mm in
the outer diameter. These results prove that products injection moulded
from original and recycled materials have comparable dimensional ac-
curacy, which means recycled materials can also be injection moulded.

Fig. 11 shows the failed gate insert and the failed cavity insert. The
gate insert cracked all along the groove for the product runner. Gate
insert failure happened after 10 cycles of injection moulding original PP,
10 cycles of injection moulding the recycled PP-HDPE mixture and 10
cycles of injection moulding recycled PA6 material. The cavity insert
remained intact during the 30 moulding cycles. After the 30 cycles, we
tried to injection mould recycled PET into the mould but it cracked
instantaneously. The recycled PET remained in the mould insert
(Fig. 11).

3.4. Simulation of the polymeric mould inserts

After the necessary material tests and the injection moulding series
with the different materials, we used a novel coupled simulation
approach to model the operational behaviour (temperature distribution
and deformations) of the prototype mould inserts. Fig. 12 shows the
flowchart of the coupled simulation method. The workflow starts with
an injection moulding simulation (in Autodesk Moldflow), where the
mould block and product geometry are meshed. The process parameters
(flow rate, switchover point, mould temperature, melt temperature,
holding pressure, holding time and residual cooling time) are also set at
this point. After the injection moulding simulation, the mould mesh and
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the time-dependent pressure and temperature data are exported from
Moldflow to a finite element thermal and mechanical simulation soft-
ware (Ansys Workbench). There, a transient thermal simulation is
created to model the temperature distribution of the mould insert as a
function of temperature. The thermal material properties of the injection
moulded materials (specific heat, thermal conductivity and density) are
needed for accurate modelling of the heat load coming from the product
to the mould insert. The heat transfer coefficients were set to 300 W/
(m?e °C) for contacts between the cavity and the product and to 1250
W/(m% °C) between the mould components. The heat transfer

coefficients between the components in the thermal simulation can only
be set properly if measured temperatures are available. It provides the
data for the validation of the temperature measurements. It is also
essential to properly model the thermal state of the polymeric mould
inserts because their stiffness and creep compliance heavily depend on
temperature (Figs. 2 and 3). The mechanical simulation therefore re-
quires the temperature-dependent stiffness and creep modulus as inputs.
The creep modulus is approximated by the Prony-series method in Ansys
Workbench [44].
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3.4.1. Injection moulding simulation

The injection moulding simulation model was built in Autodesk
Moldflow Insight. The mould was meshed with three-dimensional 4-
node tetrahedron elements. The mesh contained 1 925 966 elements
and 366 124 nodes, which was enough to provide the necessary accu-
racy. The mesh was refined on the cavity surfaces, the part and the
mould (especially at the strain gauges and the thermocouple) for
improved accuracy of the calculated temperature and strain results. The
global edge length of the elements was 4 mm. The mesh of the two
mould halves and the moving side mould insert are shown in Fig. 13.

The analysis sequence was Fill + Pack + Warp. The injection
moulding parameters were set based on Table 3. The mould mesh, the
transient pressure and temperature data were exported from Moldflow
with the “mpi2ans“ macro. There were 10 time steps in the filling, 10

steps in the holding, and 3 steps in the residual cooling phase. The
measured injection pressure-time curves were used to validate the in-
jection moulding simulations. The comparison of the measured injection
(machine) pressure-time curves with the simulation is presented in
Fig. 14. The injection moulding simulation reproduced the measured
curves with adequate accuracy. Slight differences can be seen in the
injection pressure curves from 0.5 to 1 s, which can be attributed to the
uncertainties of the flow properties (viscosity-shear rate and pressur-
e-specific volume-temperature characteristic) of the moulded mate-
rials. The injection pressure of the PP-HDPE mixture exceeded that of
the original PP material because of its higher viscosity. Maximum in-
jection pressure was 280 bar for the original PP while it was 405 bar for
the PP-HDPE mixture. This increased pressure load in combination with
the increased melt temperature caused the elevated deformations when
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Fig. 11. Failed gate insert (a and b) and the failed mould insert c).

