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Additive manufacturing (AM) revolutionised the modern plastics industry. Its flexibility and ability 
to build almost any complex geometry without the need for conventional tooling or machining 
is especially desirable. In our article, we analysed two resins which can be processed by vat 
photopolymerisation: High Temperature and Rigid10K. They are especially recommended for 
rapid tooling because of their resistance to heat loads, high strength and stiffness. The application 
of vat photopolymerisation to produce prototype injection moulds is a definite novelty because 
the international research community has not realised the potential of this AM technology in 
rapid tooling. We performed dynamic mechanical analysis in temperature sweep and creep time 
temperature superposition (TTS) modes to determine the temperature-dependent stiffness and 
creep characteristics of the resins. The storage modulus of the High Temp resin was 2960 MPa at 
room temperature while it was 4055 MPa for Rigid10K. Their difference in storage modulus gradually 
diminished as they were heated to 123 °C. Above that, the High Temp resin showed higher modulus. 
The creep compliance of Rigid10K was considerably lower compared to the High Temp resin until 90 °C 
but it was excessive above that. After the material tests, two injection mould inserts were printed 
and post-cured. The inserts were fitted with strain gauges and thermocouples, which measured the 
operational deformations and the temperature of the inserts during injection moulding. The Rigid10K 
insert showed nearly an order of magnitude lower maximum deformation than the High Temp insert. 
The Rigid10K insert endured the injection moulding test while the High Temp insert cracked. The 
results proved that both resins are applicable in prototype injection mould making, but the durability 
of the Rigid10K insert is considerably better.
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 Additive manufacturing (AM) technologies reshaped plastic part making1. These technologies make the direct 
production of 3D parts feasible with almost any complexity, in a single technological step2,3. AM can also 
produce moulds for conventional plastic processing technologies like injection moulding. Polymeric injection 
moulds can produce parts in low volumes, which is especially useful when physical product prototypes have 
to be manufactured and tested. These injection moulded prototypes provide vital information to determine 
the suitability of a product concept before a significant investment is made into large-volume production. This 
way, the costly design errors can be screened out at an early stage of the product development process. The ideal 
materials of polymeric low-volume injection moulds are heavily crosslinked photopolymer resins, which can be 
processed by material jetting (MJ) or vat photopolymerisation.

Material jetting already has a well-established record in low-volume mould making because of the excellent 
dimensional accuracy of the printed parts4,5. Bagalkot et al.6 applied MJ to print injection moulds from 
DigitalABS. They identified the injection moulding parameters which had the most influence on insert lifetime: 
mould temperature, injection pressure and speed, holding pressure and cooling time. Giorleo et al.7 also printed 
injection mould inserts from a high temperature (HT) resin because it has excellent stiffness and high glass 
transition temperature. The typical failure of the inserts was the chipping of the cavity edges and localised 
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deformations on the cavity surface. Bagalkot et al.8 printed injection mould inserts from DigitalABS. They 
injection moulded polycarbonate because of the high required melt temperature (275 °C) and high injection 
pressure, which cause excessive thermomechanical load on the insert. They identified the typical failure modes 
of the mould inserts: burning and deterioration of the cavity surface, delamination and fracture. Stampone et 
al.9 injection moulded poly(methyl methacrylate) (PMMA) at a high melt temperature (270 °C), high mould 
temperature (80 °C) and high injection pressure (800 bar) to analyse the applicability of polymeric injection 
mould inserts under extreme conditions. They also printed mould inserts from a HT resin using MJ and they 
applied thermal post-curing (65–75 °C for more than 8 h). The insert endured 15 injection moulding cycles 
before failure. Gülcür et al.10 analysed the applicability of MJ in micro injection moulding (MIM). They used 
X-ray computer tomography to check the dimensional accuracy of microfeatures on a polypropylene (PP) 
part injection moulded into a Vero PureWhite (RGD837) resin insert. They found the accuracy of MJ printing 
sufficient for MIM. Stampone et al.11,12 printed microfluidic injection mould inserts by MJ from a VisiJet M2S 
HT250 resin. They also proved that the printing resolution of MJ is ideal for prototype microfluidic injection 
moulds. Gülcür et al.13 demonstrated that the surface quality of MJ printed parts is determined by the surface 
finish method, which influences the demoulding force requirement of injection moulded parts.

