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Abstract 

Additive manufacturing techniques based on liquid resins, such as digital light processing (DLP), demonstrate higher resolution and accuracy 
than other printing techniques, but their applications have been hindered by the limited materials selection. Overall, there have been numerous 
successes in printing acrylic-epoxy resins but the final parts generally suffer from relatively poor mechanical properties. In this study, hybrid 
printable formulations that are based on acrylic-epoxy resins and ceramic filler are introduced and their printability on DLP machines is 
demonstrated. Here, we present an ultraviolet (UV) printed acrylic-epoxy with high Young modulus via a two-stage curing approach. Herein, 
different experiments are used to investigate the evolution of the materials properties during the post-process. Indeed, we conduct experiments to 
characterize the physico-chemical features and the evolution of mechanical properties before and after post-process. Finally we report the 
preparation of polymeric rapid tooling inserts with tailored mechanical and physical properties, which were used as injection molding cavities 
for prototyping and low volume production. 
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1. Introduction 

Additive manufacturing has been marked as the next industrial 
revolution because of its growing capabilities and flexibility in 
fabrication of complex structures in a cost efficient way [1-5].  
Due to its high resolution and rapid processability, this 
technique has been extensively investigated in the literature 
especially focusing on the printing parameters, such as building 
orientation and mechanical properties [6–8]. Among various 
3D printing technologies, digital light processing (DLP) 
demonstrates selectively rapid conversion of liquid monomers 
to solid polymers through UV light curing. 
Photopolymerization reactions rely on molecules which absorb 
the light radiation (typically between 250–450 nm) and 
generate reactive species, such as free radicals or cations, 
which start the polymerization reaction. Such a system allows 
an entire layer to cure and solidify at once. Indeed, during the 
printing, each new layer is intimately attached to the previous 

layer in liquid resin, which results in much uniform surface. On 
the other hand, photopolymerization is a complex chemical and 
physical process. In fact, the liquid monomer experiences a 
rapid liquid-to-solid transition in a few seconds, the molecular 
weight and polymer chain length grow with the degree of 
conversion. These changes during the curing process influence 
macroscopic material properties such as Young’s Modulus, 
glass transition temperature, and volume shrinkage. [9].  

However, DLP printing techniques are generally limited to 
single material printing, restricting the materials variation, and 
the functions of the resulting objects. Meanwhile, different 
hybrid formulations based on acrylic-epoxy systems and a 
methacrylic-epoxy system were investigated in the literature 
[9–11]. In this work, hybrid formulations that are based on 
acrylic and epoxy monomers loaded with ceramic filler, are 
studied. The aim of working with hybrid formulations is to 
achieve the functionalities that are present in each individual 
system (acrylic and epoxy), and to promote the formation of a 
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conversion. These changes during the curing process influence 
macroscopic material properties such as Young’s Modulus, 
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single material printing, restricting the materials variation, and 
the functions of the resulting objects. Meanwhile, different 
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hybrid polymer network which achieves better final properties 
thanks to its capability of bonding with both monomers [11]. In 
addition, after a light-induced polymerization during DLP 
processes, a UV and thermal post process is required to achieve 
a total polymerization of the hybrid formulations. During the 
post-process, the material properties of the cured polymer 
change dramatically. However, the thermal and UV treatment 
reaction kinetics and their impact on mechanical properties are 
not widely available in the literature, they are critical to 
determining the optimal post-process conditions, such as the 
thermal curing temperatures and UV-curing time. In this paper, 
different experiments are used to investigate the 
polymerization, and the evolution of material and mechanical 
properties during the processing. 
Therefore, the development of ceramic reinforced hybrid resins 
containing acrylic and epoxy is promising in industrial 
applications such as injection molding inserts [12]. In fact, 
there has been a growing need to develop injection molds that 
bridge the gap between low volume production and high-
volume production. Thus, injection molding based on polymer 
molds tends to pay off the cost of the molds especially in cases 
of low and medium volume production (<5000 parts). Hence 
polymer molds present several advantages such as time saving, 
reducing costs and being applicable to different shapes. This 
approach enables to product prototype molds, allowing a faster 
product development cycle, which make them ideal for low and 
medium-volume production. 

