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A B S T R A C T   

The ever growing demand for reducing costs and decreasing the time to market in today’s plastics industry makes 
rapid tooling and rapid prototyping a highly researched area. 3D printed injection mold inserts make it possible 
to produce prototype parts in small series fast and cost-effectively. The mechanical strength and therefore the life 
expectancy of 3D printed polymeric injection mold inserts are low compared to their traditional steel counter-
parts. In order to increase the reliability and life expectancy of polymeric mold inserts, in-situ state monitoring 
during injection molding is essential. In this paper, we analyse the effect of thermal and mechanical loads on the 
resulting strains of the mold inserts. Three series of rectangular plate products were injection molded with a 
different type of insert in each series. The pressure inside the cavity and the strain of the 3D printed inserts were 
measured during injection molding. We correlated maximal cavity pressures and changes in strain with each 
other in order to set up the deformation characteristic of the inserts. The results indicate a satisfactory correlation 
between the maximal cavity pressures and the strain change of the inserts. The second important result was that 
strain gauges can be applied to in-situ monitor the state of the inserts during injection molding.   

1. Introduction 

In today’s plastics processing industry, the drive to reduce the time to 
market and the appearance of novel additive manufacturing technolo-
gies like 3D printing, bring rapid tooling into the focus of researchers 
and industry alike [1]. The application of 3D printed mold inserts is a 
promising area of research. 3D printing allows the production of parts in 
a wide range of geometries, giving freedom to design engineers. In large 
series production, 3D printed metal inserts made by direct metal laser 
sintering (DMLS) are an alternative to traditional injection molds [2]. 
For the production of small series, polymer mold inserts can be used. 
They are typically made by selective laser sintering (SLS), stereo-
litography (SLA) or PolyJet technology [3,4]. Several case studies have 
been made to prove the in-mold applicability of additively manufac-
tured inserts. 

Researchers prove the applicability of additively manufactured in-
jection molds and mold inserts with a series of laboratory-scale case 
studies. León-Cabezas et al. [5] prepared injection mold prototypes by 
3D printing (PolyJet technology) from ABS-like photopolymerisation 
resin and by other technologies. The materials used for injection 

molding were elastomeric polyethylene, polypropylene and ABS. The 
authors produced two different types of molds, one for tensile test 
specimens and one for a spinning top toy. The spinning top mold 
endured 20 injection molding cycles altogether, while the tensile test 
specimen mold cracked after 12 cycles. Whlean et al. [6] created a 
master unit die from aluminum by machining. This die was used to 
house the mold inserts which were produced from high temperature 
(HT) resin by SLA. The product made with this mold was a tweezer-like 
clip, and after 20 shots, the mold insert began to fracture. Ali et al. [7] 
created additively manufactured mold inserts by vat-based photo-
polymerisation. The injection molded material was ABS and they used 
two unaged and four aged inserts. During injection molding, they 
detected the locations of the cracks and measured the cycle numbers 
corresponding to crack initiation and the critical failure of the inserts. 
The unaged inserts showed crack initiation after 70 and 95 cycles and 
critical failure occurred at 110 and 143 cycles, respectively. In the case 
of the aged inserts, initial cracks occurred at 50, 30, 8 and 12 cycles and 
failure happened at 110, 85, 35 and 45 cycles, respectively. These results 
indicate that first, these mold inserts are for small series applications and 
second, that thermal aging has a negative effect on the life expectancy of 
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the inserts. Cheah et al. [8] used an indirect rapid soft tooling approach 
to produce a mobile telephone front housing. In their workflow, they 
first fabricated a master pattern, using SLA, then they casted 
aluminum-filled epoxy resin around the master pattern to create the 
cavity and then the core half of the mold. After the proper curing of the 
resin, they machined it to reach the required dimensional accuracy and 
surface quality. They used the inserts to produce two series of parts. 
First, they used a PC/ABS resin and managed to reach 200 cycles 
without significant tool wear. Second, they used a PC grade and 
observed a crack line on the cavity side of the mold after 400 cycles. 