Vat photopolymerisation is also steadily developing, and thorough reviews are available on the research 
directions and the potential applications14,15. The main research focus is on increasing the dimensional 
accuracy of parts printed by vat photopolymerisation. It is because vat photopolymerisation can only reach 
limited dimensional stability compared to MJ. Zhao et al.16 created a thermal model to calculate the temperature 
distribution of arbitrary geometries during printing, because thermal state has a vital role in reducing warpage 
and proper controlling of the vat photopolymerisation process. Choi et al.17 introduced the concept of a sub-
build plate, where they printed the parts on a supplementary plate and performed the washing and the post-
curing of the part while it was still on the plate. After the post-treatment, the plate was removed and the warpage 
of the printed part was checked. This way, they managed to halve the deformation of the printed part after post-
treatment. Davoudinejad et al.18 created an experimental printer to build polymeric parts with microfeatures by 
vat photopolymerisation. They managed to print box features with an uncertainty of ± 27 μm and cylinder features 
with ± 18 μm. Kowsari et al.19 developed special resin formulations and managed to reduce printing resolution 
down to 7 μm in the lateral and 4 μm in the vertical direction. Special, experimental microstereolitography (µSl) 
devices also allow outstanding printing resolution (even 10 μm layer thickness)20. Stansbury et al.21 discussed the 
operation of various additive technologies in-depth. They highlighted that resins used in vat photopolymerisation 
have typically high photoinitiator content (3–5 wt%) to achieve fast polymerisation. However, this also results in 
significant residual initiator content after printing, which allows the later post-curing of the printed parts. Li et 
al.22 set up a theoretical model of the photopolymerisation process during digital light processing (DLP) printing 
(the relationship between the absorbed UV light energy and the cured thickness of the photosensitive resin). 
Westbeek et al.23 created a modelling method for the 3D simulation of DLP printing. They validated the capacity 
of their simulation to predict dimensional accuracy with 3D scanned images of actual printed parts and they 
proved the quality of their method. Yang et al.24 set up a mathematical model to determine the degree of curing 
in vat photopolymerisation (with 94% accuracy) and predict the tensile strength and hardness of the printed 
parts. Wu et al.25 analysed the distortion of thin-walled photopolymer parts, printed by DLP. They found that the 
warpage of the parts are determined by the degree of post-curing and the stiffness of the structure. Guven et al.26 
created a mathematical model of the light-induced curing during DLP printing. They optimised the lighting of 
each layer using grayscaling to improve the dimensional stability of the printed parts and validated their method 
by actual printing trials. Dizon et al.27 reviewed the mechanical properties of parts manufactured by various 
additive technologies. They concluded that the mechanical properties of vat photopolymerisation printed parts 
are determined more by build layer thickness than printing orientation.

Vat photopolymerisation is used more and more in several different areas like medical applications or 
cellular structures. A prime application field of vat photopolymerisation is dentistry and dental implants 
because freeform and customised geometries can be printed even from biocompatible materials28. Melchels 
et al.29 concluded that vat photopolymerisation is suitable to print soft, freeform porous structures. Chartain 
et al.30 also found that vat photopolymerisation is ideal to print complex tissue scaffolds. Xu et al.31 reviewed 
the widespread application of vat photopolymerisation in the customised production of medical devices and 
implants. Alongside medical applications, sensor technology also uses vat photopolymerisation32. Despite the 
widespread application of vat photopolymerisation in medicine and sensor technology, the injection mould 
making and rapid prototyping industry has not explored the potential of the technology yet. Only a few case 
studies are available on the application of injection moulds printed by vat photopolymerisation. Davoudinejad 
et al.33,34 compared the behaviour of an insert printed by vat photopolymerisation with a machined steel insert. 
They applied a laser scanning digital microscope to measure the deformations of the polymeric inserts after 
injection moulding. They also set up a coupled thermomechanical finite element model to calculate the transient 
temperature distribution and the stress field of the injection mould inserts. The potential failure locations of the 
inserts were validated with actual measurements.