2. Experimental section and main results: 

2.1. Materials and methods 

The reactive system is based on two bifunctional monomers 
namely acrylic and epoxy, loaded with ceramic filler and 
provided by Prodways. Some characteristics of this reactive 
system are given in Table 1. Before use, the hybrid system was 
properly stirred for 2h at 25°C. The ingredients of the hybrid 
system are the following: Acrylates, epoxides, photo initiators, 
dyes, absorber, and inorganic fillers. 
Common DLP processes involve a UV light-induced 
polymerization that can be followed by a UV and thermal post 
process. The M120 DLP equipment was supplied by Prodways 
[13], the wavelength was 365 nm with UV light only. The layer 
thickness was 100 μm. After the manufacturing process, the 
extra resin was drained off from the product. Once the objects 
were obtained, a post curing was carried out in a UV-light oven. 
 
Table 1. Main characteristics of the hybrid system. Tg: glass 
transition temperature. η0: zero shear viscosity measured in 
steady shear with a cone-plate geometry, 2°. 

Material η0 (Pa.s) Tg (°C) % weight of  Ceramic 
Rigid 10500 4.3 70 60% 

The three-point flexural tests of all the composites were carried 
out on a Shimadzu AG-X tester (Japan) equipped with 
Trapezium® software with a 5-kN loading cell. The bending 
testing speed was 2 mm.min−1 and the span by sample 
thickness ratio equal to 16. The flexural test was conducted 
according to NF EN ISO 14125 under the standard laboratory 
atmosphere with a temperature of 23°C ± 1°C. A minimum of 

five flexural specimens were tested for each reported value. 
Final UV post-treatment was performed by exposing the 3D 
prints to UV irradiation (λ 365nm) for different time (2s to 14s 
UV exposure) and at temperature of 23°C ± 1°C. On the other 
hand, thermal post-treatment was performed alone (without 
any UV post-treatment) at different temperature ranging from 
40°C to 120°C, during fixed time (24 hours). 

2.2. Evolution of material properties during 
photopolymerization- photocuring behavior analysis 

Photocuring of the thermosetting acrylic-epoxy matrix has an 
important role on the performance of the composite so that an 
immature matrix will affect the structural properties of the 
composite during service life. Thus, it is required to inspect the 
photopolymerization behavior during the DLP process to find 
out the influence of processing parameters on the curing of the 
matrix. In this paper, in-situ experiments are used to investigate 
the polymerization behavior and the material property 
evolution during the 1st curing stage in the DLP machine. 
Herein, a small resin vat with glass bottom was placed in the 
3D printer and resin was added to the vat. By using the printing 
control software, a row of square images (15 mm side of the 
suare) array was projected for the desired time. After this 
curing time, the remaining resin was removed  
As a reminder, the resin curing time depends on the following 
“Ec/Dp” law: 

𝐶𝐶𝑑𝑑 = 𝐷𝐷𝑝𝑝 ln ( 𝐸𝐸
𝐸𝐸𝑐𝑐

)                                                                     (1) 

Where: 
𝐸𝐸 is the exposure energy, 𝐸𝐸𝑐𝑐 is the critical (or minimal) energy 
to start the polymerization; 𝐷𝐷𝑝𝑝 is the depth sensitivity of the 
photopolymerizable suspension, i.e. the curing depth for which 
the energy is the most efficient; 𝐶𝐶𝑑𝑑 is the resulting cure depth 
which corresponds to the received energy. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The cure depth of the acrylic-epoxy resin was investigated as 
shown in Fig.1. The hybrid formulation was photocured for 
various times at a constant UV power of ~12mW, resulting in 
different exposure energy amounts (E). The thickness of the 
photocured layers, which was measured using a micrometer, 