As can be seen from the previous results, the application of mold 
inserts made by additive manufacturing is a new and feasible route. With 
the use of 3D printing technologies, mold inserts can be produced with 
conformal cooling channels. This is an intensively researched area 
because conformal cooling channels reduce cycle time and increase 
productivity [9,10]. Park et al. [11] applied 3D printed metal inserts 
made by selective laser melting (SLM) to reduce the cooling time of 
geometrically complex segments of an automotive part. The design of 
these AM inserts was supported by injection molding simulations. 
Conformal cooling channels reduced cycle time by approximately 30% 
compared to conventional cooling. Another advantage of conformal 
cooling was the improvement of surface quality in areas of interest. 
Brooks et al. [12] compared the effectiveness of conventional and 
conformal cooling channels with the concept of conformal cooling layers 
they introduced. They demonstrated the advantages of conformal 
cooling methods compared to conventional cooling channels by simu-
lation. The application for conformal cooling is not limited to injection 
molding only. Au et al. [13] demonstrated the effectiveness of conformal 
cooling channels by injection molding simulation in the case of a plastic 
bottle blow molding. Tomasoni et al. [14] applied topology optimization 
for the design of a conformal cooling layout of a thermoforming mold. 
Wu et al. [15] created a finite element-based optimization approach for 
designing conformal cooling. The resulting geometries can be manu-
factured by 3D printing: SLA or powder bed fusion (PBF). 

Prototype molds also appear in specific injection molding applica-
tions [16]. Kalami et al. [17] created a low-volume injection mold for the 
production of a cable bundle by overmolding. They applied a hybrid 
mold fabrication methodology, where they extruded a sacrificial 
product-shaped pattern. Then, they used this pattern to produce a 
resin-based insert, which was then inserted into a metal mold base 
frame. As another special field of application Vaezi et al. [18] made a 
case study, in which they first injection molded wax patterns into an 
aluminum-filled epoxy resin mold, then coated the wax pattern with 
ceramics, then removed the wax and finally they produced gas turbine 
blades using the ceramic shells. For the injection molding of wax pat-
terns, they used rapid tooling (RT) technologies, namely epoxy resin 
tooling and silicon rubber molding. Their conclusion was that the 
application of EP resin molds is a new and cost-effective solution for the 
small batch production of gas turbine blades. 

Several comparative studies of polymeric and metallic injection 
molds were carried out in the literature. Jahan et al. [19] introduced a 
coupled thermal–fluid topology optimization algorithm for the design of 
conformal cooling channels. They made a case study, which included the 
design and simulation of the mold core, manufacturing by metal 3D 
printing, heat treatment and finishing, and injection molding with the 
mold. They compared the cooling performance of the machined core and 
the AM core and found that the AM core is capable of manufacturing 
plastic products in an industrial environment. The AM cores can be an 
alternative to traditional machined cores when made from powders with 
the proper thermal conductivity and other thermomechanical proper-
ties. Hopkinson et al. [20] compared two aluminum injection mold core 
inserts with rough and smooth surfaces with a core insert made by 
stereolitography. They compared ejection forces, heat transfer through 
the inserts and the surface roughness of the product. All molds were able 
to produce over 50 polypropylene parts without any sign of damage to 
either the tool or the part. Their first conclusion was that lower values of 

