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The conventional material of prototype injection moulds is aluminium. Well-established techniques are available
on the applicability of such moulds, yet their operational state is not analysed comprehensively. State monitoring
has huge benefits because the mould can be protected from excessive loads and deformations and product quality
can be monitored in real time. In this paper, we measured the operational strains, cavity pressure and tem-
perature distribution of prototype injection moulds with the traditional state monitoring method, and analysed
the combined effect of holding pressure and clamping force on the operational deformations and cavity pres-
sures. Increasing the clamping force and the holding pressure results in higher operational strains and cavity
pressures. The precision of core shift analysis was tested if it can predict operational deformations of aluminium
injection moulds. Core shift analysis could accurately predict the maximal deformation but it is inaccurate
regarding the time when it occurs. A novel modelling method was also introduced where pressure and tem-
perature results of the injection moulding simulation can be imported into finite element (FE) mechanical
simulations. This way, mould deformations can be modelled in mechanical FE simulation environment. The
measured operational deformations were compared both with core shift analysis results and with the coupled IM-
FE simulation results. Core shift simulation can predict maximal deformations with adequate precision but it
does not consider thermal expansion effects properly. In order to improve the accuracy of the simulations, a
coupled IM-FE method is necessary, where excellent agreement can be found between the measurements and the
calculations. The new, combined modelling technique can improve the accuracy of mould deformation modelling
because additional mould material models become available in a professional finite element software. It can be
especially useful in the modelling of polymeric mould inserts where stiffness is heavily temperature-dependent
and the material creeps.

1. Introduction parts from thermoplastic polymer coated metal powder feedstock. The

injection moulded parts are then debinded and sintered and the final

Injection moulding is the most dynamically developing and diverse
plastic processing technology. Innovative techniques like Rapid heat
cycle moulding (RHCM) allows the fast variation of the mould surface
temperatures at the different sections of the injection moulding cycle.
Macedo et al [1] proved that the mechanical properties like the Young’s
modulus and the morphology (frozen layer thickness) of the injection
moulded parts can be influenced by RHCM. Berges et al [2] and Naranjo
et al [3] proved that special injection moulding techniques like Metal
injection moulding (MIM) allows the production of functional metallic

metal part is obtained. It is clear that injection moulding is a versatile
technology that has a large potential but also some significant limita-
tions. Due to its large investment costs (both the injection moulding
machine and mould making), it is typically profitable for large product
volumes. On the other hand, product development time has to be
reduced and the demand for more customizable parts is on the rise.
These often contradictory needs can be served by Rapid Tooling (RT),
which allows injection moulding trials before large-volume mould
making. Rapid Tooling also makes flexibly customizable moulds
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feasible. Several case studies are available on metallic RT inserts man-
ufactured by Direct Metal Laser Sintering (DMLS). Kuo et al. [4] ana-
lysed different conformal cooling channel layouts to enhance the cooling
efficiency of DMLS printed injection moulds. Park et al. [5] produced an
injection mould by Laser Powder Bed Fusion (LPBF) containing lattice
structures, and successfully reduced the weight of the mould while
maintaining sufficient stiffness and longevity. Park et al [6] applied
Selective Laser Melting (SLM) to produce an injection mould insert with
conformal cooling channels. This way, the cooling efficiency of the in-
jection mould was increased. Torok et al [7] also applied LPBF to print a
steel shell (incorporating conformal cooling channels) that they later
cast with copper to create an injection mould with excellent heat
extracting capability. Lupone et al. [8] analysed the optimal processing
parameter window for Selective Laser Sintering (SLS) based on the
mechanical properties, dimensional accuracy, and defect content of the
sintered parts. Alkentar et al. [9] analysed the dimensional accuracy of
lattice structures printed by DMLS. They concluded that as the size and
geometric complexity of the printed parts grew, the dimensional accu-
racy of the parts decreased. Mahshid et al [10] also proved that SLM
makes new, complex geometries feasible, such as lattice structures and
that the strength and stiffness of these structures are comparable with
their solid counterparts. Narvan et al [11] analysed the deflections and
residual stresses of the part after LPBF printing and offered solutions for
minimizing them. Metal printing is a promising direction in injection
mould making but it still has problems that need to be solved, such as
part warpage and residual stresses.

Low-volume injection moulds are easy to manufacture by polymeric
additive technologies like Material Jetting (PolyJet), Vat photo-
polymerisation (stereolitography) or Selective Laser Sintering (SLS).
Zink et al [12] proved that injection mould inserts printed by PolyJet
can be successfully applied to injection mould polymeric parts in
low-volume. Freeform geometries like conformal cooling are also
feasible that enhance cooling efficiency and reduce cycle time. Mendible
et al [13] had similar finding in their comparative study of PolyJet
printed, DMLS printed and conventional machined injection mould in-
serts. Ilyas et al [14] demonstrated the applicability of SLS-printed in-
jection mould inserts in their comprehensive case study. Davoudinejad
et al [15] analysed the effect of thermal aging on the lifetime of vat
photopolymerisation printed injection mould inserts and found the
technology suitable to print low-volume injection moulds. Additively
manufactured polymeric moulds can make injection moulding more
flexible but the reachable cycle numbers are relatively low and careful
choice of processing parameters is essential. Due to these, conventional
machined aluminium mould inserts are here to stay for a long time as the
leading prototype injection mould making technique.

