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Abstract: Additive manufacturing, particularly Stereolithography (SLA), has gained widespread
attention thanks to its ability to produce intricate parts with high precision and customization ca-
pacity. Nevertheless, the inherent low mechanical properties of SLA-printed parts limit their use in
high-value applications. One approach to enhance these properties involves the incorporation of
nanomaterials, with graphene oxide (GO) being a widely studied option. However, the characteriza-
tion of SLA-printed GO nanocomposites under various stress loadings remains underexplored in the
literature, despite being essential for evaluating their mechanical performance in applications. This
study aimed to address this gap by synthesizing GO and incorporating it into a commercial SLA resin
at different concentrations (0.2, 0.5, and 1 wt.%). Printed specimens were subjected to pure tension,
combined stresses, and pure shear stress modes for comprehensive mechanical characterization.
Additionally, failure criteria were provided using the Drucker—Prager model.

Keywords: additive manufacturing; graphene oxide; nanocomposite; mechanical properties; combined
loadings; Drucker–Prager model

1. Introduction

The use of additive manufacturing (AM) techniques in the so-called Industry 4.0 has
been playing a crucial role in transforming the manufacturing processes of components with
complex geometries [1,2]. Often known as 3D printing, AM offers a rapid, efficient, and
highly customizable production of parts. Through 3D printing methods, computer-aided
design (CAD) models are transformed into diverse components made from various classes
of materials, such as ceramics, metals, and polymers [3–5]. Most 3D printing processes
for metals and ceramics involve the localized sintering of particles through the use of
collimated laser or electron beams, although other techniques such as binder jetting may
also be employed [6–8]. For polymers, the two main 3D printing techniques employed are
Filament Deposition Modeling (FDM) (also known as Filament Fused Fabrication—FFF)
and Stereolithography (SLA) [5,9,10].

The SLA method involves the deposition of layers of a three-dimensional solid made of
photopolymerizable monomers onto different kinds of substrates with the use of ultraviolet–
visible radiation [11–13]. Commercial SLA processes are predominantly based on pho-
topolymerizable resins derived from acrylate, epoxy, or urethane monomers [5,14,15]. In
most commercial SLA processes (also known as LCD-SLA or LCD 3D printing), a movable
substrate (Z-axis) is immersed in a photopolymerizable resin container [5,11], wherein,
below the resin container is positioned a high-resolution monochromatic screen, which
serves as a mask, controlling the deposition of layers in the solid [11,16,17]. The screen
usually permits the passage of 405 nm light (usually emitted from LED backlighting) for
resin curing in the designated region of the solid’s cross-section, while effectively blocking
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radiation in adjacent areas. Successive layers of solid sections are deposited upside-down
on the immersed substrate moving along the Z-axis [5,11]. Once the printing errors in SLA
are only related to the displacement error of Z-axis motor and the resolution of the LCD
screen, SLA-printed parts exhibit superior finish and dimensional accuracy compared to
FDM-printed parts, which might present errors associated with motors in all three axes, as
well as the printing resolution limitation and clogging issues related to the nozzle [18–20].

Despite its advantages in comparison to FDM 3D printing, the low mechanical
properties of the typically employed photosensitive resins often limit the use of SLA
to prototypes, molds, or aesthetic models. To enhance the mechanical properties and
other physicochemical characteristics, and, thus, increase the added value of SLA-printed
parts, additives, typically nanomaterials, are employed [15,21,22]. Among these rein-
forcements, graphene [5,22–24] and graphene oxide (GO) [14,21,25,26] stand out, although
the latter is preferred in nanocomposite applications due to its better dispersibility into
polymer matrices [24,27,28].

Graphene is a nanomaterial based on a single layer of carbon atoms arranged in a
hexagonal honeycomb lattice. It is an allotrope of carbon that has been widely studied
for various applications due to its exceptional mechanical properties and high thermal
and electrical conductivity [14,24,28]. On the other hand, GO is also a two-dimensional
nanomaterial based on a carbon skeleton. However, because of its oxygenated functional
groups, GO presents better interaction with organic solvents, improved dispersibility
in polymers, easier processability, and the ability to be easily functionalized with other
chemical groups compared to graphene [29–31].

The more prominent applications of GO are in electronics, photonics, optoelectronics,
sensors, drug delivery systems, and, primarily, nanocomposites [29–33]. In fact, various
studies in the literature demonstrate an increase in the modulus of elasticity and tensile
strength with the incorporation of GO at low concentrations (below 1 wt.%). Lin et al. incor-
porated GO into a commercial SLA resin (based on acrylate and methacrylate monomers)
at concentrations of 0.2 and 0.5 wt.%. The authors produced complex geometry specimens
using SLA 3D printing, which were evaluated through compression and tensile testing.
The test specimens printed with the resin containing 0.2 wt.% of GO exhibited an increase
of 24.9% in tensile strength, while those with 0.5 wt.% of GO showed a higher increase of
45.3% [21]. Manapat et al. incorporated GO at concentrations of 0.1, 0.5, and 1 wt.% into a
commercial SLA resin and evaluated the tensile strength of the printed nanocomposites.
Prior to mechanical testing, the authors conducted an annealing process at 50 and 100 ◦C for
12 h. They reported a 673.6% increase in the ultimate tensile strength for samples containing
1 wt.% of GO. The authors attribute this result to annealing, as it induces cross-linking
via acid-catalyzed esterification and the removal of intercalated water, thereby improving
filler–matrix interaction [3]. The literature indicates that the incorporation of GO into SLA
resins results in printed nanocomposites with enhanced mechanical properties [14,19,22].
Most of these studies evaluate the mechanical properties of printed samples under a single
stress mode, typically through tensile or compressive testing.