The conclusion of the literature review is that MJ is already a popular prototype injection mould making 
technology. On the other hand, vat photopolymerisation is rarely applied to make injection moulds, even though 
the available resins have adequate mechanical and thermomechanical properties. The main reason for this is that 
the dimensional accuracy of vat photopolymerisation is still behind that of MJ. This article demonstrates that 
injection mould inserts can be printed by vat photopolymerisation from state-of-the-art photopolymer resins 
and these resin inserts have acceptable dimensional accuracy and outstanding mechanical performance. The 
application of vat photopolymerisation in rapid tooling and prototype injection mould making allows the use 
of several high-performance resins in mould making, which is a significant novelty. This way, the application of 
vat photopolymerisation in rapid tooling can be expanded. Vat photopolymerisation has the advantage over MJ 
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that some special, high-performance resins (fibre-reinforced resins or metal powder-filled resins) can only be 
processed by it. This study paves the way for the more widespread use of vat photopolymerisation and the high-
performance photopolymers.

Materials and methods
Sample and mould insert printing and post-curing
We analysed two resins which are potentially suitable for prototype injection mould making: High Temperature 
(HT) and Rigid10K by Formlabs Inc. (Sommerville, United States). Dynamic mechanical analysis (DMA) 
specimens (4 × 10 × 59 mm) and one injection mould insert were printed from each material. The parts were 
printed with a Form2 stereolitography printer by Formlabs Inc. The specimens and the mould inserts were 
washed from the remaining resin in isopropyl alcohol with a FormWash unit. The parts made from the HT resin 
were washed for 5 min while the parts printed from the Rigid10K resin were washed for 20 min, in accordance 
with the recommended wash times35. Following the washing and the drying of the samples, the parts were post-
cured in a Form Cure unit. The parts made from the HT resin were subjected to UV curing for 60 min at 60 °C, 
while the Rigid10K specimens were UV cured for 120 min at 80 °C, based on36.

According to the manufacturer, both resins are suitable for prototype injection mould making. It is because 
both materials have outstanding strength, stiffness, hardness and heat deflection temperature (HDT). These 
properties are all essential for applications where significant heat load is expected. If mould inserts are operated 
above their HDT, they fail relatively fast due to the excessive deformations. Table 1 shows the relevant mechanical 
and thermomechanical properties of the two resins after post-curing, according to their datasheets.

Material testing
The specimens were tested after combined thermal and UV light post-curing with a TA Instruments (USA) 
Q800 dynamic mechanical analyser (DMA). The specimens were tested in air atmosphere, in 3-point bending 
arrangement. The analysed temperature range was 25–170 °C for both materials. The frequency of loading was 
1 Hz and the heating speed was 3 °C/min. The storage modulus and loss factor were measured.

Creep testing was also performed on a TA Instruments Q800 DMA in creep time temperature superposition 
(TTS) mode. Table 2 presents the creep testing parameters. The test temperature range was chosen to entirely 
include the possible operational temperatures of the mould inserts.

Comprehensive state monitoring of mould inserts
The comprehensive state monitoring system comprises of the measurement of temperature, strain, cavity 
pressure and the surface temperature of the polymeric mould inserts. Figure 1 presents the test mould setup. 
Strain is measured with two strain gauges (KMT-LIAS-06-3-350-5EL, Hungary) glued into the slots at the back 

Parameters used Unit Typical value

Bending stress MPa 5

Minimum temperature °C 30

Maximum temperature °C 170

Temperature increment between 30 °C and 95 °C °C 5

Temperature increment between 95 °C and 170 °C °C 25

Furnace time min 10

Creep time min 30

Recovery min 30

Atmosphere Air

Table 2.  Parameters of DMA creep TTS testing.