Besides the appearance of additive technologies, another potential
direction of development is the comprehensive sensoring and metrology
of injection moulds. It is uncommon in the current industrial environ-
ment even though it is clearly beneficial for real-time product quality
monitoring and mould life expectancy. Ageyeva et al [16] summarised
the wide array of different sensors that are available, including tem-
perature and pressure sensors. Advanced machine learning algorithms
can characterize product quality based on for example, the measured
cavity pressure curves. Parizs et al. [17] successfully applied four
different machine-learning algorithms (k nearest neighbour, naive
Bayes, linear discriminant analysis, and decision tree) to determine the
quality of injection moulded products based on the measured cavity
pressure curves. Struchtrup et al. [18] applied different mathematical
models to predict product thickness and mass based on the measured
cavity pressure curves using different injection moulding parameter sets.
Ke et al. [19] used a multilayer perceptron (MLP) neural network and
quality indices based on holding pressure, peak pressure, residual
pressure drop and the pressure integral to effectively classify the parts as
“qualified, unqualified and to be confirmed”. Pressure integral is an
effective tool to monitor product quality in real time. Vukovic et al. [20]
applied process controlling mathematical models to effectively control
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cavity pressure throughout the injection moulding cycle. Zhou et al.
[21] proved that the pressure integral shows strong correlation with
product mass and it is more stable and consistent than only the peak
pressure value. Wang et al. [22] also concluded that the correlation
between the cavity pressure integral and the product mass is stronger
than the correlation between the peak pressure and the product mass.
Kurt et al. [23] also applied piezoelectric pressure sensors and analysed
correlations between the cavity pressure curves and product di-
mensions. They concluded that cavity pressure curves and mould tem-
perature shows a strong correlation with part shrinkage. Tsai et al. [24]
applied an artificial neural network (ANN) and response surface meth-
odology (RSM) to set the optimal processing window of cooling time and
packing time for injection moulding lenses. They found ANN to be better
and more accurate for setting up the processing window. Chen et al. [25]
suggest the strain measurement of the injection moulding machine tie
bar as a quality monitoring tool. Su et al. [26] suggest the combination
of the strain measurement of the injection moulding machine tie bar
with nozzle pressure measurement. The combination of the two can be
effective in product quality monitoring. Krizsma et al. [27] proved that
the concept of comprehensive state monitoring of injection moulds
(including simultaneous strain, cavity pressure and temperature mea-
surement) is new and it has a high research potential. Krizsma et al. [28]
also proved that comprehensive state monitoring could greatly help to
adjust the injection moulding processing parameters that can improve
the longevity of prototype mould inserts.

Injection mould deformations have a profound effect on the product
quality and the longevity of the moulds. Operational deformations of
injection moulds are hard to measure but researchers have already
created different methodologies to solve that. Mahshid et al [29] placed
inductance probes on a multi-cavity injection mould and measured the
operational displacements. They were able to measure deformations
with an accuracy of approximately 10 pm. Zhao et al [30] applied an
ultrasonic method to measure the stress in an injection moulding ma-
chine tie-bar. The proposed measurement method can estimate the
clamping force during operation. Huang et al [31] measured the elon-
gation of the injection moulding machine tie bar to calculate the
clamping force. They created an algorithm to set the proper clamping
force based on the measured elongations. Jung et al [32] created a
mathematical model that calculates the mould deformation as a com-
bination of melt pressure induced deformation and heat induced ther-
mal expansion. Several measurement and modelling methods were
already elaborated to quantify the operational state of injection moulds,
however they were not integrated into a comprehensive monitoring
system that measures all the important process parameters simulta-
neously. Analysis of correlations between the measured process pa-
rameters and the resulting product properties is also rare to find. The
simulation of the operational deformation of injection moulds is also a
scarcely researched topic. These are the main knowledge gaps that this
study aims to fill.

This research presents a novel measurement system that simulta-
neously monitors the pressures, operational strains and the thermal state
of an injection mould insert. The measured cavity pressure data was
used in monitoring product quality with excellent correlations. Cavity
pressure measurement is already widely applied and popular in injection
moulding. Excellent correlations between the measured cavity pressure
and product properties prove its suitability for real-time product quality
monitoring. We also introduced two simulation methods (core shift
simulation in Autodesk Moldflow Insight and coupled injection
moulding simulation and finite element mechanical simulation in
ANSYS Workbench Mechanical) to calculate the operational de-
formations of the mould inserts. The results of both simulation methods
were validated with the measured operational strains, cavity pressures
and temperature distributions and there was a satisfactory agreement
between them. The coupled injection moulding and finite element me-
chanical simulation can compensate for some shortcomings of core shift
analysis. A significant simplification of core shift analysis is that only a
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constant parameter, linear elastic material model is available for the
injection mould inserts. Professional finite element mechanical simula-
tion can also incorporate viscoelastic material models. These material
models can also model the increasingly popular and widely used poly-
meric moulds and mould inserts more accurately in the future.