To the best of our knowledge, this is the first work in the literature that incorporates
GO as a nanofiller into SLA resins based on acrylic monomers and assesses specimens of
the same geometry under several modes of mechanical loading: pure tension, pure shear,
and combined stresses. It is worth noting that employing a multi-stress testing approach
represents real mechanical loading conditions, thereby offering significant advantages in
elucidating the mechanical properties of a material. For this purpose, a reduced Arcan
device was employed in conjunction with a universal testing machine. The Arcan device
enables testing of bi-trapezoidal (‘butterfly shaped’) specimens under combined loading
modes, with 0◦, 45◦, and 90◦ angles corresponding to pure tension, mixed stresses, and pure
shear, respectively [34–36]. The comprehensive elucidation of the mechanical performance
of GO-based nanocomposites is crucial to enable the application of these materials in more
fields, such as structural materials for the aerospace sector, custom-shaped electrodes, and
medical and dental applications [30,31].
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2. Materials and Methods
2.1. Materials

The graphite (Grafine 996100) was acquired from the company Nacional de Grafite
(Salto da Divisa, Brazil). H2SO4, H3PO4, HCl, and acetone were purchased from Labsynth
(Diadema, Brazil), while KMnO4 and H2O2 used in the synthesis of GO were acquired
from Sigma-Aldrich (São Paulo, Brazil). The GO-based nanocomposites were prepared
using a standard rigid acrylic photosensitive resin obtained from Shenzhen Creality 3d
Technology Co. (Shenzhen, China). This acrylic resin is transparent, with a dynamic
viscosity of 150–200 mPa.s, density of 1.15 g.cm–3, and an absorption band between 355
and 410 nm [37]. All reagents were used as purchased.

2.2. Synthesis of Graphene Oxide

The synthesis of GO nanoparticles was carried out based on the procedure proposed by
Marcano et al. [38]. In summary, 3 g of graphite was added to a mixture of H2SO4/H3PO4
(9:1 v:v) and maintained under constant agitation at room temperature. Then, 18 g of
KMnO4 was slowly added to the mixture. The mixture was heated to 50 ◦C and main-
tained under constant agitation for 12 h. Subsequently, the reaction was cooled to room
temperature, poured into 400 mL of ice, and 3 mL of 30% H2O2 was added. The reaction
was centrifuged at 4000 rpm for 4 h. The solid was then successively washed in 200 mL of
distilled water and 30% HCl solution, followed by two washes in ethanol. At each washing
step, the mixture was centrifuged at 4000 rpm for 4 h. Finally, the solid was coagulated in
200 mL of ether and dried under vacuum at 80 ◦C overnight.

2.3. Characterization of GO

Pristine graphite and GO were vacuum-dried overnight prior to the characterization
steps. X-ray diffraction (XRD) patterns were obtained using a Bruker D8-Focus X-ray
diffractometer (Billerica, MA, USA) with a CuKα (λ = 1.54 Å) radiation source, in the 2θ
range of 5–30◦, with a scan rate of 1◦/min.

Infrared spectroscopy operating in attenuated total reflection mode (FTIR-ATR) mea-
surements were conducted using Perkin Elmer Spectrum Two equipment (Hopkinton,
MA, USA). A total of 64 scans were performed over the range of 4000 to 500 cm−1, with a
resolution of 4 cm−1.

2.4. GO-Based SLA Resin Preparation

The procedure for dispersing GO in the acrylic resin was based on the works of
Manapat et al. [3] and Palaganas et al. [19]. GO was dispersed in acetone with sonication
assistance for 30 min at room temperature. Subsequently, the GO dispersion was added
to the resin with magnetic stirring for 30 min. Finally, this mixture was maintained under
constant agitation for 12 h at 50 ◦C for complete solvent evaporation.

The specimens were produced using an Anycubic Photon SLA 3D printer (Shenzhen,
China), operating at a wavelength of 405 nm to cure the layers of the printed parts. The
parts were printed with an exposure time of 120 s for the first six layers (bottom layers) and
45 s for subsequent layers. A 100% infill density was utilized. The printed specimens were
placed in a post-printing chamber equipped with 405 nm LEDs for 2 h and then subjected
to a vacuum oven at a temperature of 90 ◦C for 24 h to complete their cross-linking process.

2.5. Characterization of GO-Based Nanocomposites

Optical microscopy was conducted to assess the dispersion of GO in the resin prior to
the curing process. A small amount of each sample was deposited between glass slides
and lightly pressed using tweezers. Micrographs were taken using a Carl Zeiss Axio Scope
A1 optical microscope (Oberkochen, Germany). The particle size analysis was conducted
using ImageJ software version 1.54, and the results were expressed as confidence intervals
(at 95%).



Polymers 2024, 16, 1261 4 of 13

The viscosity of the mixtures was evaluated using a rotational rheometer Anton Paar
MCR 502 (Graz, Austria), employing a parallel plate geometry of 25 mm, with a shear rate
scan ranging from 1 to 100 s−1 at room temperature.

After the curing of the samples, the viscoelastic properties of the GO-based nanocom-
posites and pure acrylic resin were assessed by dynamic mechanical analysis (DMA) on a
rotational rheometer Anton Paar MCR 502 (Graz, Austria). Analyses were performed on
rectangular samples with dimensions of 40 × 10 × 2 mm, in torsion mode at a frequency of
1 Hz and shear strain of 0.5%. Temperature ramp was conducted from 25 to 140 ◦C at a
heating rate of 3 ◦C/min.

Mechanical tests under different loading modes were performed using a modified
Arcan device [35,39]. Trapezoidal samples were printed with gauge section dimensions of
17 mm width and 10 mm thickness. The schematic drawing of the test specimen is presented
in Figure 1a. Arcan tests were conducted on an Instron 3369 universal mechanical testing
machine (Norwood, MA, USA), with a load cell of 50 kN, and a displacement rate of
2 mm/min. Tests were performed at angles of 0◦ (pure tension), 45◦ (combined stress),
and 90◦ (pure shear). Figure 1 shows the assembled Arcan device and the mechanical
test modes.
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The fracture surfaces of the pure tension tests were coated with a thin layer of gold
(15 nm) and evaluated by scanning electron microscopy (SEM), using Jeol JSM-6010LA
equipment (Akishima, Japan) with an acceleration energy of 15 kV.

2.6. Failure Criterion

The mechanical results of normal stress (σn) and shear stress (τs) at failure, maximum
strength, were obtained from the measurements of the nominal stress component (σ)
from the multiple load tests using the Arcan device, at their respective loading angles (α).
Equations (1) and (2) are used to determine σn and τs, respectively:

σn = σcos(α) (1)
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τs = σsin(α) (2)

Based on the experimental data, a failure envelope was obtained to predict the failure
of GO-based nanocomposites, based on the Drucker–Prager theoretical model. The Drucker–
Prager model was initially developed for geomaterials based on elastoplasticity, considering
deviatoric and hydrostatic stress components [34]. In recent years, the model has been
satisfactorily applied in predicting the failure criterion of polymer materials, including
composites, adhesives, and adhesive joints [34,36,39,40].