 
Fig. 1. Cure depth of the rigid 10500 resin, comparison of cure depth at 
different exposure energy values. 
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increased from 50μm to 400μm when the exposure time was 
increased from 0.1 to 1.5s. Correspondingly, Fig.1 is the plots 
of the cured depth of the photocuring as a function of energy 
density, which can be fitted by equation1. Thereby, Fig.1 
provides information about the required exposure time to cure 
a layer of 100 μm. Based on Equation (1), the calculated Ec and 
Dp are 11.7mJ/cm-2 and 0.245mm. This finding suggests that 
an exposure time of 1.1s would effectively photocure the 100 
μm thick layers of the resin. In this way the parameters Ec and 
Dp, required for the DLP process, were determined. On the 
other hand, to ensure a sufficient adhesion between the new 
cured layer and the previous one (interlaminar bonding) during 
the DLP process, the actual cure depth has to be larger than the 
layer thickness (around 10%). The effect of all these parameters 
can be expressed by the cure depth, which provides valuable 
information for setting up printing parameters such as curing 
time per layer, minimum thickness, required for DLP 
processing parameters. 
Furthermore, curing of our hybrid thermoset system may go 
through two curing stages. During the first one curing reaction 
proceeds in a liquid state, which is affected by the 
photopolymerization of reacting groups, and the physical 
mobility of polymer chains. In the second stage, the reaction 
takes place during the post-process step, in which the material 
is in a vitrified state. In this stage, the reaction rates decrease 
considerably, due to the fact that the mobility of the reacting 
groups becomes very restricted. 

2.3. Post-process optimization and mechanical properties 

The UV-curable resin forms a photopolymerized network after 
the 1st stage of UV curing, which ensures the transition from 
liquid to solid state. The 2nd stage takes place during the post-
process and must achieve UV and thermal curing of the acrylic 
and epoxy. Meanwhile, it is important to investigate the 
material property evolution during the post-process (UV and 
thermal). Herein, the mechanical properties of the parts 
obtained are considered as the most important characteristic 
which should be investigated to ensure that post-process 
conditions would not negatively affect the quality of the final 
parts. Therefore, the effect of UV and thermal post-treatment 
on the maximum flexural stress of test samples made with the 
hybrid system is investigated.  
Firstly, the characterization of flexural properties was carried 
out on specimens resulting from different UV post treatments 
conditions. These measurements should give information about 
the optimal curing conditions. The performance of the latter 
also depends on the process conditions and mechanical 
performance of the green sample (as-printed without any kind 
of post-treatments). The average values of the flexural modulus 
and the maximum flexural stress, defined as the maximum 
bending stress, are given in Fig.2a. It can be seen that the green 
sample has a moderate maximum flexural stress of 51 MPa and 
featured a flexural modulus of 2.8 GPa. Furthermore, UV post-
treated parts (2s to 14s UV exposure) exhibit improved 
mechanical performances of the printed parts as demonstrated 
by the pronounced increase in maximum flexural stress and 
flexural modulus. The parts made with the hybrid system with 
a UV exposure time of 10s present a flexural modulus of the 
order of 8.7 GPa and a maximum flexural stress stress of the 
order of 130 MPa. As shown in Fig.2a the results obtained with 
the samples which have undergone UV exposure for 12 s, 

indicate that the properties of the cured polymers are negatively 
affected by longer UV exposure time due to beginning of 
degradation. Thus, the results suggest optimal UV exposure 
time and corroborate the adhesion properties revealed by the 
morphological studies. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The second series of specimens, whose characteristics are 
presented in Fig.2b, have been obtained after different 
isothermal treatments alone. The effect of the various 
temperatures of treatment on the flexural behavior of materials 
was evaluated. At low temperature (<50°C), the flexural 
modulus and the maximum flexural stress reached 7.5 GPa and 
118 MPa respectively. When the temperature was raised to 
60°C, a significant increase in mechanical properties was 
observed. The flexural modulus and the maximum stress 
increased to 9.1 GPa and 156 MPa respectively in comparison 
with green sample. This is due to the increase of the crosslink 
density obtained from the epoxy reaction achievement. For 
holding temperatures above 60°C, a significant drop of the 
modulus and the maximum flexural stress was noted, indicating 
the start of thermal degradation or of different reaction 
mechanisms such as branching [12]. 
Fig.3 shows the Flexural modulus of hybrid systems with a 
combination of UV and thermal post-treatment. As it can be 
seen, the experimental results of printed parts manufactured 
under varying post process conditions differed quite 
significantly. It was found that the optimal post treatment 
conditions (UV 10s; T=60°C) significantly increased the 

 

 