processing parameters (clamping force, injection speed and injection 
pressure) are needed for the SL cores to avoid mechanical failure. Sec-
ond, they found that average surface roughness did not change signifi-
cantly, indicating that tool wear is negligible in small series production. 
Third, in line with their expectations, the higher surface roughness in the 
case of the SL tool and the rough aluminum tool resulted in higher 
ejection forces. Fourth, the significantly worse thermal conductivity of 
the SL mold increased cycle time as the mold needed extra cooling time 
after the part was ejected. Mendible et al. [21] created a comparative 
study of injection mold inserts made by additive and traditional 
manufacturing technologies. They produced a 3D printed polymer insert 
from Digital ABS using PolyJet technology, a bronze insert by DMLS and 
a machined stainless steel insert. They found that the behavior of the 
bronze and the stainless steel inserts and the quality of the products 
injection molded with them were similar and that both inserts endured 
500 cycles without any signs of failure. The PolyJet insert started pro-
ducing defective parts after 80 cycles and failure occurred at 116 cycles. 
Another result was that the PolyJet inserts cooled more slowly, which 
increased the shrinkage and crystallinity of the molded products. 
Kampker et al. [22] manufactured three mold inserts for the production 
of tensile test specimens. They also produced Charpy impact test spec-
imens. These inserts were made of aluminum (by traditional 
machining), Digital ABS (by PolyJet technology) and PA 3200 GF (by 
SLS). They found significant differences in the mechanical properties of 
the test specimens, especially in break elongation. The break elongation 
of the tensile test specimens made with the polymer tools was signifi-
cantly lower compared to the specimens produced with the aluminum 
tool. The authors claimed that a possible explanation of this embrittle-
ment was the different morphological structure of the specimens caused 
by the lower thermal conductivity and the higher surface roughness of 
the polymer molds. Tábi et al. [23] compared the thermal, mechanical 
and thermomechanical properties of injection molded PLA plates pro-
duced by a conventional steel mold and a PolyJet mold insert. The plates 
produced with the PolyJet insert showed significantly higher crystal-
linity compared to the ones made with the steel mold. The difference in 
crystallinity is mainly due to the low thermal conductivity of the PolyJet 
mold and the resulting longer cooling time. 

Dimensional accuracy is a primary concern in the injection molding 
industry. Martinho et al. [24] created a hybrid mold with interchange-
able blocks, produced by traditional machining and rapid tooling tech-
niques. They analysed the effect of different core and cavity material 
combinations (epoxy resin composite and steel) among others, on 
shrinkage. They found that the shrinkage of the parts increased when the 
resin cores were used, which was partly due to the deformation of the 
resin core caused by the injection pressure. Harris et al. [25] compared 
the shrinkage characteristics of injection molded parts made with two 
mold inserts of different geometries. The inserts were produced by SLA 
from a commercially available resin, and by machining from aluminum. 
The parts were injection molded from PA66 and ABS. They found that 
the PA66 shrank twice as much when injection molded in an SL tool as in 
an aluminum tool. On the other hand, they found no such difference in 
the shrinkage of the ABS parts. They also demonstrated the effect of the 
thermal expansion of the plastic tools on the shrinkage of the final 
products. 

The conclusion of the literature review is that polymeric mold inserts 
are currently only suitable for small series and prototype production due 
to their low mechanical strength and stiffness compared to metallic in-
serts. Because of these limited mechanical properties, the processing 
parameters of injection molding have to be carefully adjusted. The 
applicable holding pressure is low, therefore the compensation of part 
shrinkage is limited. In the literature, we did not find research articles 
discussing comprehensive in-situ and real-time state monitoring of 3D 
printed mold inserts during injection molding. In the present research 
article, our goal is to lay the foundations of a new in-situ temperature 
and strain state monitoring method for mold inserts. By this continuous 
state monitoring the life expectancy of the inserts can be increased and 
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the processing parameters can be adjusted more precisely. 

2. Materials and methods 

2.1. The applied mold and the mold inserts 

Additively manufactured mold inserts were employed and strain was 
measured at the back of the inserts. The location of the strain gauge, and 
the dimensions of the mold insert can be seen in Fig. 1. A rectangular 
cut-out (10 mm × 7 mm x 2 mm) was prepared at the back of the insert 
for the wires connected to the strain gauge. The strain gauge was HBM 1- 
LY11–3/350 and its data was collected by a Spider 8 unit. Cavity pressure 
was directly measured with a Kistler 6182 B pressure sensor and its data 
was collected by a Como Injection 2869B data collector. 

The inserts were put into a four-cavity steel mold housing. During 
injection molding, three of the four cavities were plugged by metal in-
serts and only one was used for the mold insert shown in Fig. 1. Fig. 2 
shows the movable half of the mold, the ejection system and the 
arrangement of the inserts. 

2.2. Materials 

The 3D printed mold inserts used for injection molding were pro-
duced with the PolyJet technology (Objet Alaris 30, Objet Geometries Ltd.). 
The material was an epoxy-acrylate with the commercial name FullCure 
720. The material is manufactured by Stratasys Ltd. and its properties are 
shown in Table 1. 

The parts were injection molded from a homo-polypropylene; its 
commercial name is Tipplen H145 F. It was purchased from MOL Group 
Public Limited Company (Hungary). The relevant properties of the ma-
terial can be seen in Table 2. 

