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ABSTRACT
Additive manufacturing opens new possibilities for new designs and manufacture of architected metamaterials 
and nanocomposites. Among the 3D printing technology, vat polymerization is highlighted due its higher 
resolution, smother surface and printing speed. In spite of the growing interest in the Additive Manufacturing 
technologies and the potential benefits of graphene reinforcement to improve the properties of parts produced 
by vat polymerization-based 3D Printing; there is a lack in understanding of the effects of adding graphene to 
photosensitive vat resin. Therefore, in this study the effect of adding graphene (0.3 and 0.5%) on the chemical, 
thermal and mechanical properties of parts fabricated by vat polymerization of a standard photosensitive 
acrylic resin was determined. Graphene addition resulted in a minimal modification of polymeric structure; 
however, it had a significant impact in the UV curing. The addition of graphene nanoplatelets hindered the 
photopolymerization of standard acrylic resin as consequence a higher amount of unpolymerized monomers are 
found after printing. Regarding the mechanical properties, graphene addition promoted a slight improvement in 
the Elastic Modulus while decreased tensile and flexural strength and it had no significative impact in toughness. 
An additional thermal curing step can be an alternative to improve polymerization and mechanical strength. 
These findings contribute to a deeper understanding of the effects of adding graphene to vat polymerization and 
its potential and limitations.
Keywords: Vat polymerization; Graphene; Nanocomposite; 3D printing.

1. INTRODUCTION
Additive manufacturing has attracted a growing attention in a wide range of fields such as biomedical, 
automotive and aerospace sectors due its ability to produce complex parts in shorter production times with a low 
material waste [1, 2]. Furthermore, it opens new possibilities for new designs and manufacture of architected 
metamaterials and nanocomposites [2–4]. Among the 3D printing technology, vat polymerization is the oldest 
and most established technology. It is highlighted due its higher resolution, smother surface and printing speed 
[5, 6]. Vat polymerization is dived in three main technologies: Stereolithography (SLA), Digital Light processing 
(DLP) and Mask Stereolithography (MSLA). Among these technologies, MSLA is the most affordable, usually 
the resin is placed in a resin tank with transparent vat at the bottom, than the build platform is moved down to 
the resin tank an a UV light is projected from LCD screen in the vat with the image of each layer, the UV light 
cure the layer than the build platform moves up, the process is repeated until the part is finished [5–7].

Nanoparticles have been reported to enhance mechanical properties [8–10], conductivity/electrical  
[11, 12], thermal properties [13] and magnetic properties [14, 15] of polymeric parts produced by vat 
polymerization. Graphene nanoparticles have been highlighted due its unique combination of exceptional 
stiffness (1 TPa), strength (130 GPa), low density, electrical and thermal conductive (∼5000Wm−1K−1)  
[3, 16–18]. Incorporating graphene presents an opportunity to enhance the performance of components 
produced by vat polymerization based additive manufacturing processes [3].
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Recently many studies focused on developing graphene and graphene oxide reinforced polymers 
have been reported. For demonstration, ABDULLAH and ANSARI [19] investigated the effects of graphene 
oxide (GO) on epoxy composites prepared by casting method, their results showed a clear improvement of 
mechanical properties such as elastic modulus, strength and microhardness, however a decrease in the impact 
strength was observed. EDWARDS et al. [20] investigate the addition of graphene oxide as reinforcement in 
epoxy composites and demonstrate that by adding graphene oxide (up to 1%) the mechanical properties were 
increased. WAN et al. [21] obtained epoxy composites filled with GO and diglycidyl ether of bisphenol-A 
(DGEBA) with 61–75% improved strength, and 26–41% increased fracture toughness when compared to neat 
epoxy, furthermore the addition of GO and DGEBA increased the glass transition temperature and improved 
thermal stability. HOEPFNER et al. [22] analyze the effect of graphene oxide and graphene nanoplatelets on 
polyvinylbutyral (PVB) using dynamic mechanical analyses, they results indicate that increase in the degree 
of oxidation of the nanoreinforcements contributed to a better dispersion and adhesion of these to the polymer 
matrix. PROLONGO et al. [23] investigated the effect of adding graphene nanoplatelets (GNPs) to an epoxy 
resin and observed that GNPs addition usually increases stiffness, while reduces strength and the elongation due 
to weak interfaced formed between GNP and polymeric matrix. However, the use nanocomposites to improve 
performance of parts produced by vat polymerization are still limited [2].

MARKANDAN and LAI [24] were the firsts to report graphene polymer composite fabrication by 
vat polymerization, they introduced graphene varying from 0.01 to 0.1 wt.% in a commercial resin and use 
a stereolithography (SLA) printer to produce the samples. Graphene addition improved elastic modulus and 
strength, according to the authors the amount of graphene necessary to improve mechanical properties was much 
lower compared to order process. UYSAL et al. [25] produced graphene oxide/epoxy acrylate nanocomposite by 
SLA using a surface modified and unmodified GO and analyzed. The unmodified GO decreased tensile strength 
while the modified GO increased, the author attributes the pour performance of unmodified GO to its disordered 
structure which prevent a smooth chemical bond with the polymeric resin leading to weak linkage regions.