2. Materials and methods
2.1. Injection moulding parameters

An Arburg Allrounder 270S 400-170 injection moulding machine
(with the screw diameter of 30 mm) was used for the injection moulding
series. The injection moulded material was a polypropylene homopol-
ymer (Tipplen H145F, MOL Group PLC). It is ideal because of its
excellent Melt Flow Rate (29 g/(10 min) at 230 °C and 2.16 kg). Table 1
shows the injection moulding parameters used.

2.2. The test mould

A two cavity steel mould housing was applied and only the upper
cavity was used for the injection mouldings. The product was a plate that
had the dimensions of 65 mm x 55 mm x 2 mm. The cavity was filled
through an edge gate. Fig. 1 shows the test mould with the location of
the sensors.

Strains were measured with two gauges (KMT-LIAS-06-3-350-5EL)
and a Spider8 unit (Hottinger Baldwin Messtechnik GmbH) collected the
data. Cavity pressure was measured with an RJG Piezo 6159 piezo-
electric pressure sensor and its data was collected with a Kistler CoMo
unit. Temperature was measured with a Heraeus M222 Pt100 thermo-
couple and an Ahlborn Almemo 8990-6 unit collected its data. The
cavity inserts in both mould halves and the two spacer inserts under-
neath them were machined from EN AW 5754 O/H111 aluminium alloy.
Table 2 contains its relevant mechanical and thermal properties. The
material has acceptable strength and stiffness and it shows excellent
thermal conductivity compared to conventional steel moulds.

3. Results and discussion
3.1. Injection moulding series at constant parameters

The first part of the injection moulding series was the finding of
complete volumetric filling. In this segment of the injection moulding
series, no holding pressure was applied. After finding the proper
switchover point, we injection moulded 10 cycles at a constant holding
pressure of 75 bar. This phase characterizes the stability and repro-
ducibility of the technology. These 10 cycles were injection moulded at
all four analysed clamping forces (5, 10, 15 and 20 t). No residual de-
formations occurred after the cycles due to the relatively low mechan-
ical load, therefore the reproducibility of the cycles was satisfactory.
Fig. 2 presents the near-gate strain curves in the case of the 5 t clamping
force.

The increase in clamping force results both in a greater strain

Table 1

Injection moulding parameters.
Parameter Value
Melt temperature (°C) 190
Injection speed (cm>/s) 15
Injection pressure limit (bar) 500
Dose volume (cm®) 40
Switchover point (cm®) 25.5
Holding pressure (bar) 50 to 300
Clamping force (t) 5 to 20
Holding time (s) 15
Residual cooling time (s) 30
Idle time (s) 250
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Fig. 1. The test mould.

Table 2
Mechanical and thermal properties of EN AW 5754 O/H111.
Parameter Value
Tensile strength (MPa) 160-200
Elongation at break (%) 12
Modulus of elasticity (GPa) 68
Thermal conductivity (W/(m-K)) 147
Coefficient of thermal expansion (1/K) 24.107°
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Fig. 2. Relative strain curves (near the gate) at a constant holding pressure of
75 bar and with a clamping force of 5 t.
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Fig. 3. Relative strain curves (near the gate) at a constant holding pressure of
75 bar and with increasing clamping force.
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increase at mould closing and in a steeper decrease at mould opening.
Fig. 3 presents the relative strain curves at the same cycle at the four
different clamping forces. It can be seen that at a clamping force of 5 t,
the maximal relative strain is 0.018 %, which increases to 0.022 % at
clamping forces of 10 t and 15 t. The maximal relative strain at a
clamping force of 20 t is 0.024 %. At this low holding pressure (75 bar),
where mould opening does not occur, the increase in clamping force
adds an offset to the operational strains. There is no significant differ-
ence in the relative strain between the 15 t and 20 t clamping force
levels. A suitable clamping force is needed to prevent mould opening but
in the meantime subject the insert to the lowest mechanical load
possible.

Fig. 4 shows the cavity pressures for the constant holding pressure
section at a clamping force of 10 t. The cavity pressure curves are almost
identical in each cycle, which also proves the excellent reproducibility of
the technology. This kind of repeatability was observed with all
clamping forces.

The first spikes in the cavity pressure-time curves correspond to
complete volumetric filling, where the melt reaches the end of the flow
length. After that, the downturn is caused by the pressure loss occurring
at the switchover from filling to holding. Maximal injection pressure was
above 300 bar at switchover, which decreased to the pre-set 75 bar in
the holding phase. The second pressure increase is caused by the addi-
tional material injected into the cavity to compensate for product
shrinkage. The second spike is likely ended by gate freeze where holding
pressure on the product cannot be maintained longer. From gate freeze
until part ejection, the cavity pressure remained constant as the frozen
part pressed the head of the direct piezoelectric pressure sensor. The
second spike in the cavity pressure was eliminated at higher holding
pressures, because the injection pressure loss at switchover was signif-
icantly lower.

