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The widespread appearance of additive manufacturing (AM) proved to be a game changer for many traditional
plastic processing technologies in the last few years. The application of AM for injection mould making has
become a new and promising direction of rapid tooling (RT), especially with the emerging demand for more
customizable products. A possible solution to satisfy the desire for mass customization is the application of
additively manufactured low-volume moulds and inserts. These prototype moulds also give an excellent op-
portunity to check and validate designs in a real-life operational environment, before the expensive large-volume
steel mould is made. Material extrusion printing was used to produce injection mould inserts from acrylonitrile
butadiene styrene (ABS). These inserts proved to be suitable for low-volume injection moulding. The inserts were
printed with different infill levels: 80 %, 50 % and 25 %. In previous articles, an earlier unknown complex state
monitoring method was created to analyse and quantify in-mould operational behaviour of additively manu-
factured injection mould inserts. In the present article, this measurement system was applied to material
extrusion—printed prototype moulds. This system measures strains (at two locations) and the temperature dis-
tribution of the inserts (both volumetric temperature and cavity surface temperature). 3D scanning and con-
ventional thickness and mass measurements were also applied to characterize the dimensional accuracy of the
injection moulded products and the inserts as well. The correlation between the definite integral of measured
operational strains (occurring during the injection moulding cycles, from the start of holding to the end of the
holding phase) and the resulting product properties (mass and thicknesses) was also analysed. An excellent linear
correlation was found between them (mostly R? > 0.9). This finding can pave the way for a more automated
quality control system because of its practical applicability and relative ease of use.

1. Introduction

The combination of additive manufacturing and conventional in-
jection moulding is an excellent new way to mass-produce customized
products. Rapid-prototyped moulds also provide an outstanding op-
portunity to run injection moulding trials before the expensive large-
volume steel mould is made, as it was discussed by [1]. The interna-
tional research community has started to analyse the applicability of
rapid tooling, therefore several case studies are already available [2,3].
Yet, this area still has a long way to go before its full potential can be
realised. Researchers have not measured the operational deformations

and the thermal state of injection moulds simultaneously, especially in
the case of additively manufactured, low-volume moulds. Only a
handful of studies are available on the comprehensive state monitoring
of injection moulds [4].

Additive technologies have already made their way into mould
making. Laser powder bed fusion (LBPF) can make metal mould inserts
that can be used for high-volume production. Koker et al. [5] proved that
metal printing allows the production of complex geometries, like coex-
trusion dies, reducing the need for conventional machining. Additive
technologies also make feasible the much desired freeform geometries
including conformal cooling channels and lattice structures that increase
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cooling efficiency and enhance productivity. Chantzis et al. [6]
improved the cooling performance of hot stamping dies using lattice
structures. Muvunzi et al. [7] applied conformal cooling to enhance the
efficiency of a hot stamping die. Kuo et al. [8] analysed the effect of
different conformal cooling channels on the injection moulded product.
Torok et al. [9] applied the combination of conformal cooling and a
multi-material mould insert (3D printed shell cast with copper) to
further reduce residual cooling time in injection moulding. The opti-
mization of the internal cellular structure results in better heat extrac-
tion, acceptable mechanical strength and a significant weight reduction
of injection moulds. Park et al. [10] used a titanium alloy to print an
injection mould and optimised the shape of the applied lattice structure.
Mahshid et al. [11] also reached promising results by applying
compression tests and simulation to determine the strength of lattice
structures applicable in mould components. Narvan et al. [12] high-
lighted that metal printing also faces challenges (like residual stresses
and part deflection after printing), which need to be met.

Polymeric moulds are gaining ground in low-volume production and
individual prototype making. Non-thermoplastic resins processed by
material jetting (MJ) (typically by PolyJet technology) or vat photo-
polymerization are suitable for making such prototype injection moulds.
These moulds are inferior to steel moulds in terms of mechanical
strength and thermal resistance but they can adequately produce small
product volumes. Shan et al. [13] proved that non-thermoplastic poly-
mer parts are capable of shape memory that can also enhance product
dimensional accuracy. Bagalkot et al. [14] PolyJet printed injection
mould inserts and created an algorithm to set process parameters in
order to maximize insert life expectancy. They reached 54 cycles with
their DigitalABS test mould. Giorleo et al. [15] also made IM mould
inserts from a high-temperature resin by MJ. They proved that printing
orientation has a significant effect on the operational behaviour of the
inserts and that the inserts are suitable for micro injection moulding.
Zink et al. [16] experimented with different cooling channel layouts for
PolyJet printed mould inserts and found that conformal cooling can
decrease the heat load of the inserts by almost 70 % and therefore in-
crease mould life expectancy. Alongside material jetting, the vat pho-
topolymerization technique is also a popular choice for low-volume
mould making. Walsh et al. [17] created a grading system including the
analysis of the flexural modulus, the thermal conductivity and the
dimensional accuracy of specimens printed by stereolitography from
various resins to determine the suitability of the materials for injection
mould making. Walsh et al. [18] proved that stereolitography-printed
prototype moulds can be used to customize product geometries, which
provides a new research direction for high-end applications like the
injection moulding of pharmaceutical tablets.