The Drucker–Prager failure envelope is described by Equations (3)–(7):
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√
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(7)

where I1 and J2 are the first invariant of the stress tensor and the second invariant of the
stress deviator, respectively. λ is the contribution to the hydrostatic pressure of the material
and ν is the material’s Poisson coefficient. The value of ν = 0.4 for the acrylic resin was used
based on the work of Santos and Batalha [36].

3. Results and Discussions
3.1. Characterization of GO

The XRD pattern of pristine graphite and GO is presented in Figure 2. Graphite
exhibits a typical peak of the (002) plane at 2θ = 26.7◦, corresponding to an interplanar
distance (d) of approximately 3.43 Å according to Bragg’s Law [41]. Meanwhile, the (002)
plane of GO has shifted to 2θ = 9.9◦, resulting in a larger interplanar distance (d ≈ 8.96 Å)
when compared to graphite. This occurs due to the insertion of oxygen functional groups
into the interlayer galleries of GO [42].
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The FTIR spectrum of GO (Figure 3) indicates the presence of characteristic groups of
the nanomaterial. Typical intensity peaks of GO are present at 1724 cm−1, associated with
the stretching vibration of the C=O bond, 1622 cm−1 from the C=C bond present in the
aromatic ring, 1367 cm−1 from the stretching of C-OH, and the peak region at 1041 cm−1

associated with the epoxide C-O-C. The broad band, between 3000 and 3500 cm−1, is
associated with hydroxyl group stretching vibrations [42–44]. This result, together with
observations from XRD, demonstrates the successful synthesis of GO used in this work.
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3.2. GO Dispersion

Micrographs obtained from an optical microscope are an important technique that
allows for the rapid analysis of dispersed phases in polymers [45,46]. Figure 4 presents
the micrographs obtained for samples with different concentrations of GO in the resin.
As expected, the acrylic resin exhibits a significant interaction with the functional groups
of GO [3,14], resulting in a relatively uniform dispersion of GO particles, particularly
at lower concentrations of GO. The 0.2 GO sample (Figure 4a) shows well-distributed
GO with the formation of small aggregates, with an average size of 11.38 ± 1.38 µm. In
contrast, sample 0.5 GO (Figure 4b) exhibits a higher number of aggregates with a larger
average size of 14.3 ± 2.12 µm. At the higher concentration of GO (1.0 GO—Figure 4c),
even larger aggregates are formed, reaching sizes on the order of 160 µm and an average
size of 21.14 ± 3.28 µm. The formation of aggregates at higher concentrations of nanomate-
rials is consistent with previous findings in the literature [3,14,22], suggesting that higher
concentrations of GO promote stronger interactions between the nanomaterials through
van der Waals forces and π-π bonding [47].
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Viscosity is a crucial factor for the efficiency of UV curing, with an optimal viscosity
range typically falling between 200 and 1000 mPa·s [17]. If the viscosity is too high, it
takes longer for the resin to flow and fill the volume corresponding to the cured layer.
This extended time can exceed the exposure time of the next layer, leading to voids and
defects that compromise the printed parts’ finish and their mechanical properties. Figure 5
illustrates the viscosity curves of the resin at different concentrations of GO, demonstrating
a rise in viscosity as the concentration of GO increases, reflecting the strong interaction
between the resin and the functional groups of GO [14]. Nevertheless, the viscosity values
are within the ideal range for application. Specifically, at a shear rate of 1 s−1, the viscosity
of the pure resin measures 127 mPa·s, while that of the sample containing 1.0 wt.% GO is
208 mPa·s. Furthermore, the pure resin, as well as the samples containing 0.2 and 0.5 wt.%
of GO, exhibit Newtonian behavior across the entire range of shear rates. In contrast, the
sample containing 1 wt.% of GO displays non-Newtonian rheological behavior at low shear
rates, likely due to the presence of larger GO aggregates [47], as observed in the optical
microscopy images (Figure 4).
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3.3. GO-Based Nanocomposites
3.3.1. Viscoelastic Properties

After the UV curing process, the samples were subjected to DMA analysis (Figure 6).
Figure 6a demonstrates the storage modulus (G’) curves, while Figure 6b shows the damp-
ing factor (tan δ = G”/G’) curves. The G’ curve presents consistent behavior across all
sample conditions, with an initial high value in lower temperatures followed by a signif-
icant decrease attributed to the structural mobility of the polymeric matrix, resulting in
a G’ plateau at approximately 100 ◦C. This plateau, known as the rubbery plateau (GN),
directly correlates with the sample’s crosslink density [48]. Notably, there is no proportional
variation in the plateau modulus among the samples. The G’ values at 120 ◦C are detailed
in Table 1. On the one hand, the 0.2 GO sample demonstrates a G′ plateau slightly lower
than that of the pure resin (12.0 MPa compared to 12.6 MPa). On the other hand, at higher
GO concentrations, the 0.5 GO sample exhibits the highest GN value, 14.3 MPa. At the
end, the 1.0 GO sample shows a slight decrease in the GN, 13.2 MPa, compared to the
0.5 wt.% GO concentration. Nonetheless, it maintains a higher value relative to the pure
resin. This behavior may be attributed to two concomitant phenomena: (i) the addition of
nanomaterials reduces the depth of cure of the samples [14,20], consequently impacting
crosslink density; (ii) the incorporation of the reinforcement phase intrinsically enhances
the stiffness of the system, resulting in higher G’ values [45,49,50]. Therefore, the G’ value at
the rubbery plateau might be a consequence of the balance between these two phenomena.
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Table 1. Values of storage modulus (G’) and Tg from DMA.

Sample G’ at 120 ◦C (MPa) Tg (◦C)

Pure 12.6 67.5
0.2 GO 12.0 66.2
0.5 GO 14.3 64.2
1.0 GO 13.2 72.8

The tan δ curves indicate the structural mobility of the material, often correlating with
its energy dissipation [51], with their peak typically corresponding to the glass transition
temperature (Tg) of the sample. The Tg values are provided in Table 1. It is evident that
at low concentrations of GO, there is minimal variation in Tg compared to the neat resin,
with a slight tendency to decrease. This observation supports the hypothesis of reduced
crosslink density in the samples due to the addition of GO, as evidenced by the G’ values
at low GO concentrations. In contrast, the sample containing 1.0 wt.% GO exhibits a Tg
value 5.3 ◦C higher than the neat resin. This increase in Tg at higher GO concentrations
suggests that the presence of nanomaterials hinders the mobility of the polymer chain,
resulting in an elevated Tg [52]. Finally, all nanocomposites demonstrate slightly higher
tan δ intensity compared to the neat resin, attributed to the increased energy dissipation
rate at the polymer–GO interface [52,53].