3. Development of a state monitoring method for 3D printed 
mold inserts 

We assumed that deformation of the mold insert has two main cau-
ses. The first is thermal expansion due to the elevated temperatures 
during injection molding. The second is mechanical deformation, 
mainly caused by cavity pressure. We measured the magnitude of 
thermal expansion before injection molding, and called this measure-
ment thermal calibration. 

3.1. Thermal calibration and preliminary experiments 

A mold insert has two main load during injection molding. The first is 
the mechanical (clamping, cavity pressure etc.) and the second is the 
thermal load. As we measure the deformation of the mold insert, the 
thermal expansion, caused by the thermal load plays an important role 
in the evaluation. On the other hand, the polymeric mold insert has an 

order of magnitude higher thermal expansion than that of a steel insert. 
During the thermal calibration, our goal was to show the effect of the 
insert temperature on the measured deformation. 

Fig. 1. The mold insert and the position of the strain gauge at the back of it. (All the dimensions are in mm).  

Fig. 2. The movable half of the mold housing, the ejection system and 
the inserts. 

Table 1 
The physical properties of Stratasys FullCure 720.  

Physical properties Unit Typical value 
Tensile strength MPa 50 – 65 
Elongation at break % 15 – 25 
Modulus of elasticity GPa 2 – 3 
Shore hardness (D scale) – 83–86 
Heat deflection temperature (HDT) (0.45 MPa) ◦C 45–50 
Glass transition temperature ◦C 48–50 
Rockwell hardness (M scale) – 73–76  

Table 2 
The typical physical properties of Tipplen H145F.  

Physical properties Unit Typical value 
Melt flow rate (MFR) (230 ◦C / 2.16 kg) g/10 min 29 
Flexural modulus GPa 1.8 
Module of elasticity (in tension) GPa 1.99 
Tensile stress at yield MPa 39 
Tensile strain at yield % 9 
Recommended processing temperature ◦C 190–235  
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Before thermal calibration, the strain gauges were glued to the back 
of the mold inserts, as shown on the right hand side of Fig. 1. Then, an 
Ahlborn Almemo NiCr-Ni T 190–0 thermocouple was placed right next to 
the strain gauge to measure the temperature of the insert. Fixing of the 
thermocouple was done using a heat resistant glue. The thermocouple 
was connected to an Ahlborn Almemo 8990–6 data collector unit. The 
inserts were placed inside the mold and then the assembly was put into a 
Faithful WGLL-125 BE drying oven for controlled heating, and thermal 
calibration was carried out on the inserts that were later used for in-
jection molding. The wall thicknesses of these inserts were 4 mm, 5 mm 
and 6 mm. The explanation of varying wall thickness can be seen on the 
left hand side of Fig. 1. 

During the heating of the inserts, the signals of the strain gauge and 
the thermocouple were recorded. Strain is shown as a function of tem-
perature in the thermal calibration diagram, in Fig. 3. It is clear that 
strain shows a nearly linear relationship to temperature up to the value 
of approximately 45 ◦C. The presence of this threshold temperature is 
most likely caused by that the inserts reach the maximal volume of the 
metal mold cavity and therefore cannot expand any further. 

Fig. 3 shows that the maximal strain caused by thermal expansion is 
in the range of 0.15 – 0.17%. In each injection molding cycle, the tem-
perature and the strain of the mold inserts were measured in real time 
for in-situ monitoring of deformation and the operational temperature 
range. Another important goal was to keep the temperature below Tg to 
prevent early failure of the inserts. A significant benefit of the temper-
ature measurement was that the necessary delay times between injection 
molding cycles could be determined. By keeping sufficient cooling time 
and delay time between the cycles, the maximum insert temperature at 
the back was 30–35 ◦C and the alteration of the insert temperature was 
only 5–10 ◦C. Based on these results, the thermal load only had a minor 
effect on the measured strain. 

3.2. Filling tests and preparation for the injection molding series 

After thermal calibration, a series of injection molding tests were 
carried out with the inserts with three different wall thicknesses (4 mm, 

5 mm and 6 mm). First, we performed a mold filling test to find the 
necessary maximum injection pressures for different short shots. The 
characteristic points of filling and the corresponding maximum injection 
pressures can be seen in Fig. 4(a) and (b), respectively. 