Some case studies focus on the comparison of conventionally and
additively manufactured moulds. Hopkins et al. [19] compared three
SLA-printed moulds and a conventional steel mould. The two SLA
moulds endured more than 50 cycles and the third one failed after 20
cycles. Mendible et al. [20] compared machined mould inserts, a
DMLS-printed insert and a PolyJet-printed insert. Metal inserts were
used for 500 injection moulding cycles without any visible damage
while the PolyJet insert cracked after 116 cycles.

Researchers also experiment with thermoplastic polymer patterns
and moulds. Arias et al. [21] optimised material extrusion printer
hotends to achieve better printing quality of thermoplastic polymer
parts and to enhance printing speed. Choe et al. [22] printed patterns for
investment casting a complex geometry (a centrifugal compressor
impeller). They proved that thermoplastic polymer filaments processed
by material extrusion (ME) are especially practical for such tasks. Gohn
et al. [23] applied ME for injection mould making and successfully
produced a low-volume mould. Park et al. [24] experimented with
advanced ME printers that even allow researchers to make parts from
the highest quality thermoplastic polymers like polyetheretherketone
(PEEK). Research articles are also available on the ME printing of metal
injection moulding feedstock. Singh et al. [25] proved that
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polymer-coated metal particles can be printed with special ME printers,
then the so-called green part can be debinded and sintered at high
temperature to remove the polymer coating. Seleznev et al. [26] also ME
printed metal parts (including conformally cooled mould inserts) with
an arbitrary infill structure inside them that they later infiltrated by
another metal; this way, the properties of the two metals are combined.
Another emerging area of ME is the printing of carbon fibre-reinforced
polymer composites. These are especially suitable for moulds, due to
their increased mechanical strength and thermal conductivity. Yeole
et al. [27] proved that the thermal conductivity of the carbon
fibre-reinforced polymer composite mould can be influenced by the
applied infill pattern. The variability of the infill level for ME printing is
also desirable in pharmaceutical applications. Fuenmayor et al. [28]
manufactured tablets by the combination of different infill level ME
printing and injection moulding that allows the mass customization of
medicine. Sacrificial moulds can also be printed by ME, which gives
large product design freedom. Wick-Joliat et al. [29] proved that these
sacrificial moulds can even be used for ceramic injection moulding.
Studies are also available on the dimensional accuracy of different
thermoplastic polymer printing technologies. Minetola et al. [30]
showed that the accuracy of material extrusion is highly dependent on
minimal layer thickness, while powder-based sintering processes are
influenced by minimal powder particle size.

As a conclusion, it can be stated that additive technologies have
already made their mark on conventional mould making. Material
extrusion is a popular, widespread and dynamically developing branch
of additive manufacturing, which has high potential in mould making.
Even though the benefits are self-evident, the area is scarcely researched
and many articles focus solely on feasibility checks and injection
moulding trials. On the other hand, the comprehensive state monitoring,
presented in [1] and [4] is largely unknown in the rapid tooling world.
Such measurement system allows the quantification of injection
moulding process parameters like operational strains and temperature
distribution (both volumetric and cavity surface temperatures). This
work fills a knowledge gap and adds to the already existing knowledge
base because it allows a more exact and numeric understanding of the
operational behaviour of prototype moulds. This work also offers direct
comparability and benchmarking, since the presented comprehensive
state monitoring method can be applied to injection moulds manufac-
tured by numerous different additive and conventional technologies. In
the present article, injection mould inserts were printed with three
different infill levels: 80 %, 50 % and 25 %, and injection moulding tests
were run with them. The operational strains, surface temperature and
volumetric temperature of the inserts were measured. The dimensional
accuracy of the products was also analysed using 3D scanning, and
conventional mass and thickness measurement. Correlational diagrams
were set up between measured strains, and product masses and thick-
nesses and excellent correlations were found between them. These
correlations can later be used for real-time product quality control.