 

Properties Unit
High Temp v1
(heat treated)

Rigid10K
(heat treated)1

Tensile strength MPa 51.1 65

Tensile modulus GPa 3.6 10

Elongation at break % 2 1

Flexural strength at break MPa 106.9 126

Flexural modulus GPa 3.3 9

Heat deflection temperature (HDT) at a bending stress of 0.45 MPa °C 289 163

Coefficient of thermal expansion µm/(m∙°C) 87.5 47

Thermal conductivity W/(m∙°C) 0.25–0.35 0.625
1Post-Cured for 60 min at 70 °C

Table 1.  Material properties of the analysed resins.
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of the moving-side insert. Strain data is gathered by a Spider 8 unit (Hottinger Baldwin Messtechnik GmbH, 
Austria). Temperature is measured by a thermowire (Ahlborn NiCr-Ni thermowire T 190-0) and the data is 
collected by an Ahlborn Almemo 8990–6 unit (Ahlborn Mess- und Regelungstechnik GmbH, Germany). The 
strain gauges and the thermowire were glued with a 3  M Scotch-Weld Plastic and Rubber Instant Adhesive 
PR100 (3 M Company, USA). The injection moulded product was a plate with dimensions of 65 mm × 55 mm 
× 2 mm. The cavity was filled through a 1 mm edge gate. The printed injection mould insert had the overall 
dimensions of 75 mm × 65 mm × 15 mm.

The injection moulding of samples
The plates were injection moulded from Tipplen H145F polypropylene homopolymer (MOL Group Plc., 
Hungary). Its recommended processing temperature range is low (190–235 °C) while its melt flow rate (MFR) 
is excellent (29  g/10 min at 230  °C and 2.16  kg). Both properties are important because the low processing 
temperature minimizes the heat load on the polymeric mould, while the high melt flow rate helps to reduce the 
required injection (filling) pressure.

The injection moulding tests were carried out with an Arburg Allrounder Advance 270 S 400 − 170 machine 
(ARBURG GmbH, Germany), equipped with a 30  mm diameter screw. The applied injection moulding 
parameter set is presented in Table 3. Minimizing the injection rate is important, as it reduces the maximum 
injection pressure at switchover, which also lowers the required clamping force. With polymeric mould inserts, 
a longer holding time is necessary due to two key factors. First, polymeric inserts have a thermal conductivity 
approximately two orders of magnitude lower than that of steel moulds. This difference leads to slower gate freeze 
and melt solidification. Second, the slower cooling rate amplifies product shrinkage, which can be compensated 
for by increasing the holding time. Furthermore, a prolonged delay time between cycles is essential to prevent 
the overheating and early failure of the polymeric inserts.

Initially, we injection moulded 10 cycles with a constant holding pressure of 75 bar to assess the stability and 
reproducibility of the process. Once stable production was confirmed with this parameter set, holding pressure 
was increased in increments of 25 bar in every second cycle. We varied holding pressure from 50 bar up to 
300 bar to evaluate the durability of the mould inserts. Following this, a further 10 cycles were injection moulded 
with a holding pressure of 125 bar, another 10 cycles with 175 bar, and a final set of 10 cycles with 225 bar.

3D scanning of the mould inserts
The dimensional accuracy of the mould inserts was evaluated with a GOM ATOS Core 5 M optical 3D scanner 
(Carl Zeiss GOM Metrology GmbH, Germany). The scanner provides a theoretical resolution of 0.01 mm. We 

Fig. 1.  The fixed side and the moving side of the test mould with the injection moulded plate. the dimensions 
are in mm.
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scanned the polymeric mould inserts as-printed to measure their baseline geometry. The inserts were then also 
scanned after post-curing for its effect on dimensional stability. We finally scanned the inserts a third time after 
the injection moulding series to quantify residual deformations after use.