Fig. 5 presents the effect of increasing clamping force on the
measured cavity pressure curves. The applied clamping force heavily
influences the first spikes, corresponding to volumetric filling and the
switchover. Maximal cavity pressure at the end of filling was 26 bar at 5
t, 40 bar at 10 t, 67 bar at 15 t and 69 bar at 20 t. As higher clamping
forces were applied, the injected melt could not increase its available
space in the cavity (and most likely cavity volume was lower due to
increasing mould deformations), which resulted in higher cavity pres-
sure. Further segments of the cavity pressure curves (corresponding to
holding, residual cooling and mould opening) do not depend on the
applied clamping force.

3.2. Injection moulding series at increasing holding pressures

After injection moulding at constant parameters, we increased
holding pressure from 50 bar in every second cycle in 25 bar steps.
Holding pressure was increased in all four injection moulding series,
corresponding to the four analysed clamping force levels. Holding
pressure was increased to 300 bar because at this point the mould

Cycle e | 2 3 4 —
number: 6 7 8 9
80 A
El
=, 60 -
=4
Z 40 -
w2
)
= 20 4
=
S r r T r r T T 1

0 5 10 15 20 25 30 35 40 45 50
Time [s]

Fig. 4. Cavity pressure curves at a constant holding pressure of 75 bar and with
a clamping force of 10 t.
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Fig. 5. Cavity pressure curves at a constant holding pressure of 75 bar, with
increasing clamping force.

opened at the lowest, 5 t clamping force. Fig. 6 shows the combined
effect of holding pressure and clamping force on the resulting opera-
tional strains.

With lower clamping forces, the relative strain curves show higher
scatter with increasing holding pressure. As holding pressure increases,
so does the overall injected melt volume that gradually opens the mould
along the parting plane. With a clamping force of 5 t and a holding
pressure of 275 bar, the opening of the mould is clearly indicated by the
sawtooth-shaped sections of the corresponding relative strain curve.
Abrupt changes in the relative strain curves can indicate partial mould
opening and flash. This unwanted mould opening can be compensated
for with higher clamping forces, and the relative strain curves become
less divergent.

Fig. 7 shows the cavity pressure curves at the different holding
pressures and clamping forces. Cavity pressure maximums were
increased both by the higher holding pressure and the increasing
clamping force. The first maximums corresponding to volumetric filling
decayed more slowly around the switchover point and stabilized at
higher values in the holding and residual cooling phases.

3.3. Product quality analysis

Clamping force also has a profound effect on product quality. Fig. 8
shows product mass at different holding pressures and clamping forces.
In the constant holding pressure section, product masses remained
constant with each clamping force. Increasing the clamping force
resulted in slightly lower product masses, since the available cavity
volume decreased as the mould was more compressed. As holding
pressure increased, so did product mass, and the effect of insufficient
clamping and gradual mould opening is clearly indicated in the curve of
the 5 t clamping force. The tendency remained that higher clamping
force results in smaller product mass at the same holding pressure.
Product mass measurement can be an easy and effective tool in deter-
mining adequate clamping force.

Another promising product quality control tool is the monitoring of
the cavity pressure integral. It was calculated as the area under the
cavity pressure-time curve from the start of the holding phase to the end
of the holding phase, because that is the time when additional material is
injected into the cavity and shrinkage compensation occurs. We
assumed a linear correlation between the calculated pressure integrals
and the measured product masses, and found satisfactory correlations
(mostly R% > 0.9) at the analysed clamping forces. The linear correlation
can be expressed mathematically as follows:

t=end of holding
Myprod = C1° / Deaviey(1)dt + myg (€]
t=start of holding

In Eq. (1), the c; parameter characterizes the proportionality be-
tween product mass and the pressure integral. It is primarily determined
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Fig. 7. Cavity pressure curves at increasing holding pressures with a clamping force of 5, 10, 15 and 20 t. (a, b, c and d respectively).

by mould stiffness (mould material and local geometry) and is also
influenced by the loading condition (clamping force in this case). The mg
parameter is the static product mass, which can be measured at zero
cavity pressure, meaning zero shrinkage compensation by holding
pressure. The my parameter also depends on the clamping force, since
the compression of the mould insert influences the available cavity
volume. Gradual mould opening occurred at the lowest, 5 t clamping
force, as was already proved by product mass (Fig. 8). Therefore, the last
few cycles (indicated by the grey hollow circles in Fig. 9) had to be

excluded from linear fitting. This also highlights that proper clamping is
a prerequisite for the strain integral to function as an ideal product
quality monitoring tool. If flash can be prevented, the pressure integral
can be used with acceptable confidence to identify scrap and product
mass deviations.