2. Materials and methods
2.1. The comprehensive state monitoring method

The goal of the present study is to numerically specify the main in-
jection moulding process parameters, including the operational strain of
mould inserts at two locations, operational cavity surface temperature
and temperature at the back of the inserts. Two strain gauges (KMT-
LIAS-06-3-350-5EL) measured strains both at the near gate (NG) and the
far from the gate (FFG) locations and a Spider 8 unit (Hottinger Baldwin
Messtechnik GmbH) collected their data. The strain gauges were glued
into their slots with a cyanoacrylate adhesive: 3 M Scotch Weld Plastic
and Rubber Instant Adhesive PR100. The temperature at the back of the
insert was measured by a Heraeus M222 Pt100 thermocouple and an
Ahlborn Almemo 8990-6 unit collected its data. The thermocouple was
also glued with the previously mentioned cyanoacrylate adhesive. Fig. 1
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Fig. 1. The complete test mould, the moving side insert and the injection
moulded product.

shows the test mould, the moving side mould insert, as well as the lo-
cations of the strain gauges and the thermocouple. Only the upper cavity
was used for the injection mouldings, so a cylindrical runner insert shut
off the lower cavity. The injection moulded product was a plate with the
overall dimensions of 65 x 55 x 2 mm and the cavity was filled through
an edge gate (1 mm thick).

2.2. Producing the mould insert

The mould inserts were 3D printed using a CraftBot Plus material
extrusion printer (CraftUnique Kft). The printed material was an Acry-
lonitrile Butadiene Styrene: Z-ABS (Zortrax S.A.) (with its relevant
properties in Table 1). This material grade has acceptable mechanical
properties and suitably high glass transition temperature for prototype
injection mould making.

The varying parameter was infill percentage. The three analysed
levels were 80 %, 50 % and 25 %. Infill percentage was chosen as the
varying parameter because it fundamentally influences both the insert
printing time and the stiffness. The fill pattern was selected to be grid.
Filament diameter was 1.75 mm, printer bed temperature was 100 °C
and extruder temperature was 250 °C. The printing layer height was
0.2 mm and the nozzle diameter was 0.4 mm. The resulting printing
times for the mould inserts were 4 h 1 min (at 80 % infill), 3 h 23 min (at
50 % infill) and 2 h 48 min (at 25 % infill). Fig. 2 shows the different
infill levels. The supporting infill structure inside the slots of the strain
gauges and the thermocouple was removed after printing.

The fixed-side mould insert was made of EN AW 5754 general-
purpose aluminium, which has three orders of magnitude higher ther-
mal conductivity than ABS (147 W/(m K) compared to ~0.1-0.2 W/(m
K)).

2.3. The injection moulding of samples

The injection moulded material was Tipplen H145F polypropylene
homopolymer (MOL Group PLC.). It is ideal because of its excellent MFR

Table 1
Material properties of Z-ABS.

Physical properties Unit Typical value
Tensile strength MPa 30.46
Breaking stress MPa 25.89
Elongation at max tensile stress % 4.52
Elongation at break % 11.08
Flexural modulus GPa 1.08

Glass transition temperature °C 107.89

Shore hardness (D scale) — 69.2
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value (29 g/10 min at 230 °C and 2.16 kg), low recommended pro-
cessing temperature range (190-235 °C) and incompatibility with ABS.

The injection moulding machine was an Arburg Allrounder Advance
270 S 400-170 (ARBURG GmbH) with a screw diameter of 30 mm.
Clamping force was 5 tons, the injection rate was 15 cm®/s, the injection
pressure limit was 500 bar, holding time was 15 s, residual cooling time
was 30's and dose volume was 40 cm®. To protect the inserts from
excessive heat, delay times were kept between the cycles. The overall
cycle time was 300 s from which the injection moulding cycle from
mould closing to mould opening was approximately 56.6 s. The rest was
the idle time in the open state of the mould. First, a mould filling test was
made to find the switchover point. Switchover volume was initially set
to 35 cm® and it was decreased in 2 cm? steps to reach complete filling.
Optimal switchover volume was found at 25.5 or 26 cm® depending on
the thermal expansion of the mould inserts.

3. Results and discussion
3.1. Printing quality analysis of the mould inserts

The newly printed moving side inserts were 3D scanned before the
injection moulding series. 3D scanning highlights production tolerances
and warpage at the outer corners of the parts. Scanning was done by a
GOM ATOS Core 5M scanner (GOM GmbH). Warpage at the corner
points reached 0.5-0.6 mm, while most of the back surface remains
nearly at the nominal dimension. The nominal thickness of the insert is
15 mm, which means that the size deviation is 3-4 %. Warpage occurs
mostly in the corners of the insert, where the printed material can easily
detach from the printer bed, due to the more intense cooling. It is similar
for the cavity surface, where the corners of the plate show higher than
nominal dimensions and the centre is dimensionally accurate. This
inevitably influences the quality of the injection moulded product. Due
to the presence of warpage, the proper orientation of the part and careful
choice of building direction is essential. Surfaces of the insert that form
the parting plane should have minimal warpage and acceptable
planarity for proper mould closing and to avoid flash. It is also important
that the overall dimensions of the insert are lower than nominal (by
approximately 0.19-0.35 mm), which can result in flash between the
inserts and the mould housing. Therefore, part shrinkage should also be
taken into consideration and compensated for when the insert is
designed. The required scaling factor (the part is designed to be larger by
this factor) to compensate for shrinkage can be determined by printing
trials, and prior experiences. Another important observation is that the
quality of the cavity surface is not perfect because the remnants of the
filaments are present. The reduction of printing speed or the increase of
melt temperature can enhance the quality of the cavity surface.