Results and discussion
Specimen testing
Dynamic mechanical analysis
We performed dynamic mechanical analysis in temperature sweep mode and measured the storage modulus 
(E’) and loss factor (tanδ) (Fig.  2) to characterise the temperature dependence of the stiffness and the state 
changes of the two materials. The storage modulus at room temperature was 4055 MPa for the Rigid10K resin 
while it was 2960 MPa for the High Temp resin. It is because Rigid10K is a fibre-reinforced resin, while the 
High Temp resin does not contain additional reinforcement. The difference between the two materials gradually 
diminishes as the temperature increases and the two materials show the same storage modulus (1029 MPa) at 
123 °C. From that temperature, the High Temp resin exhibited significantly higher storage modulus, while the 
Rigid10K resin had minimal stiffness, especially above 150 °C. It is because the matrix material of Rigid10K 
is considerably less heat-resistant than the High Temp resin. The loss factor–temperature curves of the two 
materials are fundamentally different. The High Temp resin showed two slight local maxima: one 100 °C and one 
at 219 °C but no drastic changes can be observed on the curves. On the other hand, the Rigid10K resin shows 
one sharp peak at 140 °C indicating the well-defined glass transition temperature range of the material. Based 
on these results, the Rigid10K resin has higher stiffness below 123 °C but above that it enters its glass transition 
temperature range and the advantage in stiffness diminishes. For extreme high temperature applications, the 
High Temp resin is more suitable.

Creep tests
Creep is a major contributor to the deformation of polymeric injection moulds, particularly under elevated 
operating temperatures. The creep behaviour of polymeric materials was characterized by dynamic mechanical 
analysis (DMA) in creep time–temperature superposition (TTS) mode. Creep compliance (J) is defined as the 
ratio of time-dependent flexural strain (εfl.) and the applied constant flexural stress (σ₀), as expressed by Eq. (1). 
An increase in creep compliance indicates a higher tendency for time-dependent deformation under constant 
load.

Fig. 2.  Storage modulus (a) and loss factor (b) as a function of temperature for the high temp and the rigid10K 
specimens.

 

Processing parameters Unit Value

Clamping force t 5

Injection pressure limit bar 500

Injection rate cm3/s 15

Dose volume cm3 40

Switchover point cm3 26

Holding pressure bar 50 to 300

Holding time s 15

Residual cooling time s 30

Cycle time (from mould closing to mould opening) s 56.6

Overall cycle time (delay time included) s 300

Table 3.  Injection moulding parameters.
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J (t) = ϵ fl (t)

σ 0
� (1)

From room temperature to 80 °C, the creep compliance of Rigid10K is less than half that of the High Temp 
resin. It means that at this temperature range, the Rigid10K material suffers significantly lower viscoelastic 
deformation. It is caused by the fibre reinforcement of the resin and the fact that the matrix material is well below 
its glass transition temperature. In the 90–95 °C temperature range, the difference in creep compliance between 
the two materials gradually diminishes and they show almost the same creep compliance. In this temperature 
range, the matrix of the Rigid10K material gradually enters the glass transition range. At 120 °C, the Rigid10K 
resin shows excessive creep deformation (characterised by the large creep compliance). This temperature is well 
in the glass transition range of the Rigid10K matrix material. It indicates that Rigid10K is not ideal for extremely 
high temperature applications where the parts are subjected to mechanical load for a longer time (Fig. 3).

The accuracy of printing mould inserts and their dimensional stability after heat treatment
Dimensional stability is an essential requirement for injection moulds. The inserts were 3D scanned after 
printing and after thermal treatment. Figure 4 shows the scanning results of the HT resin insert as-printed and 
after thermal post-curing. The as-printed state shows direction-dependent shrinkage. The maximal dimensional 
deviations are around + 0.30 mm at the back of the insert, while they are − 0.50 mm and + 0.41 mm at the two 
perpendicular sides of the insert. Post-curing had a beneficial effect on the dimensional accuracy of the mould 

Fig. 4.  Dimensional accuracy of the high temperature mould insert as-printed and after post-curing.