The results reported in the literature regarding the properties specially the mechanical properties of 
graphene polymeric nanocomposites produced by vat polymerization show a large variation. Graphene layer 
size, dispersion, oxidation state as well as interaction with the polymeric matrix play an important role in the 
composite properties. Graphene may result in different properties depending on which vat process (SLA, DLP, 
MSLA) is applied. Currently most studies have been focused on the SLA process. Furthermore, there are a 
number of resins available for vat polymerization such as acrylic, polyurethane, epoxy, PLA and ABS based 
resins. Graphene-polymer matrix interactions will change for each resin composition, so that graphene may be 
suitable reinforcement for some vat resins, but not for all. Therefore, more studies are still required to better 
understand the effects of adding graphene in vat polymerization.

As in innovation, in this study, graphene was added (0.3 and 0.5%) in a standard photosensitive acrylic 
based resin designed for vat polymerization; both graphene and vat resin are commercially available. A MSLA 
printer was used to produce samples. The graphene-polymer interactions were evaluated by infrared and Raman 
spectroscopy. Thermal properties were analyzed by DSC and TGA, and mechanical properties by tensile, 
compressive and impact tests.

2. MATERIALS AND METHODS
As starting materials were used a standard 3D Printer UV curable resin (Creality, China) and a graphene powder 
(Alpha Aeser, USA). The standard Creality resin is an acrylic based resin designed for 3D printer, 405 UV 
curable according to the manufacturer it has a density of 1.14 g/cm3, a viscosity of 300-400 cps, a hardness of 
85-90 D, an elongation of 9-12%, a flexural strength of 90-95 MPa, a tensile strength of 60-68 MPa and a shelf 
life of 12 months. The graphene powder consists of aggregates of graphene nanoplatelets which are individual 
sub-microparticles composed of small overlapping graphene sheets.

Graphene was added to the resin at a concentration of 0.3 wt.% and 0.5 wt.% prior to printing. In this 
study, the addition of higher amounts of graphene in comparison with previous reports in the literature [24, 25] 
were investiagted. The maximum amount of graphene was selected from our preliminary study [26]. The resin 
with graphene addition was mixed in a roller mixer for 180 minutes under 60 rpm to ensure the homogeneity 
of the mixture. Tensile specimens of 50 mm gauge length, 13 mm parallel section width and 2 mm thickness 
following the ASTM D-638, flexural specimens of 125 mm length, 20 mm width and 4 mm thickness (ASTM 
D-790) and impact specimens of 80 mm length, 10 mm width, 4 thickness (ISO 179) were printed using MSLA 
resin printer (Halot One, Creality, China). The printing parameters including layer height (50 µm) and exposure 
time (2.5 – 10 s) were adjusted to achieve better part accuracy. After the printing process, the specimens were 
carefully removed from the build platform, washed on isopropyl alcohol to remove unpolymerized resin from 
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the surface and an additional curing step was performed using a 405 nm UV light for 60 minutes, following the 
resin manufacturer instructions. The 3D printed samples were label as reference (neat resin), 0.5% GNP (resin 
with 0.3 wt.% graphene) and 0.5% GNP (resin with 0.3 wt.% graphene).

Fourier Transform Infrared (FT-IR) spectra (ATR mode) were recorded on a Bruker Vertex 70 
spectrophotometer in the 4000‒30 cm–1 range (4 cm–1 of resolution). Confocal FT-Raman spectra were recorded 
on a Bruker Senterra spectrophotometer using a 785 nm laser line, in the 3500–50 cm–1 region. Differential 
Scanning Calorimetry (DSC) analyses were conducted by a DSC-60 Shimadzu, with a heating rate of 10°C∙min–1 
up to 600°C under a nitrogen atmosphere. Termogravimetric Analysis (TGA) analyses were performed using 
a TGA-50 Shimadzu, with a heating rate of 10°C∙min–1 up to 600°C under a nitrogen atmosphere. Mechanical 
behavior at room temperature (ca. 24°C) with humidity of ca. 60% was investigated by means of tensile, 
flexural and impact tests. A universal-testing machine (EMIC-2000, EMIC, Instron, Brazil) was used to perform 
tensile and flexural tests. Tensile tests were performed in 6 samples of each composition with a speed of  
10 mm/min. Flexural tests were performed in 6 samples of each composition following ASTM D-790. The 
Charpy impact tests were performed in 10 samples of each composition in CEAST Resil 25 following ISO 179-1.

3. RESULTS AND DISCUSSION
The addition of graphene changes the color of the resin from transparent to black, in addition the printed part 
becomes opaque after curing. Parts without and with 0.3 wt.% GNP were successfully printed. However, the 
parts with 0.5 wt.% GNP were not completely printed, only few layers could be printed, as it can be seen in 
Figure 1.