3.2. Insert deformation during operation

3.2.1. Injection moulding series: constant injection moulding parameters
After finding the proper switchover points, injection moulding series
were run with the three inserts. Operational strains (occurring during
the injection moulding cycles) were measured and then plotted as a
function of time. Absolute strain results are presented in Fig. 3 for the
three inserts. The insert with 80 % infill (Fig. 3a) shows excellent
reproducibility because strain curves remain almost identical cycle to
cycle. Maximal strains vary between 0.15 % and 0.17 % in the 27 to 10"
cycles. The NG strains necessarily exceed the FFG strains because the
melt pressure drops along the flow length and the heat transfer from the
melt to the insert also greatly depends on local cavity pressure. As infill
was decreased to 50 % and 25 %, the measured absolute strains grew
significantly: maximal strains were in the range of 0.23-0.3 % in the case
of 50 % infill and 0.2-0.26 % in the case of 25 % infill. This increase in
strain is the direct result of the inevitable loss of insert stiffness. The
shape of the strain curves also tend to vary cycle to cycle especially in
the case of the 25 % infill insert. A clear change can be seen from the 7th



S. Krizsma and A. Suplicz Materials Today Communications 35 (2023) 106294

| 1] i “4 % A= i “
(TTTTTrTTTs e T i ? T
T : 1l i i i Hum Tt
ST : T g ST ) 11117 =

8

Fig. 2. Material Extrusion printed mould inserts at 80 %, 50 % and 25 % infill levels (a, b and c), respectively.

o <
—9iwe
Gio G

I
o 2
&=

Absolute strain [%)]
f=]
-
7

-0.2 | — Near gate —— Far from the gate Time scale [s]

0 400 800 1200 1600 2000 2400 2800 3200 a)

Absolute strain [%]

.n
—
w

-0.2 — Near gate —— Far from the gate

Time scale [s]

0 400 800 1200 1600 2000 2400 2800 3200 p)

(=]
[=J
[y

Y

0.05

p AR =

-0.2
-0.25

)
=

ﬁmmw

Absolute strain [%]
(=}

— Near gate —— Far from the gate Time scale [s]
0 400 800 1200 1600 2000 2400 2800 3200¢)

Fig. 3. Absolute strain results at a constant 75-bar holding pressure for 80 % infill a), 50 % infill b) and 25 % infill c).

cycle on (25 % infill), which can be the result of irreversible mechanical

damage to the insert. Fluctuations in the shape of the strain curves at 0.16 4 - Holding | Residual cooling N

constant injection moulding parameters indicate deteriorating repro- 0.12 "

ducibility as the value of insert infill drops. The shape of the strain

curves also changes because steeper drops can be observed in the strain = 0.08 Mould opening

at part ejection at the lower infill levels. This is caused by flash between % 0.04 Filling

the cavity insert and the edge gate insert (indicated in Fig. 1). 3 R
Fig. 4 presents the graphical explanation of the injection moulding {E 0 \// >
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absolute strain-time curve corresponds to the maximum strain occur- Mould closing
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holding phase. This decrease is caused by the loss in injection pressure,

occurring at the switchover point. In the second half of holding and in Fig. 4. Injection moulding cycle elements on the absolute strain-time curve.

the residual cooling time, absolute strain gradually increases as the heat
is slowly extracted from the injection moulded product towards the
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mould insert. The stiffness of the heated insert decreases and thermal
expansion occurs. The third factor, causing the increase of strain, is the
viscoelastic behaviour of ABS, as it tends to creep, especially at higher
temperatures. After the residual cooling time, the mould opens and the
part is ejected. At this point, the clamping force and the pressed-in
product no longer deforms the insert. The steep strain increase at
mould opening indicates that the cavity is slightly overfilled. The cavity
is suddenly unloaded as the part is ejected and from that point on, the
mould insert can expand freely out of the parting plane. Thermal
expansion occurs largely in the idle time between the cycles. It is caused
by the low thermal conductivity of the polymer mould material and the
presence of heat-insulating air inside the insert, due to the infill
structure.