 

Fig. 3.  Creep compliance of high temperature and rigid10K specimens after post-curing at different 
temperatures.
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insert. The dimensional deviations at the back of the mould insert were reduced by an average of 0.15 mm, 
meaning that post-curing can reduce the warpage-induced bending of the printed part. Post-curing did not 
have a fundamental effect on the dimensions in the two other perpendicular directions. The dimensional 
accuracy enhancing effect of post-curing improves the applicability of injection mould inserts printed by vat 
photopolymerisation.

Figure 5 presents the 3D scanned images of the Rigid10K insert as-printed and after post-curing. The 
dimensional stability of the Rigid10K insert also improved due to post-curing, which can be clearly seen at the 
back of the injection mould insert. The shrinkage of the Rigid10K material is not as direction-dependent as that 
of the High Temp insert. However, the remnants of the support structure can be clearly seen at the back of the 
moving-side insert, while it was negligible in the case of the High Temp insert.

Injection moulding tests
Injection moulding with increasing holding pressure
Following the thermal post-curing and scanning of the inserts, we conducted injection moulding tests. During 
these tests, the operational deformations of the injection mould inserts were measured with strain gauges. 
Initially, 10 cycles were injection moulded with a holding pressure of 75 bar. Subsequently, the holding pressure 
was increased in 25-bar increments from 50 to 300 bar, with two cycles injection moulded with each pressure. 
The default clamping force was 5 tons, but it was increased when excessive flash occurred due to partial mould 
opening, which typically occurred with holding pressures of 275 and 300 bar.

The shapes of the strain curves are similar for both materials. The curves start with a small drop at mould 
closing as the inserts are compressed by the applied clamping force. After that, the strains increase fast in the 
filling phase (~ 1.2 s). The fast increase in strain is caused by the melt, which is injected at high pressure and 
speed. After the switchover point from filling to holding, the curves diverge depending on the applied holding 
pressure. In the holding phase, the screw of the injection moulding machine is regulated to maintain a constant 
holding pressure. At lower holding pressures (50–150  bar), strain does not increase further in the holding 
phase because there is only a small amount of additional material injected into the cavity. This small amount of 
additional injected melt can barely compensate for the product shrinkage, which causes the lower strains of the 
mould insert. On the other hand, at higher holding pressures (175–300 bar) the amount of additional injected 
melt is considerably higher. At these holding pressures, strain increases even in the holding phase and the rise 
is proportional to the applied holding pressure. Maximum deformation is reached in the holding phase and a 
higher holding pressure results in maximum deformation delayed in time. In the late holding phase and the 
residual cooling time, the product cools down and transfers heat to the injection mould inserts. This heat causes 
three simultaneous phenomena: thermal expansion, creep and decrease in stiffness. These effects determine the 
shape of the strain curves until mould opening. At mould opening, the clamping force is removed and the part 
is ejected, which causes a stepwise increase in the strain curves. After the part is ejected, the mould insert cools 
down and the strain decreases in the idle time between the cycles. The maximum deformations of the High 
Temp insert were 0.17%, 0.23% and 0.29% at 250, 275 and 300 bar holding pressures, respectively. On the other 
hand, maximum deformations of the Rigid10K insert at these holding pressures were 0.02%, 0.03% and 0.05%, 
respectively. The results indicate nearly an order of magnitude difference in the maximum deformations which 

Fig. 5.  Dimensional accuracy of the rigid10K mould insert as-printed and after post-curing.
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is a substantial difference. This difference is caused by the higher stiffness and better creep resistance of the 
Rigid10K resin in the lower temperature range where the mould inserts operate. These maximum deformations 
prove that the Rigid10K resin is considerably better for prototype injection mould making in this heat and 
pressure load range (Fig. 6).