3.3.2. Combined Load Experiments and Failure Criteria

Combined load experiments, such as those conducted using the Arcan device, enable the
acquisition of multidirectional data, facilitating a broader and more precise characterization of
the mechanical behavior of polymeric materials. Table 2 presents the nominal rupture stress
data (σ) obtained at multidirectional angles of 0◦, 45◦, and 90◦, as well as the contributions of
normal stress (σn) and shear stress (τs) derived from Equations (1) and (2), respectively.

Comparing the mean values of σ within the same sample condition (content of GO),
at different loading angles, it becomes apparent that the values fall within the same range,
consistent with findings reported in a hybrid composite system [40]. Additionally, when
analyzing samples with varying concentrations of GO, two distinct trends emerge: (i) sam-
ples with low GO concentration (0.2 wt.%) exhibit lower mechanical strength than the neat
resin; (ii) higher concentrations of GO (0.5 and 1.0 wt.%) demonstrate superior mechanical
strengths. In the former case, as previously noted, the addition of GO reduces the curing
depth of the sample, and the low GO concentration was insufficient to mitigate this effect.
In the latter case, at higher concentrations of GO, the mechanical reinforcement effect of the
nanomaterial predominates, especially with a more even dispersion. This is evidenced by
the 0.5 GO samples having higher mechanical strengths compared to the 1.0 GO samples.



Polymers 2024, 16, 1261 9 of 13

Table 2. Nominal (σ), normal (σn), and shear stress (τs) of GO-based nanocomposites in combined
load from Arcan device.

Sample Angle (◦) σ (MPa) σn (MPa) τs (MPa)

Pure
0 11.22 ± 1.06 11.22 ± 1.06 0

45 11.55 ± 0.71 8.17 ± 0.50 8.17 ± 0.50
90 11.10 ± 0.85 0 11.10 ± 0.85

0.2 GO
0 8.96 ± 2.36 8.96 ± 2.36 0

45 7.80 ± 1.82 5.52 ± 1.29 5.52 ± 1.29
90 10.00 ± 3.29 0 10.00 ± 3.29

0.5 GO
0 17.25 ± 2.02 17.25 ± 2.02 0

45 15.05 ± 0.32 10.64 ± 0.22 10.64 ± 0.22
90 17.78 ± 0.94 0 17.78 ± 0.94

1.0 GO
0 15.99 ± 1.16 15.99 ± 1.16 0

45 13.13 ± 0.89 9.28 ± 0.63 9.28 ± 0.63
90 15.81 ± 2.37 0 15.81 ± 2.37

Although experimental data under combined loadings allow for an initial analysis of
the mechanical behavior of nanocomposites, applying these data to a theoretical model
enables the determination of rupture strength values in all loading directions. For this
purpose, we employed the Drucker–Prager model, which delineates a failure envelope
across all stress and shear loading combinations.

Figure 7 presents the mean experimental data at different concentrations of GO, ac-
companied by the failure envelope (represented by a dashed line) obtained from the
Drucker–Prager model. It is evident that the pure resin does not exhibit good convergence
with the Drucker–Prager theoretical model. However, the model’s convergence is satis-
factory for GO-based nanocomposites. One characteristic of the Drucker–Prager model
is its consideration of the hydrostatic pressure component of the theoretical model [54],
making it particularly suitable for describing polymer materials with homogeneous plastic
deformation [55], while pure resin tends to exhibit brittle behavior.

Polymers 2024, 16, x FOR PEER REVIEW 10 of 14 
 

 

with the Drucker–Prager theoretical model. However, the model’s convergence is satis-
factory for GO-based nanocomposites. One characteristic of the Drucker–Prager model is 
its consideration of the hydrostatic pressure component of the theoretical model [54], mak-
ing it particularly suitable for describing polymer materials with homogeneous plastic 
deformation [55], while pure resin tends to exhibit brittle behavior. 

 
Figure 7. Failure envelope according to Drucker–Prager models (dashed lines) and average experi-
mental results (black dots) of (a) pure resin, (b) 0.2 GO, (c) 0.5 GO, and (d) 1.0 GO. 

3.3.3. Fracture Surface 
Figure 8 presents the SEM micrographs obtained for the GO-based nanocomposites. 

Consistent with observations from optical microscopy, low concentrations of GO do not 
exhibit aggregate formation, while such aggregates are evident in samples containing 1.0 
wt.% of GO (Figure 8d,e). It is also noteworthy to observe the change in the deformation 
pattern on the sample surface as a function of GO concentration. With the addition of the 
nanomaterial, a rougher pattern formed on the fracture surface of the samples, accompa-
nied by the development of plastic flow bands, especially at higher concentrations of GO. 
This phenomenon occurs because cracks are affected by the presence of the nanomaterial 
during their propagation. GO acts as a barrier to crack growth and promotes crack branch-
ing, ultimately leading to the formation of new fracture surfaces and enhancing the overall 
toughness of the sample [14,56]. The modification in the fracture surface morphology of 
the nanocomposites may be attributed to the improved convergence observed between 
experimental data and the Drucker–Prager theoretical model. 

Figure 7. Failure envelope according to Drucker–Prager models (dashed lines) and average experi-
mental results (black dots) of (a) pure resin, (b) 0.2 GO, (c) 0.5 GO, and (d) 1.0 GO.