Formally, similar correlations can be found between product thick-
nesses (both near the gate and far from the gate) and the measured
pressure integrals. Fig. 10 shows these results. If an adequate clamping
force is applied (in this case 10 t or more), the pressure integral can
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Fig. 8. Product masses at different clamping forces at a constant holding pressure of 75 bar a) and increasing holding pressure b).
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Fig. 9. Correlational diagrams between the pressure integral and product mass at a clamping force of 5t, 10 t, 15 t, and 20 t. (a, b, ¢ and d, respectively).

predict product thickness with satisfactory confidence (mostly R% > 0.9).
The correlation between product thickness and the pressure integral can
be expressed with Eq. (2), where c; is the proportionality factor between
the pressure integral and product thickness. The c; factor is also deter-
mined by the material and the local geometry of the mould. Wy is static
product thickness, which can be measured at zero shrinkage compen-
sation by holding pressure.

t=end of holding
Wprod = C2* /
I-

=start of holding

Deaviry(1)dt 4+ wo 2

Fig. 10 shows the analysis of correlation between the pressure inte-
gral and product thickness.

Table 3 shows the parameters of linear fitting. Higher clamping
forces resulted in lower static product masses (mg) and lower propor-
tionality factors between the pressure integral and product mass (cp).
The decrease in both parameters indicates that the same pressure inte-
gral results in lower product mass at greater clamping forces. It is as
expected because a higher clamping force compresses the mould more
and reduces the available cavity volume. Static product thickness (wg)
also decreased steadily near the gate as clamping force increased.
However, far from the gate, static thickness remained relatively stable
without a decreasing tendency. Product thickness variation is especially

sensitive to the imperfect contact between the moving and the stationery
side mould inserts, which is a result of manufacturing tolerances.

3.4. Thermal results

The thermocouple (Fig. 1) measured the temperature at the back of
the insert during the injection moulding series. Fig. 11 shows the
measured temperatures.

The curve clearly indicates an overall increasing tendency. Insert
temperature at the back grew from the ambient temperature (~28 °C) to
~41 °C by the start of the last cycle. The insert heats up fast, due to the
outstanding thermal conductivity of the aluminium insert material. We
assumed that the stiffness of the insert material is practically constant in
the operational temperature range.

4. Simulation of the insert’s operational state

After the injection moulding series, we performed an injection
moulding simulation in Autodesk Moldflow Insight 2021 to reproduce
the measured results. The Core Shift module of the software was used to
calculate the operational deformation of the insert. We also created an
additional simulation model, where we calculated the operational
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Fig. 10. Correlational diagrams between the pressure integral and product thickness with clamping forces of 5t, 10 t, 15 t and 20 t. (a, b, ¢ and d, respectively).

Table 3
Parameters of the linear correlations between the cavity pressure integral and
product properties (mass and thickness).

Clamping force [t]

g m [g] mm Wo [mm]
a [baros} C2 [baros}
5 0.0008 5.49 0.0002/0.0002 1.743/1.799
10 0.0007 5.46 0.0002/0.0001 1.719/1.800
15 0.0007 5.42 0.0002/0.0001 1.700/1.795
20 0.0006 5.37 0.0002/0.0001 1.673/1.808

temperature and pressure distribution of the cavity surface (using IM
simulation), and exported the nodal pressure and temperature results to
the ANSYS Workbench Mechanical 2019 finite element simulation
software using the “mpi2ans” macro in Moldflow Insight. We created the
mechanical model in ANSYS as well and compared the calculated
deformation to the measured deformation and the core shift simulation
results. The workflow is explained in Fig. 12.

Temperature [°C]

30 1

25

1600 2400 3200 4000 4800 5600
Time [s]

0 800

a)

4.1. Moldflow simulation

We modelled strain gauges by splitting the slot surfaces (Fig. 13).
Strain was calculated from the Y directional nodal displacements of the
characteristic points of the gauge (numbered 1 to 6).

The applied strain gauges can measure strains in the Y direction (in
the coordinate system of Fig. 13). Strain was calculated as the difference
of the average nodal displacements at the two ends of the strain gauge
divided by the unloaded length of the conductor of the gauge (Lo). It can
be expressed mathematically with Eq. (3)-(4).

Uy,A =

Uy +Uy2+Uys Uys =

3 ;

Uys+Uys+Ug

3 3)

— Uu—Us
€A =— : 4
y.AB Lo ( )

Fig. 14 shows the calculation model for core shift simulation. The
applied analysis sequence was Fill + Pack. The contacting surfaces of the
mould were modelled with the use of the “One-sided constraint”. It
prohibits deformation towards the mould housing wall, but the insert

can detach from the wall. Sufficient mesh density (4-node tetrahedral

Temperature [°C]

30 A1

25 T T T T T T |
5600 6600 7600 8600 9600 10600 11600 12600
Time [s] b)

Fig. 11. Temperature measured by the thermocouple (15 t clamping force). Holding pressure was a constant 75 bar a) and increasing b).
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Calculation of pressure and temperature
distribution with IM simulation.
Preparation of model for export to FE software

Exporting mould mesh, time-dependent
nodal forces (representing pressure load) and
temperature data from IM simulation to FE.