After the mold filling test, we performed injection moldings with the 
6 mm wall insert. We used an Arburg Allrounder Advance 270S 400–170 
injection molding machine (ARBURG GmbH) with a screw diameter of 
30 mm. The default parameters were a clamping force of 10 tons, an 
injection rate of 10 cm3/s, an injection pressure limit of 300 bars, a 
volume of 25 cm3, a decompression volume of 4 cm3 and a residual 
cooling time of 35 s. 

We used the first three injection molding cycles to find the proper 
switchover point from the filling to the holding phase. The injected 
volume and the holding pressure data for these three preliminary ex-
periments can be found in the first three rows of Table 3. The volume of 
the injected polymer melt was gradually increased after each cycle and 
the strains and the temperatures were measured during the three in-
jection molding cycles. These strain and temperature results are pre-
sented in Fig. 5. Maximum strain grew after each cycle because the 
injected polymer melt volume was increased by changing the switchover 
point. The results indicate that after each injection molding cycle, re-
sidual strain gradually increased. This is possibly caused by the repeated 
injection pressure and the clamping force that deforms the mold insert in 
each cycle. The other source of the increasing residual strain is the 
gradual heating of the mold inserts by the hot polymer melt and the 
tempered movable mold half. The measured temperature increases 
faster during and right after the third injection molding cycle because in 
that moment the hot polymer melt reaches the thermocouple position. 
As can be seen from the results presented in Fig. 5, the temperature of 
the mold insert increases from the initial 26 ◦C to the 31 ◦C maximum, 
after the third injection molding cycle. The effect of temperature on the 
strain of the mold insert was demonstrated in Fig. 3. Based on this and 
the temperature range of the first three injection molding cycles, strain 
caused by thermal expansion is approximately 0.03–0.05%, depending 
on the wall thickness of the insert. The benefit of this is that strain 
caused by thermal expansion can be estimated in the operating tem-
perature range. After the third injection molding cycle, the insert cools 
down. Due to the viscoelastic behavior of the polymeric materials, the 
residual strain gradually decreases as well, after unloading the system. 

After finding the proper switchover point, we continued injection 
molding with the 6 mm wall insert. The main processing parameters for 
these cycles are in rows 4–9 of Table 3. The insert was usable for nine 
cycles altogether and the holding pressure was changed in two-cycle 
steps from the fourth to the ninth injection molding cycles. During the 
eighth and ninth cycle, the increased holding pressure required a greater 
clamping force in order to prevent unwanted mold opening, therefore 
the default clamping force was increased. The higher mechanical loads 
accelerated the fracture of the mold insert. 

Fig. 3. The thermal calibration diagram of the mold inserts.  

Fig. 4. The characteristic points of the filling test (a) and the corresponding maximum injection pressures (b).  
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3.3. Pressure and strain results of the injection molding series 

The strain, as a function of time in the fourth and fifth cycles is 
presented in Fig. 6(a), and the explanation of each segment of the strain 
curve is shown in Fig. 6(b). There is an instantaneous increase in strain 
during the filling phase, which is followed by a lower gradient increase 
during the holding phase. In the holding phase of the fourth cycle, the 
maximum of the strain reached 1.13%. As residual cooling time begins, 
strain converges to a constant level at roughly 0.75%. From this level, 
strain drops as the mold opens and the part is removed. However, after 
the cycle is finished, the strain converges to the non-zero level of roughly 
0.17% in the fourth cycle, indicating a residual strain after the cycle is 
finished. The fifth cycle starts from this residual strain and shows a 
similar characteristic. The maximal strain in this cycle is around 1.38% 
and the residual strain level increases compared to the end of the fourth 
cycle. 

As can be seen from the results of Figs. 5 and 6, the residual strain 
increases after each injection molding cycle. Therefore, the maximum of 
relative strain, caused by cavity pressure, was introduced for each in-
jection molding cycle, and can be calculated with Eq. (1):  
εmax,rel,i = εmax,abs,i – εres,i-1                                                               (1) 

Where εmax,rel,i is the maximum of relative strain in the ith cycle, εmax, 
abs,i is the maximum of absolute strain in the ith cycle and εres,i-1 is the 
residual strain after the (i−1)th cycle. 