Polymers 2024, 16, 1261 10 of 13

3.3.3. Fracture Surface

Figure 8 presents the SEM micrographs obtained for the GO-based nanocomposites.
Consistent with observations from optical microscopy, low concentrations of GO do not
exhibit aggregate formation, while such aggregates are evident in samples containing
1.0 wt.% of GO (Figure 8d,e). It is also noteworthy to observe the change in the deformation
pattern on the sample surface as a function of GO concentration. With the addition of the
nanomaterial, a rougher pattern formed on the fracture surface of the samples, accompanied
by the development of plastic flow bands, especially at higher concentrations of GO. This
phenomenon occurs because cracks are affected by the presence of the nanomaterial during
their propagation. GO acts as a barrier to crack growth and promotes crack branching,
ultimately leading to the formation of new fracture surfaces and enhancing the overall
toughness of the sample [14,56]. The modification in the fracture surface morphology of
the nanocomposites may be attributed to the improved convergence observed between
experimental data and the Drucker–Prager theoretical model.
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4. Conclusions

This study comprehensively evaluated the mechanical properties of SLA-printed
nanocomposites under combined loading tests, utilizing a commercial SLA resin incor-
porated with varying concentrations of graphene oxide (GO) at 0.2, 0.5, and 1.0 wt.%.
Analysis of GO dispersion in the resin revealed the tendency to form larger aggregates at
concentrations of 1.0 wt.% GO. Nevertheless, all samples exhibited viscosity ranges suitable
for additive manufacturing. Mechanical testing, conducted with an Arcan device, revealed
that samples containing a low GO concentration (0.2 wt.%) exhibited inferior mechanical
strength compared to the pure resin. Conversely, higher GO concentrations (0.5 wt.% and
1.0 wt.%) demonstrated superior mechanical strengths. Additionally, viscoelastic analysis
of the nanocomposites indicated an increasing trend in storage modulus (G’) with higher
GO concentrations. The highest G’ value was observed at 0.5 wt.% GO, demonstrating



Polymers 2024, 16, 1261 11 of 13

improved dispersion within the polymer matrix and suggesting an optimization between
UV matrix curing and GO stiffness.

Combined loading tests were conducted using an Arcan device, employing pure
tension, combined stress, and pure shear modes. The failure envelope, enabling failure
analysis in all loading directions, was obtained from experimental data using the Drucker–
Prager theoretical model. While the pure resin sample showed a small divergence with
the theoretical model, nanocomposites demonstrated a good fit. This observation was
attributed to the improved toughness of the samples with added GO, as also evidenced
by the analysis of the fracture surface morphology of the nanocomposites, allowing better
convergence with the Drucker–Prager model due to the hydrostatic pressure component of
the theoretical model.

Therefore, this study demonstrates the effectiveness of utilizing the Drucker–Prager
theoretical model to determine the failure envelope of SLA-printed GO-based nanocom-
posites. These results not only contribute to the advancement of additive manufacturing of
nanocomposites but also present opportunities for their application in new fields, drawing
on insights gained from their mechanical behavior under different loading conditions.

Author Contributions: Conceptualization, G.E.S.G., R.R.d.S.J. and D.J.d.S.; methodology, G.E.S.G.,
R.R.d.S.J. and J.R.G.; software, G.E.S.G. and R.R.d.S.J.; validation, G.E.S.G., R.R.d.S.J., J.R.G. and
D.J.d.S.; formal analysis, G.E.S.G., R.R.d.S.J. and J.R.G.; investigation, G.E.S.G. and R.R.d.S.J.; re-
sources, D.J.d.S.; data curation, G.E.S.G. and R.R.d.S.J.; writing—original draft preparation, G.E.S.G.
and R.R.d.S.J.; writing—review and editing, R.R.d.S.J., J.R.G. and D.J.d.S.; visualization, R.R.d.S.J.
and D.J.d.S.; supervision, D.J.d.S.; project administration, D.J.d.S.; funding acquisition, D.J.d.S. All
authors have read and agreed to the published version of the manuscript.

Funding: The Brazilian National Research Council (CNPq) for financial assistance under Grant no.
142544/2020-5.

Institutional Review Board Statement: Not applicable.

Data Availability Statement: The data presented in this study are available in this article.

Acknowledgments: The authors acknowledge the Multiuser Central Facilities (UFABC) for their
experimental support.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. de Armentia, S.L.; Fernández-Villamarín, S.; Ballesteros, Y.; de Real, J.C.; Dunne, N.; Paz, E. 3D Printing of a Graphene-Modified

Photopolymer Using Stereolithography for Biomedical Applications: A Study of the Polymerization Reaction. Int. J. Bioprinting
2022, 8, 182–197. [CrossRef] [PubMed]

2. Chen, Z.; Li, Z.; Li, J.; Liu, C.; Lao, C.; Fu, Y.; Liu, C.; Li, Y.; Wang, P.; He, Y. 3D Printing of Ceramics: A Review. J. Eur. Ceram. Soc.
2019, 39, 661–687. [CrossRef]

3. Manapat, J.Z.; Mangadlao, J.D.; Tiu, B.D.B.; Tritchler, G.C.; Advincula, R.C. High-Strength Stereolithographic 3D Printed
Nanocomposites: Graphene Oxide Metastability. ACS Appl. Mater. Interfaces 2017, 9, 10085–10093. [CrossRef] [PubMed]

4. Shah, M.; Ullah, A.; Azher, K.; Ur Rehman, A.; Akturk, N.; Juan, W.; Tüfekci, C.S.; Salamci, M.U. The Influence of Nanoparticle
Dispersions on Mechanical and Thermal Properties of Polymer Nanocomposites Using SLA 3D Printing. Crystals 2023, 13, 285.
[CrossRef]

5. Ponnamma, D.; Yin, Y.; Salim, N.; Parameswaranpillai, J.; Thomas, S.; Hameed, N. Recent Progress and Multifunctional
Applications of 3D Printed Graphene Nanocomposites. Compos. Part B Eng. 2021, 204, 108493. [CrossRef]

6. Lv, X.; Ye, F.; Cheng, L.; Fan, S.; Liu, Y. Binder Jetting of Ceramics: Powders, Binders, Printing Parameters, Equipment, and
Post-Treatment. Ceram. Int. 2019, 45, 12609–12624. [CrossRef]

7. Mirzababaei, S. A Review on Binder Jet Additive Manufacturing of 316L Stainless Steel. J. Manuf. Mater. Process 2019, 3, 82.
[CrossRef]

8. Gokuldoss, P.K.; Kolla, S.; Eckert, J. Additive Manufacturing Processes: Selective Laser Melting, Electron Beam Melting and
Binder Jetting—Selection Guidelines. Materials 2017, 10, 672. [CrossRef]