Importing mould mesh, time-dependent
nodal forces (representing pressure load) and
temperature data and running the analysis.
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LSWRITE,7 b

BF 41299, TEMP, 461. 272
F,41299,FX,-1.30267e-13
F,41299,FY,-2.92922
F,41299,FZ,2.65534

Running core-shift analysis in IM simulation

A

Comparing core-shift analysis results
with FE results.

!

Validation of simulation results with
measurements.

s sz

Fig. 12. The workflow of the simulation.

!?’.

Fig. 13. The simulation of the strain gauges.

consisted of 69 393 nodes and 377 928 elements, while the mould insert
mesh consisted of 61 914 nodes and 344 426 elements. Global edge
length was 3 mm and additional refinements were applied to the cav-
ity—product contact surfaces and the gate area (with an edge length of 1
mm). Core shift analysis was performed with a maximal volume filled
increment of 5 % and a maximum time step of 0.1 s between two ana-
lyses. Insert temperature was calculated as a “transient during flow for
all part inserts and cores”. Core shift analysis was performed for filling,
packing and residual cooling as well. The mesh was automatically
updated during the core shift analysis.

One of the most crucial parameters of injection moulding simulation
is the heat transfer coefficients (HTC) between the melt and the cavity
walls. Heat transfer coefficients primarily depend on the pressure of the
melt against the cavity wall and the temperature difference between the
polymer and the cavity wall. The cavity pressure is influenced by both
the holding pressure and the clamping force (if the injected volume is
unchanged), as it was presented by Fig. 7. Heat transfer modelling is
crucial, yet only a few studies focus on it [33]. Moldflow performs core
deformation calculations only until the melt freezes. After that, it

elements for the product and the mould insert) was applied on the cavity
surface-product contact region, around the edge gate as well as at the
slots of the strain gauges and the thermocouple. The product mesh
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assumes the nodal displacements of the mould insert constant [34].
Therefore, the core shift analysis algorithm does not fully take into ac-
count the springback of the cooling product and thermal expansion.
Moldflow models heat transfer in three sections: filling, packing and
residual cooling and it sets different heat transfer coefficients for each.
Due to the relatively low pressures, heat transfer coefficients were
assumed to be lower than the default. We made a parameter sensitivity
study, where the default HTC values in Moldflow, half the values and
one fifth of the values were analysed. Table 4 shows these heat transfer
coefficients.

The adequacy of the heat transfer coefficients was determined based
on the measured insert temperature data (acquired by the thermocouple
at the back of the insert). Results were saved in 10 time steps (both in the
filling and the holding phases) and in 5 time steps in the residual cooling
phase. The analysed holding pressure in the simulations was 75 bar,
because we did the 10-cycle repeatability test at that pressure. The re-
sults of the Moldflow simulation were validated with the measured re-
sults at 5 t clamping force.

We compared the modelled thermal state of the insert at the location
of the thermocouple to the actual measured temperature (Fig. 15). The
most accurate temperature-time curve was reached with the 1/5 HTC
model; the maximal difference in the measured and the simulated
temperature is 3 °C. Measured temperature curves can be ideal tools for
setting the proper heat transfer coefficients in future simulations. Based
on the comparison of the measured and the simulated temperature
distributions, we found the 1/5 HTC model to be the most accurate,
therefore we only evaluated product dimensional accuracy and the
simulated strain results with this heat transfer coefficient.

Another way to prove the accuracy of the simulation is to compare
the measured and calculated product thicknesses. In Moldflow, we used
volumetric shrinkage (syo]) to calculate product thickness (wcale) from
nominal product thickness (Wpom). The calculated thicknesses were
compared to the actual measured thicknesses in seven points overall.
Product thickness was calculated with Eq. (6):

100 — s,

100 L4 wnam (6)

Weale =

We found a satisfactory match between the measured and the
calculated thicknesses (Fig. 16).

Table 5 shows the calculated and the average measured product
thicknesses. In the 1/5 HTC model, the maximal difference between the
simulation and the measured thickness was only —5.40 % out of seven
analysed locations, covering the injection moulded product almost
entirely. These results indicate that product dimensions can be calcu-
lated with good accuracy, if heat transfer is modelled properly. Also,
when core shift analysis is used, the finite rigidity of the cavity can also
be considered. It is especially helpful when there are thin, low-rigidity
cavity inserts that tend to deform under operational pressure load.

Fig. 17 shows the calculated total deformation field with the use of
core shift simulation. The deformation field is in line with preliminary
expectations. The deformations are mainly concentrated in the region of
the strain gauge slots since local wall thickness and stiffness is lower
there. The slot near the gate is subjected to higher deformations than the
slot far from the gate, which can be explained by the pressure drop along
the flow length.