FTIR spectra of samples produced from neat resin, resin with 0.3 wt.% GNPs and 0.5 wt.% GNPs 
are shown in Figure 2. The peaks at 2800-2900 cm–1 are related to vs(C-H) stretching which is present in the 
polymeric chain [27, 28], therefore they have a higher intensity in the samples produce from neat resin. The 
peaks at 1723, 1636, 1509, 1400, 1090-1300 cm–1 correspond to (C═O), (C═C), amide II vibration CH3 and 
C-O-C respectively [28]. The C═C peak can be an indicative of the presence of unpolymerized compounds. 
The relative intensity of peaks at 1723 and 1636 cm–1 corresponding to (C═O) and (C═C) bonds have been 
used in the literature to evaluated the degree of polymerization of acrylic based resins, since the (C=C) bonds 
presented in the methyl methacrylate monomer open to form (C-C) bonds in the large polymeric chain during 
polymerization, while (C═O) bonds is presented in both monomer and polymeric chains [29, 30]. In the samples 
containing graphene the peaks at 1723 and 1636 cm–1 are also related to (C═C) and (C═O) bonds of graphene 
and graphene oxide. Therefore, in this study the ratio between (C═O) and (C═C) bonds could not be used to 
measure the degree of polymerization.

Figure 1: Photographs of 3D parts produced by vat polymerization: (A) reference, (B) 0.3% GNP (C) 0.5% GNP.
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The Raman spectra of samples with 0.3 wt.% GNPs did not show any significant change in comparison 
with the neat resin samples (Figure 3). However, the samples produced from the resin with 0.5 wt.% GNPs 
showed prominent peak at ~1304 cm–1 bands, which is related to the D-band of graphene [21, 24].

Figure 3: Raman spectra of the parts produced from vat polymerization.

Figure 2: FTIR spectra of the parts produced from vat polymerization.
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The DSC curves of heating flow versus temperature of reference, 0.3% GNP and 0.5% GNP 3D parts 
are shown in Figure 4. In the parts produced from resin with graphene addition, it was observed an exothermic 
peak at 254ºC, this peak is related to thermal curing. The thermal curing peak intensity was increased in the  
sample with 0.5 wt.% GNP when compared to the sample with 0.3 wt.% GNP. The presence of thermal curing 
peak indicated that resin was not fully cured by UV light, and that amount of non-cured resin increased with 
higher content of graphene. These results indicated that graphene hindered UV-cure of the resin. LOPEZ DE 
ARMENTIA et al. [31] also observed that graphene addition can decrease the degree of photopolymerization 
in acrylic based resins. More studies are required to broaden understand the role of graphene on UV curing of 
3D printing resins.

Thermogravimetric analysis (TGA) and differential thermogravimetric analysis (DTGA) curves are 
shown in Figure 5 a and 5b, respectively. The TGA and DTGA curves indicate that the samples with GNP 

Figure 4: DSC curves of the parts produced from vat polymerization: reference, 0.3% GNP. and 0.5% GNP.

Figure 5: TGA thermograms (a) and dTGA thermograms (b) of the parts produced from vat polymerization.
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addition started to lose mass in lower temperatures compared to samples produced from neat resin. These 
results indicate the presence of compounds with lower boiling point, which can be related to the high content 
of monomers in the printed part. These results corroborate with DSC curves, indicating that UV cure was 
not completed and result in a higher content of monomers in the 3D parts with graphene addition. The main 
degradation temperature was not modified by graphene addition. The literature report by MANAPAT et al. [32] 
suggested that an annealing treatment can increase thermal stability of graphene-resin based nanocomposites.

The mechanical properties of reference and 0.3% GNP 3D printed parts are shown in Table 1. Mechanical 
tests were not performed in the parts with 0.5% GNP due to their low printability. Incorporating graphene as 
expected increased the elastic modulus, once graphene has a high stiffness. The increment on elastic modulus 
was, however, low compared to 3D parts produced by SLA reported in the literature [21, 24, 32], this result 
may be related to the higher content of monomers in graphene reinforced 3D parts. In SLA process the UV 
intensity is higher, and therefore may contribute to decrease the amount of unpolymerized compounds. Tensile 
and flexural strength were decreased by graphene addition, similar result was also observed by PROLONGO 
et al. [23] and may also be related to low polymerization degree. Nevertheless, DSC analysis indicated that 
adding thermal curing step in the graphene reinforced 3D parts can improve polymerization and as consequence 
increase strength and stiffness. The impact tests showed that the addition of graphene did not result in change 
the impact toughness of the samples.

4. CONCLUSIONS
This study provides a new outlook on understanding the effect of adding graphene nanoplatelets onto standard 
resin designed for vat polymerization. The addition of graphene nanoplatelets hindered the photopolymerization 
of standard acrylic resin as consequence a higher amount of unpolymerized monomers are found after printing. 
A higher amount of monomer contributes to decrease mechanical strength, nevertheless due to graphene high 
stiffness an improvement in the elastic modulus was observed. Vat polymerization of reinforced resins has large 
potential for many engineering applications. However, a major enhancement in terms of UV cure of graphene 
reinforced resins is required to improve polymerization of acrylic based resins and to utilize the full potential of 
the reinforcement in MSLA. An additional thermal curing step can be an alternative to improve polymerization 
and mechanical strength.
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