Reproducibility of the injection moulding cycles can be well char-
acterised by the relative strain-time curves that are presented for the
three infill levels in Fig. 5. Relative strain quantifies the change in strain
within a single injection moulding cycle. It can be expressed as follows:

(€8]

Ereli (t) = 8abs,i(t)_ Eres,i-1

where g ;(t) is the relative strain in the ith cycle, ;psi(t) is the ab-
solute (measured) strain in the i cycle and e ;.1 is the residual strain
from the (i — D™ cycle. The concept of relative strain was already dis-
cussed in [1].

At 80 % infill (Fig. 5a), the maximal relative strain values are around
0.13 % and they can be measured almost instantaneously at complete
filling. From the switchover point on, the relative strain decreases in the
holding phase (due to the previously mentioned injection pressure loss)
and only a minor increase can be observed in the residual cooling time
caused by the delayed heat transfer from the injection moulded product.
Heating of the insert results in the thermal expansion, creep and loss of
stiffness of the insert material. At mould opening and part ejection, a
minor, stepwise increase can be found in relative strain, due to the
disappearance of the clamping force. The 1% and the ond cycles are
basically setup cycles, where the pressure load and thermal expansion
push the insert into its final position. From the 3" cycle on, the relative
strain curves are almost identical, showing an excellent reproducibility
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of the technology. The shape of the relative strain-time curves are
similar in the case of the 50 % and 25 % infill levels (Fig. 5b and c,
respectively), but maximal relative strain values vary between 0.24 %
and 0.3 % in the case of 50 % infill and fluctuate above 0.3 % in the case
of 25 % infill. Significantly lower relative strains occur in the second part
of the holding phase and in the residual cooling time compared to the 80
% infill insert. The stepwise increase at part ejection is also higher for the
50 % and 25 % infill inserts, which indicates that the cavity is more
overfilled than in the case of the 80 % infill insert. It is also worth noting
that relative strain curves show higher divergence at the 50 % and the 25
% infill levels, which also indicates deteriorating reproducibility of the
injection moulding cycles at lower infill levels.

3.2.2. Injection moulding series: increasing holding pressure

As was discussed earlier, decreasing the infill results in steeply
increasing strains both at NG and FFG locations. After injection
moulding 10 cycles at a constant 75-bar holding pressure, holding
pressure was increased from 50 bar in 25-bar steps in every second
cycle. Fig. 6 presents the effect of increasing holding pressure on oper-
ational strains. At 80 % infill (Fig. 6a), the absolute strain curves show
excellent repeatability up to a holding pressure of 175 bar. From that
level on, both maximal strains and residual strains increased, indicating
the gradual deformation of the insert. At a holding pressure of 275 bar,
the melt punctured the surface of the cavity. The insert with 80 % infill
endured 32 operational cycles (with holding pressure applied). At 50 %
infill (Fig. 6b), the NG gauge signal started failing at a holding pressure
of 125 bar, and after that level, there was a sharp increase both in the NG
and FFG strains. At a holding pressure of 200 bar, the NG gauge
ruptured, leading to questionable further results. The FFG strain gauge
provided acceptable results up to a holding pressure of 200 bar. The 50
% infill insert endured 31 operational cycles with holding pressure. At
25 % infill (Fig. 6¢), the measurement of strain failed at the holding
pressure of 175 bar. Failure of the NG and FFG gauges happened almost
simultaneously. The melt pierced the mould insert at the holding pres-
sure of 225 bar. The insert endured 24 operational cycles with holding
pressure.
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Fig. 5. Relative strain-time curves at a constant 75-bar holding pressure for 80 % infill a), 50 % infill b) and 25 % infill c).
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These results indicate that as infill level decreases, so do the maximal
reachable cycle numbers. All three measurement series show that the NG
strains exceeded the FFG strains. In addition, the operation of the strain
measurement system becomes more unstable at lower infill due to the
increased deformations. The NG strain gauges fail earlier than the FFG
gauges. It is also clear that as holding pressure increased, the difference
in the NG and FFG strains grew steadily. It is probably caused by the
pressure drop along the flow length and the pressure dependence of the
local heat transfer from the product to the mould. The NG location is
subjected to a higher pressure load and therefore a higher thermal load.

The combined effect of decreasing infill and increasing holding

pressure is also shown in the relative strain-time curves. Fig. 7 presents
the relative strain curves measured at the NG location at different
holding pressures. The maximal relative strains increase significantly
with increasing holding pressure at all three analysed infill levels. At 80
% infill, the maximal relative strain grew from 0.11 % at a holding
pressure of 50 bar to 0.97 % at 250 bar, which is an almost ninefold
increase. At 50 % infill, relative strain was 0.22 % at 50 bar, which rose
to 0.88 % at a holding pressure of 175 bar. As Fig. 7b) shows, strain
measurement did not provide data about the maximum of the relative
strain curves at higher holding pressures (200 and 250 bar) as the strains
exceeded the measurement range of the gauge. At 25 % infill, maximal
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Fig. 7. Relative strain results at the NG location at different holding pressures. 80 % infill a), 50 % infill b) and 25 % infill c).
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relative strain at a holding pressure of 50 bar was already 0.35 %, which
climbed to 0.75 % at 200 bars.