We compared the average strains, calculated according to Fig. 13 and

Table 4

The analysed heat transfer coefficients.
IM cycle Default HTC [W/ 1/2 HTC [W/ 1/5 HTC [W/
element (m?K)] (m?K)] (m?K)]
Filling 5000 2500 1000
Packing 2500 1250 500
Residual 1250 625 250

cooling
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Fig. 15. Comparison of the temperatures at the location of the thermocouple.

Eq. (3) and (4), to the measured strains and found adequate matching
between the maximal strains obtained by core shift analysis and actual
measurements (Fig. 18).

Maximal strain was modelled with adequate accuracy while core
shift analysis showed acceptable deviation from the measured curve in
the holding and in the residual cooling phases. Table 6 shows the eyy
strain results. The difference in the measured and the calculated strain in
the residual cooling phase can be attributed to two factors. First is the
limited modelling of the thermal expansion of the insert and the second
is the assumption of core shift analysis that the nodal displacements of
the insert remain constant after the product freezes.

The proper injection moulding simulation model can be set up by
analysing a set of different quantities (temperatures, product thicknesses
and operational strains) then comparing them to the measured results.
Based on the analysis of temperature distribution, the most accurate
model was the 1/5 HTC model. Since the heat transfer primarily depends
on the pressure inside the cavity, and the temperature difference be-
tween the mould walls and the injected polymer, every analysed case
separately requires the determination of the suitable HTC values.

4.2. Moldflow-ANSYS Workbench coupled simulation

Section 4.1. shows that core shift analysis can yield fairly accurate
results in terms of operational deformations, mould insert temperature
and product dimensional accuracy. However, some shortcomings of this
method were also illustrated, including the limited modelling of the
thermal expansion of the insert (in the holding and residual cooling
phases) and the springback of the cooling product and the insert. In
order to consider these effects properly, we used a coupled simulation,
where the mould mesh, the pressure and temperature results of the in-
jection moulding simulation were exported with the use of the
“mpi2ans” macro in Moldflow. The mould mesh was imported to ANSYS
Workbench Mechanical 2019 and the pressure was applied as a list of
nodal force loads (in each time step) on the mesh of the insert. Analysis
type was “Static structural”’. We applied the same time stepping as
earlier in the Moldflow simulation. Insert temperature was considered a
“Thermal Condition”, which means that the entire insert has a uniform,
time dependent temperature distribution. It is a proper assumption,
since this aluminium grade has outstanding thermal conductivity
(~147 W/(mK)). The temperature-time curve, measured by the ther-
mocouple, was used as an input for the simulation. Surfaces where the
insert can come into contact with the mould housing had “Compression
only supports” applied. These supports prevent deformations normal to
the surface, towards the direction of the mould housing or the product.
However, the insert can detach from these supports if it deforms in the
opposite direction. Fig. 19 shows the applied boundary conditions and
the input temperature—time curve.

Fig. 20 shows the calculated total deformation field of the insert
(approximately at the maximal deformation). The cavity is deformed by



S. Krizsma and A. Suplicz Results in Engineering 20 (2023) 101556

%] Volumetric shrinkage_1
I1544 Time = 50.86[s]

14.08

1/5 HTC B Measurement
— 2
9.733 E
E18 - — _
% 1.6
5.382 ] e
£
Q
'é 14 -
1.031 glz -
he
e
a1
1 2 3 4 5 6 q
a) Measurement location b)

Fig. 16. The calculated volumetric shrinkage at 1/5 HTC a). The calculated product thickness and the comparison with the measured values b).

Table 5

Comparison of the calculated and measured product thicknesses with the use of the 1/5 heat transfer coefficients.
Location 1 2 3 4 5 6 7
1/5 HTC 1.836 1.826 1.851 1.75 1.816 1.824 1.837
Measured average 1.855 1.737 1.868 1.85 1.828 1.874 1.748
Deviation —1.03 % +5.16 % —0.95 % —5.40 % —0.66 % —2.67 % +5.09 %

Displacements, core
Time = 1.055[s]
Scale Factor = 200.0

[mm]

00059
. \
I

0.0045
0.0030
00015
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Fig. 17. The displacement field of core shift analysis results.

the applied pressure and the slots at the back also shrink due to thermal to the measured strains (Fig. 21). The coupled ANSYS-Moldflow simu-

expansion. The ANSYS simulation considers the effect of thermal lation can significantly enhance the accuracy of the modelling of
expansion much more accurately than core shift analysis. deformation. The simulated strain is close to the measured strain almost

The calculated normal strain eyy in the Y direction was compared to throughout the entire injection moulding cycle. Measured strains are
the measured strain. In ANSYS Workbench, the directional strains can be necessarily heavily dependent on the imperfect contacts between the
directly queried from the model, therefore no manual calculations are mould components (caused by the slight dimensional inaccuracies and
needed from the nodal displacements. The strains inside the two slots manufacturing tolerances), while the mechanical simulation assumes
were queried at the location of the strain gauges (Fig. 13) and compared perfect contacts at the boundary conditions. These effects cause some