Repeatability tests with different holding pressures
Following the increasing holding pressure section, three series of repeatability tests were performed with 
different holding pressures. These holding pressures were the following:125 bar, 175 bar and 225 bar. Ten cycles 
were injection moulded with each holding pressure. Figure 7 presents the strain curves measured with a constant 
holding pressure of 175 bar. The maximum deformation of the High Temp insert was 0.04%, which occurred in 
the middle of the holding phase, while the maximum deformation of the Rigid10K insert was only 0.02% which 
happened at the end of the filling phase. If the maximal deformation occurs right at the end of the filling phase, 
it indicates that the elastic deformation component of the polymer is the dominant. However, when the maximal 
deformation occurs in the holding phase, it indicates that the viscoelastic deformation and creep are dominant.

Figure 8 presents the operational strains of the two mould inserts when a constant 225 bar holding pressure 
was applied. The maximum strain of the High Temp insert varied minimally between 0.17% and 0.18% and it 
occurred in the middle of the holding phase. On the other hand, the maximum strain of the Rigid10K insert was 
0.02% and it was measured at the end of the filling phase. The difference in the maximum strain can be explained 
with the results of DMA. The Rigid10K material showed considerably higher stiffness and significantly lower 
creep compliance in the lower temperature region, where the mould inserts operate. The operational strain 
results of the injection moulding tests are in accordance with the findings of the material tests.

Both materials showed minimal scatter in the strain curves, which means that both inserts can be used in a 
stable and reproducible injection moulding process.

Fig. 7.  Operational strain of the post-cured high temperature resin mould insert (a) and the post-cured 
rigid10k mould insert (b). holding pressure was a constant 175 bar.

 

Fig. 6.  Operational deformations of the high temp injection mould insert (a) and the Rigid10K injection 
mould insert (b) in the 50–300 bar holding pressure range.
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Cavity pressure acting on the mould inserts
The cavity pressure was also measured at the end of the flow length. Figure 9 presents the cavity pressure with 
constant holding pressure of 175 bar, measured in the cavity of the High Temp and the Rigid10K inserts. The 
first maximum on the cavity pressure curves corresponds to the end of volumetric filling and the compression 
of the melt in an early section of the holding phase. This first maximum typically occurs between 3 and 4 s. 
After that, the cavity pressure slowly begins to decrease until approximately 12 s in the case of the High Temp 
insert and 20 s in the case of the Rigid10K insert. Then, both cavity pressure curves slowly increase again. It is 
because the heat is transferred from the melt to the cavity insert, which results in the thermal expansion of the 
mould inserts. Thermal expansion compresses the cavity volume, which causes an increase in cavity pressure. 
The injection moulding parameters and the injection moulded material were identical and the cavity volume of 
the mould inserts is close to nominal as was already proved by 3D scanning. Therefore, the differences in the 
cavity pressure curves from approximately 11 s can be explained by the considerable difference in the coefficients 
of thermal expansion. The coefficient of thermal expansion of the High Temp resin is 87.5 μm/(m∙°C) while it 
is 47 μm/(m∙°C) for the Rigid10K material37. The more intense thermal expansion of the High Temp material 
causes the increase in cavity pressure in the residual cooling phase. As the clamping force is removed and the 
part is ejected, the compressive effect of the injection moulded product disappears and cavity pressure drops. The 
standard deviation of the cavity pressure curves is minimal in both cases, which means a stable and reproducible 
injection moulding process.

Temperature of the mould inserts
The volumetric temperature of the mould inserts was also measured at their back (Fig. 10). Both inserts operated 
in a nearly identical volumetric temperature range (25–54 °C for the High Temp and 25–56 °C for the Rigid10K 
insert). The cyclic variation of temperature is more significant in the case of the Rigid10K insert because its 
thermal conductivity is more than double that of the High Temp resin. This increase in thermal conductivity is 
caused by glass fibre content and the different formulation of the resin.

Fig. 9.  Cavity pressure in the high temperature mould insert (a) and in the rigid10k mould insert (b). holding 
pressure was a constant 175 bar.