The cavity pressure and the absolute strain curves of the fourth and 
the fifth injection molding cycles are presented in Fig. 7. The results 
indicate that the curves are similar. The maximum of the absolute strain 
curves occur delayed in time relative to the maximum of the cavity 
pressure curves. This phenomenon is caused by the viscoelastic behavior 
of the polymer inserts. Residual strain can also be observed at the 
beginning of the fifth cycle. 

Residual strain gradually increased and during the ninth cycle, the 
mold insert broke. The residual strain, the maximum values of absolute 
strain and relative strain (calculated according to (1)), and the maxi-
mums of cavity pressure are shown in Table 4. 

The strain and cavity pressure measurement method shown above 
can be used for the in-situ and real-time state monitoring of inserts 
because mechanical failure leads to an immediate and sharp change in 
both the cavity pressure curve and the absolute strain curve. The 

Table 3 
The parameter sets of the injection molding series in the case of the 6 mm thick insert.  

Cycle number Injected volume Holding pressure Holding time Clamping force Note 
– [cm3] [bar] [s] [ton]  
1 7 0 10 10 Preliminary experiment 
2 8 0 10 10 Preliminary experiment 
3 10 0 10 10 Preliminary experiment 
4 10.5 150 10 10 – 

5 10.5 150 10 10 – 

6 10.5 75 10 10 – 

7 10.5 75 10 10 – 

8 10.5 200 10 20 – 

9 10.5 200 10 20 Insert cracked  

Fig. 5. The strain–time and temperature-time diagram of the first three injec-
tion molding cycles in the case of the 6 mm thick insert. 

Fig. 6. The strain–time diagram of the fourth and fifth injection molding cycles in the case of the 6 mm thick insert (a) and the explanation of each segment (b).  

Fig. 7. The cavity pressure–time and the absolute strain–time diagrams of the 
fourth and fifth injection molding cycles in the case of 6 mm thick insert. 
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practical relevance of this monitoring method from an industrial aspect 
is significant as it can immediately indicate mold insert failure. This 
monitoring method is able to function as an active injection molding 
process controller. The measured cavity pressure and absolute strain 

curves in the ninth injection molding cycle of the 6 mm thick walled 
insert can be seen in Fig. 8. 

3.4. The correlational diagrams of the 6 mm, 5 mm and 4 mm thick 
inserts 

We injection molded into all three prepared inserts. The holding 
pressure was changed between 0 bar and 125 bars in the case of the 
4 mm wall insert. In the case of the 5 mm wall insert, the holding 
pressure was changed between 0 bar and 150 bars. The holding time was 
10 s in all injection molding cycles. The 4 mm thick insert endured 11 
cycles and broke in the 12th cycle, while the 5 mm thick insert endured 
12 cycles and broke in the 13th cycle. 

The maximums of the cavity pressure and the relative strain curves 
were measured and calculated, respectively, and used to characterize 
the stiffness of the mold inserts. These results are presented in Fig. 9 for 
the three different inserts. In the case of the 6 mm thick insert in Fig. 9 
(c), the ninth measurement in Table 4 was left out of the diagram 
because of the mechanical failure of the insert, which made the maxi-
mums of relative strain and cavity pressure uncertain. The measurement 
point farthest from the fitted curve corresponds to the eighth data set in 
Table 4. In that case, the mold first opened, then the clamping force was 

Table 4 
The maximums of the strain and cavity pressure of the 4th–9th injection molding cycles in the case of the 6 mm thick insert.  

Cycle number Maximum of absolute strain Maximum of relative strain Residual strain Cavity pressure maximum Note 
- % % % Bar  
4  1.14  1.14  0  69.1 – 

5  1.38  1.21  0.17  69.7 – 

6  0.98  0.72  0.26  55.5 – 

7  0.90  0.64  0.26  54.9 – 

8  1.20  0.96  0.24  58.2 Part with flash 
9  0.95  0.68  0.27  98.4 Insert broke  

Fig. 8. The cavity pressure–time and the absolute strain–time diagrams of the 
6 mm thick insert in the ninth injection molding cycle and the broke insert. 