10



S. Krizsma and A. Suplicz

NG simulated FFG simulated
= ===« NG measured FFG measured
0025 p=———r— ,
— | I
S 002 i
= | 4'--"4'--..
0015 HL - I T ——
= ] 1 T ———.
T 001H|| I !
= | 'ﬂ' 1 3‘
£ 0.005 ' S
2 | ]
g o |
£ N — T r T r
A | 'l 10 20 30 40 50
200054 i Time [s]

Results in Engineering 20 (2023) 101556

NG simulated FFG simulated
== === NG measured FFG measured
0.025 -
= 002
B 0.015 S
L U "'
B | 7
g 001 4 Jtas
@ .‘t\‘l
£ 0.005
2 h
B o4 ! ! ! ! !
a 0 3 6 9 12 15
-0.005 4

Time [s]

Fig. 18. Comparison of the measured strains (5 t clamping force) and the directional strains calculated from the core shift simulations 1/5 HTC c)).

Table 6

Comparison of the measured e,y strains and the strains calculated by core shift
analysis.

slight deviations between the measurement and simulation but the ac-
curacy of the calculation is clearly satisfactory.

If the deformational state of the mould components can be modelled
with satisfactory accuracy, mould makers can optimise their designs to

Analised (11(1 5 HT}? Keasu:;d (11~{ 5 I;ITC (MFeasfured 0 become more reliable. The size deviations of injection moulded products
uantis ear the ear the ar from ar from the . . A .
quantity gt 2at%) the gate) gate) can also be estimated, which reduces the necessary injection mould
; T T " T trials. We proved that a combination of injection moulding simulation
2::;12 [;ﬁ 0.0173 0.0174 0.0114 0.0147 and finite element simulation, supported by the measurement results of
Deviation from —0.0001 _ —0.0033 _ a comprehensive state monitoring system could yield good results. There
the measured is good agreement between simulation and measurement if an adequate
eyy strain [%] amount of strain, temperature and pressure measurement data is
Time of the 1.05 9 1.05 3.2 available
maximal & to . i A
strain [s] i Another important advantage of the coupled simulation approach is
that it can consider more complex mould insert material models, not just
linear elasticity (only available in Moldflow Insight’s core shift
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Fig. 19. ANSYS simulation model with the boundary conditions a) and the input temperature-time curve b).
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Fig. 21. Comparison of the calculated normal strains in the Y direction (using the coupled Moldflow—-ANSYS simulation) and the measured strains near the gate a)

and far from the gate b) (15 t clamping force).

analysis). The practical relevance of more complex material models
become increasingly important as new, polymeric moulds and product
inserts gain ground in the industry. A high-end finite element mechan-
ical simulation software like ANSYS Workbench Mechanical also hosts
viscoelastic material models that are suitable to model such polymeric
moulds and inserts. The proper finite element modelling of mould inserts
(especially polymeric inserts) is scarce, this area still has a large research
potential.

5. Summary

We presented the combined effects of clamping force and holding
pressure on the resulting operational strains and cavity pressures of an
aluminium injection mould insert. Aluminium was selected because it is
the traditional material of prototype mould making. With constant
operational parameters, the increase in clamping force resulted in
increasing cavity pressures. A greater clamping force resulted in more
converging relative strain curves because partial mould opening did not
occur. Correlational diagrams were produced between the integrals of
the cavity pressure curves and the resulting product mass and thickness.
If proper clamping can be achieved and mould opening does not occur,
the cavity pressure integral can predict product mass and thickness with
confidence (mostly R? > 0.9, assuming a linear relationship between the
pressure integral and the product mass and thickness).

We also modelled the deformation of the insert in Moldflow Insight
2021 using its Core Shift module. The calculated operational strains,
temperatures and product dimensions were compared with the
measured data. We also presented a novel modelling method, where
transient pressure fields (obtained from injection moulding simulation)
and measured volumetric temperature data are used to model the
deformation of the insert in a professional mechanical finite element
simulation software (ANSYS Workbench Mechanical 2019). The results
of the two simulations were compared with the measured strains. Core
shift simulation can predict maximal deformations accurately but it
largely neglects thermal expansion and the springback of the cooling
product in the holding and residual cooling phases. Therefore, we
created the coupled injection moulding-mechanical simulation model,
and found good agreement between the calculated and the measured
strains. Based on these findings, the deformation of the aluminium
mould insert can be modelled with both core shift simulation and the
coupled injection moulding—finite element mechanical simulation. The
latter simulation is more accurate when modelling the entire IM cycle,
not just maximal deformation.

The coupled simulation method outlined in this paper can be espe-
cially useful if the mould insert material cannot be modelled adequately
by simple linear elasticity with constant material parameters, for
example, in the case of polymeric mould inserts, where creep and a
temperature-dependent modulus of elasticity has to be considered. This
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study paves the way for such coupled and more elaborate simulations.
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