As holding pressures were increased, relative strains also stabilised at
higher levels in the holding and residual cooling phases. At 80 % infill
(Fig. 7a) the relative strains at mould opening grew from — 0.1 % at
50 bar (indicating a slight compression of the gauge) to 0.4 % at
250 bar. At 50 % infill (Fig. 7b), relative strain at 50 bar was — 0.12 % at
mould opening, which grew to 0.52 % at 250 bar. The strain increased
because the growing holding pressure gradually overfilled the cavity.
Overfilling is also enhanced by the low cooling speed and the slower
freeze of the injection moulded product, due to the bad thermal con-
ductivity of the polymeric mould insert.

3.3. The temperature of the inserts

Thermocouple temperature measurements provide data about the
volumetric temperature of the insert. Fig. 8 shows these results for the
three different infill levels. Volumetric temperatures oscillate as the
injection moulding cycles occur, but the overall tendency is clearly
increasing. At lower infill levels, volumetric temperature grows at a
faster pace because the volume fraction of air (acting as a heat insulator)
increases. The temperature at the back of the inserts climbed from room
temperature at the beginning of the injection moulding series to above
40 °C by the start of the last cycles. Effective insert temperature at the
back can be even higher than the measured temperatures. All of the
inserts failed when the melt punctured the cavity above the slots of the
strain gauges and filled the slots at the back of the inserts. This failure
caused the spikes at the end of the curves in the last cycles, which show
the temperature of the injected melt.

Thermal imaging camera was also applied to determine the cavity
surface temperature of the moving side mould insert in the idle time
between the cycles. These results are presented in Fig. 9 for the three
inserts. Each temperature-time curve in these diagrams corresponds to
the cooling of the centre point of the cavity in the idle time between two
cycles (—~250 s each). The tendency is similar to the thermocouple re-
sults because the lower infill level leads to faster heating of the mould as
well as higher maximal surface temperatures upon mould opening. In
the case of the 80 % infill insert (Fig. 9a), heating of the insert is more
gradual, and surface temperature only exceeded 80 °C in the 31% cycle.
However, in the case of the 50 % infill (Fig. 9b), surface temperature
rose above 80 °C in the 26™ cycle and it even surpassed 100 °C by the
time of failure (31% cycle). Such a high value is in the region of the glass
transition temperature, where the stiffness and strength of the insert
decrease considerably. The combination of the thermocouple and the
thermal imaging camera measurements gives a comprehensive view of
the thermal state of the polymeric mould inserts. This way, the mould
inserts can be protected from excessive heat loads and their life expec-
tancy can be increased.

— 80 % infill
95

— 50% infill —— 25 % infill

A

W o) e
(=) W (=}

Temperature [°C]

W
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[\
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0 2000 4000 6000 8000 10000 12000 14000
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Fig. 8. Thermocouple temperature measurement results at different
infill levels.
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3.4. Analysis of product quality

Product mass and product thickness were also measured at two lo-
cations: above the NG and FFG slots. In the constant holding pressure
section (1% to 10t cycles), both product mass and thickness remained
relatively constant. For the 80 % infill insert, the weight of the 1% plate
was 5.72 g, which remained at 5.70 g in the 10" cycle. For the 50 %
infill insert, product weights were 5.45 g in the 1st cycle and 5.43 g in
the 10 cycle. For the 25 % infill insert, product weight was 5.60 g in the
1% cycle and it was 5.67 g in the 10" cycle. Plate thicknesses show a
similar tendency in the constant holding pressure section. For the 80 %
infill insert, maximal plate thickness (measured in the NG location) was
1.925 mm in the 9™ cycle, while minimal thickness was 1.85 mm in the
10t cycle. For the 50 % infill insert, these values were 1.758 mm in the
9™ cycle and 1.872 mm in the 10™ cycle. For the 25 % infill insert,
minimal product thickness was 1.835 mm in the 7" cycle and maximal
thickness was 1.946 mm in the 1% cycle. These small deviations are well
within the range of the uncertainty of switchover, especially for a hy-
draulic injection moulding machine. However, as higher holding pres-
sures were applied, plate thickness and mass increased steadily. A lower
infill level results in steeply increasing product mass and thickness even
at lower holding pressure levels. The conclusion is that product prop-
erties are heavily dependent on the applied holding pressure and the
level of infill (Fig. 10, Table 2).