9. Wan, Z.; Zhang, H.; Niu, M.; Guo, Y.; Li, H. Recent Advances in Lignin-Based 3D Printing Materials: A Mini-Review. Int. J. Biol.
Macromol. 2023, 253, 126660. [CrossRef]

10. Guo, H.; Lv, R.; Bai, S. Recent Advances on 3D Printing Graphene-Based Composites. Nano Mater. Sci. 2019, 1, 101–115. [CrossRef]
11. Huang, J.; Qin, Q.; Wang, J. A Review of Stereolithography: Processes and systems. Processes 2020, 8, 1138. [CrossRef]

https://doi.org/10.18063/IJB.V8I1.503
https://www.ncbi.nlm.nih.gov/pubmed/35187285
https://doi.org/10.1016/j.jeurceramsoc.2018.11.013
https://doi.org/10.1021/acsami.6b16174
https://www.ncbi.nlm.nih.gov/pubmed/28230346
https://doi.org/10.3390/cryst13020285
https://doi.org/10.1016/j.compositesb.2020.108493
https://doi.org/10.1016/j.ceramint.2019.04.012
https://doi.org/10.3390/jmmp3030082
https://doi.org/10.3390/ma10060672
https://doi.org/10.1016/j.ijbiomac.2023.126660
https://doi.org/10.1016/j.nanoms.2019.03.003
https://doi.org/10.3390/pr8091138


Polymers 2024, 16, 1261 12 of 13

12. Park, H.K.; Shin, M.; Kim, B.; Park, J.W.; Lee, H. A Visible Light-Curable yet Visible Wavelength-Transparent Resin for Stere-
olithography 3D Printing. NPG Asia Mater. 2018, 10, 82–89. [CrossRef]

13. Kam, D.; Rulf, O.; Reisinger, A.; Lieberman, R.; Magdassi, S. 3D Printing by Stereolithography Using Thermal Initiators. Nat.
Commun. 2024, 15, 2285. [CrossRef] [PubMed]

14. Li, J.; Wang, L.; Dai, L.; Zhong, L.; Liu, B.; Ren, J.; Xu, Y. Synthesis and Characterization of Reinforced Acrylate Photosensitive
Resin by 2-Hydroxyethyl Methacrylate-Functionalized Graphene Nanosheets for 3D Printing. J. Mater. Sci. 2018, 53, 1874–1886.
[CrossRef]

15. Uysal, E.; Çakir, M.; Ekici, B. Graphene Oxide/Epoxy Acrylate Nanocomposite Production via SLA and Importance of Graphene
Oxide Surface Modification for Mechanical Properties. Rapid Prototyp. J. 2021, 27, 682–691. [CrossRef]

16. Quan, H.; Zhang, T.; Xu, H.; Luo, S.; Nie, J.; Zhu, X. Bioactive Materials Photo-Curing 3D Printing Technique and Its Challenges.
Bioact. Mater. 2020, 5, 110–115. [CrossRef] [PubMed]

17. Feng, Z.; Li, Y.; Hao, L.; Yang, Y.; Tang, T.; Tang, D.; Xiong, W. Graphene-Reinforced Biodegradable Resin Composites for
Stereolithographic 3D Printing of Bone Structure Scaffolds. J. Nanomater. 2019, 2019, 1–13. [CrossRef]

18. Tlegenov, Y.; San, W.Y.; Soon, H.G. A Dynamic Model for Nozzle Clog Monitoring in Fused Deposition Modelling. Rapid Prototyp.
J. 2017, 23, 391–400. [CrossRef]

19. Palaganas, J.O.; Palaganas, N.B.; Ramos, L.J.I.; David, C.P.C. 3D Printing of Covalent Functionalized Graphene Oxide Nanocom-
posite via Stereolithography. ACS Appl. Mater. Interfaces 2019, 11, 46034–46043. [CrossRef]

20. Fei, G.; Parra-Cabrera, C.; Zhong, K.; Tietze, M.L.; Clays, K.; Ameloot, R. Scattering Model for Composite Stereolithography to
Enable Resin–Filler Selection and Cure Depth Control. ACS Appl. Polym. Mater. 2021, 3, 6705–6712. [CrossRef]

21. Lin, D.; Jin, S.; Zhang, F.; Wang, C.; Wang, Y.; Zhou, C.; Cheng, G.J. 3D Stereolithography Printing of Graphene Oxide Reinforced
Complex Architectures. Nanotechnology 2015, 26, 434003. [CrossRef] [PubMed]

22. Markandan, K.; Lai, C.Q. Enhanced Mechanical Properties of 3D Printed Graphene-Polymer Composite Lattices at Very Low
Graphene Concentrations. Compos. Part A Appl. Sci. Manuf. 2020, 129, 105726. [CrossRef]

23. Lai, C.Q.; Markandan, K.; Luo, B.; Lam, Y.C.; Chung, W.C.; Chidambaram, A. Viscoelastic and High Strain Rate Response of
Anisotropic Graphene-Polymer Nanocomposites Fabricated with Stereolithographic 3D Printing. Addit. Manuf. 2021, 37, 101721.
[CrossRef]

24. Feng, Z.; Li, Y.; Xin, C.; Tang, D.; Xiong, W.; Zhang, H. Fabrication of Graphene-Reinforced Nanocomposites with Improved
Fracture Toughness in Net Shape for Complex 3D Structures via Digital Light Processing. C. 2019, 5, 25. [CrossRef]

25. Korhonen, H.; Sinh, L.H.; Luong, N.D.; Lehtinen, P.; Verho, T.; Partanen, J.; Seppälä, J. Fabrication of Graphene-Based 3D
Structures by Stereolithography. Phys. Status Solidi Appl. Mater. Sci. 2016, 213, 982–985. [CrossRef]

26. Xiao, R.; Ding, M.; Wang, Y.; Gao, L.; Fan, R.; Lu, Y. Stereolithography (SLA) 3D Printing of Carbon Fiber-Graphene Oxide
(CF-GO) Reinforced Polymer Lattices. Nanotechnology 2021, 32, 235702. [CrossRef] [PubMed]

27. Li, Z.; Young, R.J.; Kinloch, I.A. Interfacial Stress Transfer in Graphene Oxide Nanocomposites. ACS Appl. Mater. Interfaces. 2013,
5, 456–463. [CrossRef] [PubMed]