 

Fig. 8.  Operational strain of the high temp mould insert (a) and the rigid10k mould insert (b). holding 
pressure was a constant 225 bar.
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The dimensional accuracy of mould inserts after injection moulding
The dimensional accuracy of the mould inserts was checked after the injection moulding tests. Figure 11 shows 
the 3D scanned images. Only minimal residual deformation can observed on the cavity surfaces of the two 
mould inserts. However, the High Temp insert cracked in the 70th cycle, when the holding pressure was 225 bar. 
Figure 12 presents the cracked High Temp insert after the injection moulding series. It was caused by the fatigue 
induced by the cyclic thermomechanical load. Alongside the crack, there was considerable pitting on the cavity 
surface as small pieces of material broke from there. The chipping of the cavity edges were also clearly visible. The 
Rigid10K insert did not show residual deformation or observable tool wear. It is because the glass fibre content of 
the resin increases its wear resistance. It is therefore recommended to primarily use the Rigid10K resin for rapid 
tooling tasks instead of the High Temp resin.

Conclusions

•	 Two high-performance photopolymers were compared which can be processed by vat photopolymerisation. 
The High Temp resin and the Rigid10K resin were compared by dynamic mechanical analysis in temperature 
sweep and creep test mode. The storage modulus of Rigid10K at room temperature was 4055 MPa while the 
High Temp resin showed 2960 MPa at that temperature. As the temperature increased, the difference in the 
storage modulus gradually diminished until 123 °C was reached. Above that temperature, the High Temp res-
in showed higher modulus. Creep properties had a similar tendency. The creep compliance of Rigid10K was 
considerably lower from room temperature to 90 °C. Above that temperature (in the 95–170 °C range), the 
Rigid10K resin suffered excessive creep deformation, while the High Temp resin showed only moderate creep.

•	 Two injection mould inserts were printed from the two resins. The inserts were 3D scanned after printing to 
check the dimensional stability of the AM process. The cavity surfaces of both inserts showed nearly nominal 
dimensions while their sides suffered considerable deformation. The inserts were then subjected to post-cur-
ing with a combination of heat and UV light. The applied post-curing reduced the warpage of both inserts, 
enhancing their dimensional accuracy. This is desirable for prototype injection mould making.

•	 Injection moulding tests were carried out after the 3D scanning of the post-cured injection mould inserts. 
The operational strains of the High Temp insert were 0.17%, 0.23% and 0.29% with holding pressures of 250, 
275 and 300 bar, respectively. The Rigid10K insert only showed 0.02%, 0.03% and 0.05% deformations with 
those holding pressures. The lower deformations of the Rigid10K insert indicate its better applicability in 
low-volume injection mould making. After the increasing holding pressure section, the inserts were subjected 
to constant holding pressures of 125, 175 and 225 bar for 10 cycles each. The High Temp insert showed higher 
deformation compared to the Rigid10K insert in all cases.

•	 Both the Rigid10K and the High Temp resins can be used in prototype injection mould making. The Rigid10K 
resin shows lower creep compliance and higher stiffness compared to the High Temp resin, which makes it 
more suitable for injection mould making tasks. Overall, vat photopolymerisation can be an appropriate addi-

Fig. 10.  Operational temperature of the high temp mould insert (a) and the Rigid10K mould insert (b).
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Fig. 12.  Crack and surface pitting of the high temp injection mould insert after the injection moulding test.

 

Fig. 11.  Dimensional accuracy of the high temp and the rigid 10K mould inserts after injection moulding.
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tive manufacturing process to print low-volume moulds. The finding that vat photopolymerisation is a suita-
ble additive technology for prototype injection mould making is a definite novelty. The dimensional accuracy 
of the printing process is still inferior compared to material jetting, but a further development of the printers, 
especially digital light processing (DLP) can eliminate these shortcomings. Vat photopolymerisation also al-
lows the printing of special, high-performance resins (fibre-reinforced or metal powder-filled) which cannot 
be processed by MJ. This way, the application of additively manufactured injection moulds can be enhanced.

Data availability
Data will be made available on request. If you would like to receive the research data, please write an email to 
[krizsmasz@pt.bme.hu] (mailto: krizsmasz@pt.bme.hu).
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