3.5. Warpage and shape distortion of the injection moulded products

The fixed side mould insert (made from EN AW 5754 general-
purpose aluminium) extracts significantly more heat than the moving
side insert, made from ABS. This results in the warpage of the injection
moulded plates. The cavity surface layers of the printed inserts also lose
stiffness due to the excessive heat load from the injected melt. This
softened upper surface layer is pressed upon the infill structure beneath.
This can be best observed in the case of the lowest, 25 % infill insert,
especially on the last few products where surface temperature and the
applied holding pressures were both high. Fig. 11 shows the 3D scanned
images of the products. These 3D scanning results also highlight the
local shape distortions above the locations of the insert failure as well as
the warpage of the plates.

3.6. Failure mechanism of the inserts

After the injection moulding series, the mould was disassembled and
the failed inserts were 3D scanned. These results are presented in Fig. 12.
Excessive residual deformation can be found on the inserts above the
slots for the strain gauges because of the locally decreased wall thick-
ness. Due to the thermoplastic insert material, these deformations do not
completely recover. The inserts failed when the melt pierced the cavity
at a strain gauge slot and filled the grooves at the back of the inserts. In
the case of the 50 % and 25 % infill inserts, the imprint of the internal
infill structure is also clearly visible on the cavity surface. As the infill
structure becomes less dense, it cannot properly transfer the pressure
load from the cavity surface, which causes the closing layers (forming
the cavity surface) to be pressed into the insert. The closing layers of the
50 % and 25 % infill inserts were also damaged along the edge gate,
which made part ejection difficult because flash occurred between the
edge gate insert and the cavity insert. The cavity surface of the 25 %
infill insert was heavily damaged, as deep distortions can be seen
covering large portions of the cavity surface area. These deformed areas
are concentrated around the edge gate as the pressure and temperature
load is higher there compared to the end of the flow length.

3.7. Correlations between strain and product quality

The strain integral was introduced as a scalar quantity, which was
correlated with product thickness and product mass. The definite
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Fig. 9. Cavity surface temperature of the mould inserts, measured with a thermal imaging camera. 80 % infill a), 50 % infill b) and 25 % infill c).
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Table 2
Average product mass and thickness of the plates injection moulded at 75 bars
constant holding pressure with the three different infill level inserts.

Infill  Mass & standard Thickness NG & Thickness FFG &
deviation [g] standard deviation standard deviation
[mm] [mm]
80%  5.724 +0.017 1.887 + 0.021 1.890 + 0.036
50%  5.464 + 0.023 1.781 + 0.012 1.812 4+ 0.010
25%  5.571 + 0.061 1.890 + 0.038 1.842 + 0.012

integrals of the absolute strain-time curves were calculated from the
beginning of holding to the end of the holding phase. These calculations
were made for each cycle, both at the NG and at the FFG locations, for all
three inserts. Then the measured product masses and thicknesses were
correlated with the calculated strain integral values. Absolute strain is
suitable to take into account the cycle-to-cycle accumulation of strains
(already presented in Fig. 6). The time boundaries of the definite

integral was chosen from the start of the holding to the end of the
holding phase because that is the time window when additional material
is injected into the cavity for shrinkage compensation (Fig. 13).

A linear equation was fitted to the corresponding absolute strain
integral and product mass/thickness values, and strong correlational
coefficients were found (both mass and thickness). Diagrams for the
absolute strain integral-product mass data are shown in Fig. 14. Good
correlations were found for all three infill levels. Therefore, a strong
linear relation can be assumed between the absolute strain integrals and
product mass (mostly R? > 0.9).

Similarly to product mass, product thickness also shows strong cor-
relation with the absolute strain integral (Fig. 15). NG strains were
correlated with NG product thickness and the FFG strain integrals with
FFG thicknesses. Correlational coefficients also exceeded R? > 0.9 in
nearly all the analysed cases, reinforcing that the measurement of strain
is a suitable product quality monitoring tool.

The results presented in Figs. 14 and 15 can be expressed mathe-
matically by Egs. (2) and (3) for product mass and thickness,
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Fig. 13. Graphical interpretation of the strain integral.

respectively. In these equations, c1, ¢z, are empirical constants. The c¢;
and ¢y constants are mainly determined by the local geometry of the
mould and the applied load. A good first estimate for m, is nominal
product mass without compensation (holding pressure) and w, can be
estimated by the thickness of the cooled product, which is the nominal
dimension corrected by part shrinkage. A proper initial guess for the mg
and wy parameters can be made based upon the CAD model of the in-
jection moulded part. Naturally, all parameters can be determined most

the FFG linear fitting. Nominal product mass (assuming a PP density of
900 kg/m®) is 6.3 g and nominal product thickness is 2 mm (PP typically
has a mould shrinkage of 1-2.5 %). The actual injection moulded
products have lower thickness (approximately 1.8 mm in the constant
75-bar holding pressure section), which was already presented in Sec-
tion 3.4. Assuming this wy thickness, the calculated product mass is
5.77 g, which is close to the m, values presented in Table 3. The fitted mg
and wy constants show that the nominal values give a reasonable first
estimate, which can be later refined.