28. Young, R.J.; Kinloch, I.A.; Gong, L.; Novoselov, K.S. The Mechanics of Graphene Nanocomposites: A Review. Compos. Sci. Technol.
2012, 72, 1459–1476. [CrossRef]

29. Zhu, Y.; Murali, S.; Cai, W.; Li, X.; Suk, J.W.; Potts, J.R.; Ruoff, R.S. Graphene and Graphene Oxide: Synthesis, Properties, and
Applications. Adv. Mater. 2010, 22, 3906–3924. [CrossRef]

30. Ahmad, H.; Fan, M.; Hui, D. Graphene Oxide Incorporated Functional Materials: A Review. Compos. Part B Eng. 2018, 145,
270–280. [CrossRef]

31. Yu, W.; Sisi, L.; Haiyan, Y.; Jie, L. Progress in the Functional Modification of Graphene/Graphene Oxide: A Review. RSC Adv.
2020, 10, 15328–15345. [CrossRef] [PubMed]

32. Perrozzi, F.; Prezioso, S.; Ottaviano, L. Graphene Oxide: From Fundamentals to Applications. J. Phys. Condens. Matter 2015, 27,
13002. [CrossRef] [PubMed]

33. Chung, C.; Kim, Y.; Shin, D.; Ryoo, S.R.; Hong, B.H.; Min, D.H. Biomedical Applications of Graphene and Graphene Oxide. Acc.
Chem. Res. 2013, 46, 2211–2224. [CrossRef] [PubMed]

34. Mohapatra, P.C.; Smith, L.V. Characterization of Adhesive Yield Criteria Usingmixed-Mode Loading. J. Adhes. Sci. Technol. 2019,
33, 1248–1260. [CrossRef]

35. Créac’hcadec, R.; Sohier, L.; Cellard, C.; Gineste, B. A Stress Concentration-Free Bonded Arcan Tensile Compression Shear Test
Specimen for the Evaluation of Adhesive Mechanical Response. Int. J. Adhes. Adhes. 2015, 61, 81–92. [CrossRef]

36. dos Santos, D.J.; Batalha, G.F. Failure Criterion for Adhesively Bonded Joints Using Arcan´s Experimental Method. Polímeros
2014, 24, 441–445. [CrossRef]

37. Yu, L.; Zhu, Y.; Wu, Q.; Zhou, L.; Wu, X.; Zhang, Y.; Zhou, J.; Wang, Z. 3D Printing of Zirconia Nanoparticle/Boron Nitride
Nanosheet Multidimensional Reinforced Acrylic Matrix Composites for Self-Lubricating Materials. ACS Appl. Nano Mater. 2023,
6, 21532–21547. [CrossRef]

38. Marcano, D.C.; Kosynkin, D.V.; Berlin, J.M.; Sinitskii, A.; Sun, Z.; Slesarev, A.; Alemany, L.B.; Lu, W.; Tour, J.M. Improved
Synthesis of Graphene Oxide. ACS Nano 2010, 4, 4806–4814. [CrossRef]

https://doi.org/10.1038/s41427-018-0021-x
https://doi.org/10.1038/s41467-024-46532-0
https://www.ncbi.nlm.nih.gov/pubmed/38480705
https://doi.org/10.1007/s10853-017-1432-8
https://doi.org/10.1108/RPJ-06-2020-0114
https://doi.org/10.1016/j.bioactmat.2019.12.003
https://www.ncbi.nlm.nih.gov/pubmed/32021945
https://doi.org/10.1155/2019/9710264
https://doi.org/10.1108/RPJ-04-2016-0054
https://doi.org/10.1021/acsami.9b12071
https://doi.org/10.1021/acsapm.1c01519
https://doi.org/10.1088/0957-4484/26/43/434003
https://www.ncbi.nlm.nih.gov/pubmed/26443263
https://doi.org/10.1016/j.compositesa.2019.105726
https://doi.org/10.1016/j.addma.2020.101721
https://doi.org/10.3390/c5020025
https://doi.org/10.1002/pssa.201532761
https://doi.org/10.1088/1361-6528/abe825
https://www.ncbi.nlm.nih.gov/pubmed/33607638
https://doi.org/10.1021/am302581e
https://www.ncbi.nlm.nih.gov/pubmed/23286230
https://doi.org/10.1016/j.compscitech.2012.05.005
https://doi.org/10.1002/adma.201001068
https://doi.org/10.1016/j.compositesb.2018.02.006
https://doi.org/10.1039/d0ra01068e
https://www.ncbi.nlm.nih.gov/pubmed/35495479
https://doi.org/10.1088/0953-8984/27/1/013002
https://www.ncbi.nlm.nih.gov/pubmed/25419724
https://doi.org/10.1021/ar300159f
https://www.ncbi.nlm.nih.gov/pubmed/23480658
https://doi.org/10.1080/01694243.2019.1585058
https://doi.org/10.1016/j.ijadhadh.2015.05.003
https://doi.org/10.1590/0104-1428.1485
https://doi.org/10.1021/acsanm.3c03265
https://doi.org/10.1021/nn1006368


Polymers 2024, 16, 1261 13 of 13

39. Fernando, P.H.L.; Antonino, L.D.; Garcia, G.E.S.; de Sousa Júnior, R.R.; Neto, A.V.; Nakamoto, F.Y.; dos Santos, D.J. Effects of
the Incorporation of Modified Kraft Lignin on the Mechanical Properties of Epoxy Adhesive: Experimental and Theoretical
Approaches. J. Adhes. 2024, 100, 83–95. [CrossRef]

40. de Sousa Junior, R.R.; Gouveia, J.R.; Ito, N.M.; dos Santos, D.J. Failure Prediction of Hybrid Composite Using Arcan’s Device and
Drucker-Prager Model. Polym. Test. 2017, 58, 256–261. [CrossRef]

41. Shen, L.; Zhang, L.; Wang, K.; Miao, L.; Lan, Q.; Jiang, K.; Lu, H.; Li, M.; Li, Y.; Shen, B.; et al. Analysis of Oxidation Degree
of Graphite Oxide and Chemical Structure of Corresponding Reduced Graphite Oxide by Selecting Different-Sized Original
Graphite. RSC Adv. 2018, 8, 17209–17217. [CrossRef] [PubMed]