Fig. 2. Maximum flexural stress and flexural modulus of hybrid system 
obtained at (a) different UV exposure times at room temperature. (b) 
Different isothermal temperature exposures for 24h without any UV 
treatment. 
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mechanical properties compared to UV-only or thermal-only 
post curing. The maximum flexural strength and modulus for 
all series of samples were obtained for a combined 10s and 24h 
at 60°C post curing (Table2). The improvement in maximum 
flexural strength with the increase of the isothermal 
temperatures from 40 °C to 60°C can be attributed to 
achievement of epoxy post reaction inducing higher conversion 
amount. Otherwise, the enhancement observed on glass 
transition can be attributed to denser epoxy network which 
results in the elevation of the flexural modulus as described 
above. In contrast, the mechanical results demonstrated a lower 
maximum flexural stress and modulus at the higher 
temperatures probably due to the branching of the polymer 
matrix and the possible degradation. Thus, choosing the UV 
exposure time during post-process in combination with 
adequate thermal treatment can raise the flexural strength and 
modulus of the resultant hybrid composites. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Table 2. maximum flexural stress and flexural modulus of hybrid system 
obtained at different UV and thermal exposure time. SD stands for standard 
deviation. 

 
Maximum flexural stress 

(MPa) 
Flexural modulus 

(MPa) 
Sample σ (MPa) SD  

(MPa) 
E  

(GPa) 
SD (GPa) 

Green 
sample 

51 0.6 2.8 0.3 

Post-
treated 
sample 

156 1.0 9.1 0.5 

 
Finally, the proposed ceramic-filled epoxy-acrylate based 
material can be used for manufacturing high-quality polymer 
mold cavities for injection molding applications such as in the 
automotive industry. Nevertheless, the performance of polymer 
molds must be judged after being exposed to aggressive 
conditions in the injection molding process (high temperature 
and pressure). The higher mechanical features of the mold 
inserts presented in this study with optimized post-processing 
conditions (Fig.4) clearly confirm the positive effect of post 
treatment, which was assessed by a larger number of plastic 
parts injected in the mold. Interestingly, the present results 
demonstrate the possibility of tuning the mechanical 

performance of the polymer mold and consequently the number 
of cycles of injection molding. Most importantly, we developed 
the method for the fabrication of the polymer insert and we 
showed that the obtained mold at optimized post treatment 
achieved more service life. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Fig. 4. (a) insert without post-process during injection molding and (b) insert 
with optimized post-process during injection molding 

3. Conclusions 

In the present work, an acrylate-epoxy based and ceramic-filled 
resin was successfully processed using DLP manufacturing 
method. This UV-assisted 3D printing process via a two-stage 
curing method can broaden the application of 3D printing to the 
processing of thermoset materials and enhanced mechanical 
properties and tunable properties can be achieved for high-
performance and functional applications such as polymer mold 
cavities. Herein, the printing parameters were optimized by 
using the cure depth results. The successful printing of the 
hybrid ceramic-filled polymeric network with good surface 
quality was demonstrated on a DLP printer. On the other hand, 
we investigated the evolution of mechanical properties in the 
hybrid system during the post-process. 
Herein, ceramic reinforced acrylate-epoxy composite 
processed by DLP, it was found that the mechanical properties 
of the obtained parts were generated by the post-process 
parameters. Thus, appropriately choosing the temperature and 
UV exposure time could drastically raise the flexural strength 
and modulus of the final part. Furthermore, it was proven that 
a subsequent thermal post-treatment enabled to improve the 
mechanical characteristics and the service life of the resulting 
polymer mold cavities by increasing Young’s modulus. As an 
example, post-treated parts were obtained with maximum 
flexural stress of 156 MPa and a flexural modulus of 9.1 GPa 
when combining 10s UV exposure followed by 24 hours 
isothermal treatment at 60°C. Moreover, mechanical and 
morphological studies enabled to highlight optimal post-

 

 

Fig.3. Evolution of mechanical properties of hybrid resin during combination 
of UV and thermal post-treatment. 

  
 

(a) After 120 injection molding cycles 
 
 
 
 
 
 
 
 
 
 
 
 

(b) After 500 injection molding cycles 
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process conditions.  
Finally, the proposed hybrid system was used for 
manufacturing high-quality polymer mold cavities intended for 
injection molding applications such as in the automotive 
industry. Interestingly, the obtained polymer mold 
demonstrated excellent service life as evidenced by the number 
of injection molding cycles. This work will pave a route for the 
additive manufacturing community to pay more attention to the 
role of the structural modification of the matrix and its 
influence on the whole final mechanical properties. 
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