Based on these correlations, strain measurement can be an adequate
product quality monitoring tool. If an injection mould is fitted with a
strain measurement system, the absolute strain integrals can be
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Table 3
Constants for linear correlation between

absolute strain integrals and product mass and thickness. The first values in each cell

correspond to the fitting for the NG strains, and the second values to the FFG strains.

Infill percentage c1 (g/s) mo [g] ¢y (mm/s) wo [mm]

80 % 201075/3010°° 5.57/5.52 7010°°/110°° 1.81/1.68
50 % 1e1075/1e10°° 5.48/5.33 4010°%/5010°° 1.77/1.73
25 % 201075/20107° 5.78/5.87 1e1075/710° 1.99/1.76

automatically calculated based on the injection, the switchover and end
of holding signals of the injection moulding machine. Simultaneous
strain measurements at several locations can yield a more comprehen-
sive picture of product quality. These automatically calculated integral
values can then also be used to indicate unwanted deviations from
nominal values during production in real time. With this automated
product quality control, scrap can be minimized.

4. Summary

A comprehensive state monitoring method was applied for rapid-
prototyped injection moulds. The measurement system can quantify
operational strains, surface temperatures and volumetric temperatures
of the additively manufactured mould inserts. The monitoring system
also includes 3D scanning of the injection moulded products as well as
mould inserts, both in their as-printed state and after their failure. The
comprehensive state monitoring and quality analysis system is novel. In
this research article, Material Extrusion AM technology was applied to
produce mould inserts because of the wide availability, low cost and
ease of use of this printing technology. An ABS filament (thermoplastic)

10

was used for prototype mould making because of its high glass transition
temperature and acceptable mechanical properties. Long delay times
(~250 s) were also inserted between the cycles to protect the inserts
from excessive heat loads.

The infill level of the printed inserts (80 %, 50 % and 25 %) were
varied to examine the possibility of material saving and printing time
reduction while monitoring the operational behaviour (strains, lifetime
and temperature distribution) of the inserts. As infill level was reduced,
the measured maximal operational strains increased from 0.13-0.15%
of the 80 % infill insert at a constant 75-bar holding pressure, to
0.23-0.3 % in the case of the 50 % and 25 % infill inserts. The holding
pressure where the inserts failed also dropped from 275 bar of the 80 %
infill insert to 225 bar of the 25 % infill insert. The lifetime of the inserts
decreased from 32 operational cycles of the 80 % infill insert to 24 cycles
of the 25 % infill insert. Reduction of the infill level also results in the
faster heating of the inserts because of the increasing volume percentage
of air, which acts a thermal insulator. On the other hand, printing time
was significantly reduced (from 4 h 1 min for the 80 % infill insert, to
2h 48 min for the 25 % infill insert) and material requirement
decreased.
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The concept of strain integrals was also introduced, which is the
definite integral of the measured absolute strain from the start of holding
to the end of the holding phase. Correlational diagrams were set up
between the absolute strain integrals and the measured product masses
and thicknesses. A good linear correlation was found (mostly a corre-
lational coefficient of R% >0.9) between the integral and product prop-
erties. It means that the presented integral can be applied for product
quality monitoring. This method can be more commonly applied in the
future because if an injection mould is fitted with a strain measurement
system, the strain integrals can be automatically calculated during
production. These integrals then can signal the potential deviations in
the mass and thickness of the injection moulded product with a strong
correlation. Because of this, the findings of the present paper can pave
the way for an in-line, automated product quality monitoring system
once the strain measurement system is more commonly applied in in-
jection moulds and it is properly integrated with the injection moulding
machine.

In conclusion, Material Extrusion was found to be a suitable additive
manufacturing technology for low-volume and prototype mould making
and the variability of the infill percentage gives additional design
freedom to engineers. Product size deviations from the nominal value
were in acceptable range. The warpage and the shrinkage of the mould
inserts should be considered and optimally compensated for prior to
printing. For this, preliminary printing trials are needed to collect
warpage and shrinkage data. If insert size and the shape deviations are
compensated for properly, then low-volume moulds can be made in a
single technological step. This is especially beneficial for the production
of complex insert geometries, where conventional machining is lengthy
and very costly due to the frequent tool changes and repositioning of the
machined part.
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