the PP-HDPE mixture was injection moulded. Workbench, where a transient thermal simulation was prepared. The

same mesh was applied in the thermal simulation as in the injection

3.4.3. Transient thermal simulation moulding simulation, because the load transfer from Moldflow is based
on the node identifiers. It was assumed that the temperature of the in-

After the injection moulding simulation, the finite element mesh of ~ Jjection moulded product remained that of the melt until complete
the mould and the product were exported from Moldflow to Ansys volumetric filling. After that, the product cools down in the cavity until
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mould opening, transferring the heat to the neighbouring mould com-
ponents. The temperature distribution of the mould block (when injec-
tion moulding original PP) is presented at the moment of mould opening
in Fig. 15. Heat is localised strictly around the runner and the cavity
walls of the additively manufactured gate inserts and the cavity insert.

Fig. 16 shows the temperature distributions of the mould insert at

10

mould opening. The heated zone is localised around the cavity surface
because the thermal conductivity of the polymeric insert material (~0.2
W/(meK)) is approximately two orders of magnitude lower compared to
conventional tool steels (typically 20-40 W/(meK)). The size of the
heated zone is the smallest in the case of the original PP material, as the
temperature of the injected melt is also the lowest in that case (190 °C).
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As melt temperature is increased (210 °C for the recycled PP-HDPE
mixture and 265 °C for the recycled PA6) the heated zone also ex-
pands. These numeric results also prove the experimental assumption
that the temperature of the injected melt has a considerable influence on
the lifetime of polymeric mould inserts. The dispersion of heat in the
mould insert volume is also very slow because of the low thermal con-
ductivity. Due to the significant temperature differences inside the
mould insert and the heavy dependence of mechanical properties
(stiffness and creep compliance) on temperature, a transient thermal
analysis has to be performed for a proper modelling of the temperature
field inside the mould insert volume.

The transient thermal simulations were validated based on the
volumetric temperatures, measured by the thermowire. The comparison
of the measured and the calculated temperature-time curves are pre-
sented in Fig. 17 for the three different injection moulded materials. All
three materials cause a temperature change of approximately 0.5 °C in
the analysed time window (from mould closing to part ejection).
Adequate matching can be found between the measured and the
calculated temperature-time curves, which proves the accuracy of the
simulations. A limitation of the modelling method is that it can only
model the steady thermal state of the polymeric mould insert. The cyclic
thermal balance is achieved after the first few cycles. The thermal state
of a polymeric mould insert profoundly influences the lifetime of the
insert. Therefore the long-term performance of the mould can only be
estimated if its cyclic thermal behaviour is modelled accurately.

3.4.4. Static structural simulation

Following the successful validation of the thermal simulation, we
built a structural simulation model to analyse the deformations of the
mould insert. This mechanical simulation requires the transient tem-
perature distribution of the mould insert as well as the Poisson’s ratio,
the temperature dependent stiffness and the creep modulus of the insert
material. The creep modulus of the mould insert was approximated with
the Prony-series method, while stiffness was approximated with the
storage modulus measured by DMA (shown in Fig. 2). The transient
pressure load was imported from Moldflow and was represented by a list
of nodal forces in each analysed time step. We only analysed the ge-
ometry of the mould insert to minimise the required computational
effort. “Compression only supports” were used for the surfaces of the
mould insert that are in contact with the other mould components or the
product. These boundary conditions simulate contact with a perfectly
rigid wall, meaning that the mould insert cannot cross this wall but it can
detach from it. Fig. 18 shows the deformations after filling and switch-
over for the three injection moulded materials, magnified 50 times. The
deformed shapes are similar in all cases, as the pressure load acting on
the cavity surfaces expands the cavity in all directions. These deformed

= = = Measurement

Simulation
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shapes are in accordance with expectations.