42. Dehghanzad, B.; Razavi Aghjeh, M.K.; Rafeie, O.; Tavakoli, A.; Jameie Oskooie, A. Synthesis and Characterization of Graphene
and Functionalized Graphene via Chemical and Thermal Treatment Methods. RSC Adv. 2016, 6, 3578–3585. [CrossRef]

43. Li, W.; Tang, X.-Z.; Zhang, H.-B.; Jiang, Z.-G.; Yu, Z.-Z.; Du, X.-S.; Mai, Y.-W. Simultaneous Surface Functionalization and
Reduction of Graphene Oxide with Octadecylamine for Electrically Conductive Polystyrene Composites. Carbon 2011, 49,
4724–4730. [CrossRef]

44. de Souza, Z.S.B.; Pinto, G.M.; Silva, G. da C.; Demarquette, N.R.; Fechine, G.J.M.; Sobrinho, M.A.M. Interface Adjustment between
Poly(Ethylene Terephthalate) and Graphene Oxide in Order to Enhance Mechanical and Thermal Properties of Nanocomposites.
Polym. Eng. Sci. 2021, 61, 1997–2011. [CrossRef]

45. de Sousa Junior, R.R.; Garcia, G.E.S.; Antonino, L.D.; Gouveia, J.R.; dos Santos, D.J.; Carastan, D.J. Dielectric Elastomers Based
on SEBS Gel: The Impact of Adding Kraft Lignin on Electro-Mechanical Performance. Express Polym. Lett. 2024, 18, 561–574.
[CrossRef]

46. Chiappone, A.; Roppolo, I.; Naretto, E.; Fantino, E.; Calignano, F.; Sangermano, M.; Pirri, F. Study of Graphene Oxide-Based 3D
Printable Composites: Effect of the in Situ Reduction. Compos. Part B Eng. 2017, 124, 9–15. [CrossRef]

47. Vallés, C.; Young, R.J.; Lomax, D.J.; Kinloch, I.A. The Rheological Behaviour of Concentrated Dispersions of Graphene Oxide.
J. Mater. Sci. 2014, 49, 6311–6320. [CrossRef]

48. Tavares, L.B.; Boas, C.V.; Schleder, G.R.; Nacas, A.M.; Rosa, D.S.; Santos, D.J. Bio-Based Polyurethane Prepared from Kraft Lignin
and Modified Castor Oil. Express Polym. Lett. 2016, 10, 927–940. [CrossRef]

49. Ramirez-Soria, E.H.; Bonilla-Cruz, J.; Flores-Amaro, M.G.; Garcia, V.J.; Lara-Ceniceros, T.E.; Longoria-Rodriguez, F.E.; Elizondo, P.;
Advincula, R.C. On the Effect of Ultralow Loading of Microwave-Assisted Bifunctionalized Graphene Oxide in Stereolithographic
3d-Printed Nanocomposites. ACS Appl. Mater. Interfaces 2020, 12, 49061–49072. [CrossRef]

50. Guo, B.; Ji, X.; Wang, W.; Chen, X.; Wang, P.; Wang, L.; Bai, J. Highly Flexible, Thermally Stable, and Static Dissipative
Nanocomposite with Reduced Functionalized Graphene Oxide Processed through 3D Printing. Compos. Part B Eng. 2021,
208, 108598. [CrossRef]

51. Wei, W.; Zhang, Y.; Liu, M.; Zhang, Y.; Yin, Y.; Gutowski, W.S.; Deng, P.; Zheng, C. Improving the Damping Properties of
Nanocomposites by Monodispersed Hybrid POSS Nanoparticles: Preparation and Mechanisms. Polymers 2019, 11, 647. [CrossRef]
[PubMed]

52. de Sousa Júnior, R.R.; Garcia, G.E.S.; dos Santos, D.J.; Carastan, D.J. Viscoelastic Behavior of Pressure-Sensitive Adhesive Based
on Block Copolymer and Kraft Lignin. J. Adhes. 2024, 100, 139–155. [CrossRef]

53. Wang, T.; Dalton, A.B.; Keddie, J.L. Importance of Molecular Friction in a Soft Polymer−Nanotube Nanocomposite. Macromolecules
2008, 41, 7656–7661. [CrossRef]

54. Luo, Y.; Kang, Z. Topology Optimization of Continuum Structures with Drucker–Prager Yield Stress Constraints. Comput. Struct.
2012, 90–91, 65–75. [CrossRef]

55. Bardia, P.; Narasimhan, R. Characterisation of Pressure-sensitive Yielding in Polymers. Strain 2006, 42, 187–196. [CrossRef]
56. Malek-Mohammadi, H.; Majzoobi, G.H.; Payandehpeyman, J. Mechanical Characterization of Polycarbonate Reinforced with

Nanoclay and Graphene Oxide. Polym. Compos. 2019, 40, 3947–3959. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1080/00218464.2023.2194535
https://doi.org/10.1016/j.polymertesting.2017.01.001
https://doi.org/10.1039/C8RA01486H
https://www.ncbi.nlm.nih.gov/pubmed/35539258
https://doi.org/10.1039/C5RA19954A
https://doi.org/10.1016/j.carbon.2011.06.077
https://doi.org/10.1002/pen.25715
https://doi.org/10.3144/expresspolymlett.2024.42
https://doi.org/10.1016/j.compositesb.2017.05.049
https://doi.org/10.1007/s10853-014-8356-3
https://doi.org/10.3144/expresspolymlett.2016.86
https://doi.org/10.1021/acsami.0c13702
https://doi.org/10.1016/j.compositesb.2020.108598
https://doi.org/10.3390/polym11040647
https://www.ncbi.nlm.nih.gov/pubmed/30970620
https://doi.org/10.1080/00218464.2023.2201443
https://doi.org/10.1021/ma800868z
https://doi.org/10.1016/j.compstruc.2011.10.008
https://doi.org/10.1111/j.1475-1305.2006.00272.x
https://doi.org/10.1002/pc.25256

	Introduction 
	Materials and Methods 
	Materials 
	Synthesis of Graphene Oxide 
	Characterization of GO 
	GO-Based SLA Resin Preparation 
	Characterization of GO-Based Nanocomposites 
	Failure Criterion 

	Results and Discussions 
	Characterization of GO 
	GO Dispersion 
	GO-Based Nanocomposites 
	Viscoelastic Properties 
	Combined Load Experiments and Failure Criteria 
	Fracture Surface 


	Conclusions 
	References