Fig. 9. The maximal relative strain–maximal cavity pressure diagrams for the 4 mm (a), 5 mm (b) and 6 mm (c) thick inserts.  

Sz. Krizsma et al.                                                                                                                                                                                                                               



Additive Manufacturing 42 (2021) 102001

7

increased to 20 tons, as it is presented in Table 3. It is quite probable that 
the high clamping force caused additional deformation to the mold 
insert, causing the deviation from the fitted curve. We injection molded 
into the 4 mm and 5 mm thick inserts as well. Maximal cavity pressur-
e–maximal relative strain points for the 4 mm and 5 mm thick inserts 
can be seen in Fig. 9 (a) and (b), respectively. 

The results of the three different inserts indicate a correlation be-
tween the increasing mechanical loads and the resulting increased 
maximal relative strain. This strain measurement can be used as an in-
direct cavity pressure monitoring method, after the necessary im-
provements. A future refinement of the presented method has to be the 
determination of the exact mathematical relation between maximal 
cavity pressure and maximal relative strain. A further advantage of the 
presented method is that the failure of the mold inserts can be predicted 
with adequate accuracy by measuring the accumulation of residual 
strain. The moment can be determined when the maximal allowed 
deformation is reached and the corresponding cavity pressure can be 
quantified. This method makes the in-situ state monitoring of mold in-
serts possible and local failures can be detected. The lifespan of the mold 
inserts can be improved as well by quantifying the necessary waiting 
time for the reduction of viscoelastic deformation. 

4. Conclusion 

In this paper, we performed a novel test series on 3D printed injec-
tion mold inserts. The inserts were made from an epoxy-acrylate and the 
material used for injection molding was a homo-polypropylene. We used 
a new method to examine the effects of thermal expansion on mold 
insert deformation. We placed the inserts into a four-cavity metal mold 
and then put the assembly in a drying oven for controlled tempering. 
During this time, the strain and temperature of the inserts were 
measured with a strain gauge and a thermocouple, respectively. This 
way, we determined the strain–temperature relationship of the inserts 
and were able to examine the effect of thermal expansion separately. 
Thermal calibration was used to estimate thermal strains in the oper-
ating temperature range of the inserts. We performed the thermal cali-
bration of inserts with three different wall thicknesses: 4 mm, 5 mm and 
6 mm. 

After thermal calibration, we injection molded a series of parts with 
all the inserts. During injection molding, pressure was monitored 
directly in the cavity with a sensor and strain was measured with a strain 
gauge glued to the back of the insert. The 6 mm thick insert broke in the 
9th cycle, the 5 mm thick insert in the 13th cycle, and the 4 mm thick 
insert in the 12th cycle. Residual strain after cycles showed an increasing 
tendency and the accumulation of these strains is a possible explanation 
for the failure of the inserts after only a few cycles. We recorded strain 
and cavity pressure during injection molding. Maximal strain occurred 
later than maximal cavity pressure. This is caused by the viscoelastic 
nature of the polymers. We calculated the relative strain maximum by 
subtracting the residual strain from the previous injection molding cycle 
from the maximum of the absolute strain of the current cycle. Maximum 
relative strains were compared to their respective maximum cavity 
pressures, and a correlational diagram was created for mold insert 
stiffness. These diagrams showed a correlation between the increased 
cavity pressures and the resulting increased maximal relative strains. In 
sum, we found a satisfactory correlation between the strain of the insert 
and cavity pressure. Further in-depth analysis and tests are necessary, 
and then this relationship can be utilized for in-situ monitoring of the 
state of the inserts during injection molding and predicting their me-
chanical failure. The necessary waiting time between injection molding 
cycles can also be determined, and this increases the lifespan of the 
inserts. 

Funding 

This work was supported by the National Research, Development 

and Innovation Office, Hungary (2019-1.1.1-PIACI-KFI-2019-00205, 
2018-1.3.1-VKE-2018-00001, 2017-2.3.7-TÉT-IN-2017-00049, OTKA 
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Thermal simulations and measurements for rapid tool inserts in injection molding 
applications, Appl. Therm. Eng. 85 (2015) 44–51. 
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