Fig. 19 shows a comparison of the measured directional strains and
the simulation results. The operational strains of the mould insert were
modelled accurately for all of the three injection moulded materials.
Maximum strain was also modelled with excellent accuracy in all of the
three analysed cases, which proves the suitability of the coupled simu-
lation method. This modelling method has great practical relevance
because low-volume, prototype polymeric injection moulds and mould
inserts are gaining popularity in the injection moulding industry. Ac-
curate modelling of their operational behaviour (both thermal and
deformational) makes their use easier and more widespread.

4. Conclusions

This article presents a direct rapid tooling approach with additively
manufactured moulds to injection mould recycled polymers. This article
also presents a coupled simulation approach based on linking injection
moulding simulation with finite element thermal and mechanical sim-
ulations to model the injection moulding process, the operational tem-
perature distribution and the deformation of the mould inserts. First,
material tests (dynamic mechanical analysis in temperature sweep and
creep time-temperature superposition mode) were performed to mea-
sure the temperature dependence of the stiffness and the creep
compliance of the insert material. These data were necessary for sub-
sequent mechanical simulations. The VeroWhite material had a glass
transition temperature in the 45-50 °C range. The specific
heat-temperature curves of the injection moulded materials were also
measured because they were necessary to properly model the heat load
acting on the mould insert during the cooling of the injection moulded
product. Following the material tests, an injection moulding series was
carried out using a PolyJet-printed photopolymer insert. Three different
materials were used: original PP, a typical injection moulding grade, a
mixture of recycled PP and HDPE (post-consumer cap waste), and
recycled PA6 (post-industrial textile waste). The cavity insert endured
the test with all of the three different materials (10 cycles with each
material) and failed in the first cycle when injection moulding recycled
PET (post-consumer bottle waste). The injection moulding series proved
that recycled materials can be processed with prototype polymeric in-
jection moulds even when high-performance materials like PA6 are in-
jection moulded. The concept of processing recycled materials with
easily customisable and manufacturable low-volume polymeric moulds
is a definite novelty.

Following the injection moulding series, we presented a novel finite
element modelling method to calculate the operational characteristics of
prototype mould inserts. This coupled method consists of modelling the
injection moulding cycle first. In this step, the analysed geometry is
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¢) are injection moulded.

meshed and the injection moulding parameters are set, along with the
calculation of the fill pattern and the resulting transient pressure dis-
tributions. The mesh and the transient pressure results are then exported
from the injection moulding simulation. After that, the mesh is imported
into a finite element transient thermal simulation, where the cooling of
the product and the resulting heating of the mould block is calculated.
This transient temperature field has to be accurate as the stiffness, creep
compliance and thermal expansion of the mould insert all depend
heavily on temperature. In the last step, a mechanical simulation model

13

of the additively manufactured mould insert is built. The finite element
mesh of the mould insert and the transient pressure load is imported
from the injection moulding simulation and the transient temperature
distribution of the mould insert is imported from the thermal simulation.
The temperature dependence of the insert material stiffness is set based
on the DMA temperature sweep tests, while the creep modulus of the
material is modelled with the Prony-series approximation of the DMA
creep time temperature superposition tests. The mould insert de-
formations are then calculated in the finite element mechanical
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simulation. Continuous validation of the simulation results is essential
during the entire modelling process. In the present article, the injection
moulding simulations were validated through the comparison of the
measured and the calculated injection (machine) pressure-time curves.
Maximum injection pressure was 280 bar in the injection moulding of
original PP and 405 bar for the PP-HDPE mixture. The injection
moulding simulation showed accurate maximum injection pressures.
The transient thermal simulations were compared with the actual
volumetric (thermowire) temperature measurements. The mechanical
simulation was validated by the strain measurements. Maximum strain
at switchover was 0.04 % when PP was injection moulded, 0.10 % when
the PP-HDPE mixture was injection moulded, and 0.15 % for PA6. These
strain values were accurately reproduced by the simulations. The com-
parison of the measured and the simulated quantities indicated suffi-
cient accuracy during the entire coupled modelling process. The
presented modelling method has significant practical relevance as
polymeric moulds and inserts are rapidly gaining ground in the injection
moulding industry. This modelling method is a definite novelty and can
give a useful tool to design engineers working with polymeric injection
moulds or product inserts.
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