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Abstract: Three-dimensional (3D) printing is an astonishing technology that has enabled
the manufacturing of complex structures, with comparatively shorter times and the least
material consumption. Currently, Graphene is gaining remarkable attention, as a filler
material, used for the reinforcement of metal and polymer composites. In this paper, the 3D
printing system, based on the digital light processing (DLP) method, is employed for the
fabrication of bio-based resin specimens, to estimate their dynamic mechanical properties.
For this purpose, two graphene concentrations (0.5 and 1 wt%) were mixed in resin
(matrix) by a vortex mixer/shaker. The resultant mixture, in addition to the neat resin, was
utilized for producing the test pieces, at three different layer thicknesses (35, 50, 100 um).
A comparison of the mechanical properties, between the DLP-printed neat resin and
graphene/resin composite materials, was accomplished, to illustrate the impact of filler
(graphene nanoplatelets) and the printing process settings (layer thickness). These
determinants were assessed according to the microstructure and tensile characteristics of
the examined materials. The results of scanning electron microscopy (SEM) showed a fairly
even dispersion of graphene in the resin matrix. Moreover, it was found that smaller layer
thicknesses provide a higher tensile strength. Further, a decrease in Young's modulus,
tensile strength and elongation can be observed, with higher graphene concentrations.

Keywords: Photopolymerization; 3D Printing settings; Graphene platelets; Polymer
composites; Tensile strength; Young’s Modulus
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1 Introduction

A universal method for enhancing the mechanical properties of machined items
has not yet been suggested, despite the reports of numerous attempts. Thus, the
investigation and development of new materials that demonstrate high potential
outcomes are still being pursued. Graphene is one of the new materials exhibiting
an extraordinary prospect for mechanical property enhancement. It has attracted
considerable attention in the materials field over the last decade [1].

Due to the multi-functionality of this 2D-atomic crystal which combines unique
properties, such as, high electron mobility (250,000 cm?/Vs) at room temperature,
elevated thermal conductivity (5000 W/mK), large surface area in the order of
2630 m?/g, good electrical conductivity and a high modulus of elasticity, roughly
1 TPa, making it attractive for use in a broad range of applications [2]. The list of
potential applications includes electromechanical systems, high-end composite
materials, solar cells and supercapacitors [3].

Simultaneously additive manufacture (3D printing) is gaining more and more
momentum owing to its versatility [4]. The ability of 3D Printing to create solid
bodies layer by layer is magnificent [5] [6]. In mechanical engineering today's
world, the applications of additive manufacture are very useful for the
development and research of various components, covering from simple structures
utilized in everyday life, up to complicated elements, in aerospace applications
[7]. 3D printing supplies many advantages, such as, precision, simplicity,
reliability, etc. [8].

One of the earliest additive manufacturing techniques was Stereolithography (SLA
or SL) also known as optical fabrication, stereolithography apparatus, resin
printing, or photo-solidification, which was invented by Chuck Hull in 1984 [9].
It harnesses the power of light, especially the ultraviolet light (UV), to cause
chemical monomers and oligomers, to cross-link together, to create polymers, this
process is called polymerization [10]. Digital light processing (DLP) is an additive
manufacturing technology, also based on the photopolymerization principle, as
SLA [11]. This method uses photocurable resins (polymer) to rapidly build an
individual layer, of the desired 3D object, through spatially controlled
solidification, using ultraviolet projected light [12]. It is characterized with less
shrinkage, high resolution, produces smooth surface elements and fast
performance [13] [14].

The study of graphene-based composites' mechanical properties is becoming
increasingly common in academia and industry. Three techniques are being used
to prepare graphene-composite or graphene oxide-composite:

In situ intercalative polymerization, where graphene or graphene oxide is
first swollen (in the liquid monomer), then a suitable initiator is dispersed and
polymerization reaction progresses by heat or radiation [15].
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Melt intercalation, graphene or graphene oxide is mechanically mixed with
polymer (thermoplastic) at raised temperatures [16]

Solution intercalation, which involves three steps: dispersion of graphene or
graphene oxide in a suitable solvent, polymer addition, and removal of
solvent [17].

The previous studies have reviewed the mechanical properties of
graphene/polymer composites. The melt intercalation technique is usually used
because controlling mixing and printing parameters are simple. The graphene has
done a tremendous job in enhancing the mechanical properties of the polymers
using the fused deposition modeling (FDM) technique [18-21]. Showing an
increase in Young’s modulus, stiffness, thermal and electrical conductivity. Some
other researchers used powder bed fusion technology and added graphene to a
metallic matrix [22].

Implementing graphene into photopolymerization technology (such as SLA/DLP)
is very complex to control the homogeneity of the graphene within the polymer
matrix (solution intercalation). This resulting in a nanocomposite material which
is a perfect condition where layers of graphene are completely dispersed into the
polymer matrix. The main challenge is how to diffuse graphene or graphene oxide
equitably within the bulk. As a result, the number of published articles, is not
sufficient to make a concrete conclusion concerning the effect of graphene on
mechanical properties.

In all the previous work, especially using the photopolymerization method, the
researchers were using sophisticated techniques to mix the graphene or the
graphene oxide into the polymer matrix. The proportions that were used were
under 1 wt%, in a controlled temperature. In this work, the effect of graphene on
the mechanical (tensile) characteristics of graphene/resin composite 3D printed
specimens, by the DLP technique, was studied. Meanwhile, robust industrial
measures were carried out to mix the graphene within the resin using a relatively
higher graphene percentage compared to the previous work. The composite
mixture was with two graphene concentrations (0.5 and 1 wt%). The 3D printing
was performed employing three printing layer thicknesses (35, 50, 100 um).
In addition, the microstructural features of graphene/resin composite were
examined. Based on the obtained results, the influences of graphene existence and
varying process parameters (layer height) on the mechanical properties of the
composite were investigated.
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2 Materials and Methods

2.1 Materials and Preparation of Composite

The Bio-based Photopolymer resin (eResin PLA) supplied by Shenzhen Esun
Industrial Co., Ltd (China) was used as a matrix for the composite filler. This resin
is a light-curable chemical liquid, with a white color. It could be cured at a
wavelength range from 395 to 405 nm, to convert to a solid state. At 25 °C, it has
a viscosity of 200-300 MPa.s, meanwhile, its density is 1.07-1.13 g/md.
The chemical composition of the utilized photopolymer resin material as specified
in the datasheet of the product is presented in Table 1 [23].

Table 1
Chemical ingredients of the employed photopolymer resin material [23]
Chemical name Percentage by weight (wt%6)
Polyurethane acrylate 30% min
Monomer 30% min
Photo initiators 5% max
Color pigment 5% max

Graphene nanoplatelets purchased from Nanografi Nano Technology Co. (Ankara,
Turkey) [24] consisting of platelet-shaped graphene sheets (short stacks) in a
planar form. This nanomaterial is colored black and with a purity of 99.90%.
Its particles having a diameter of 1.5 um and an average thickness of 3 nm besides
a surface area of 800 m?/g. Due to their pure graphitic composition, the graphene
nanoplatelets are characterized by excellent thermal and electrical conductivity
(1500-1980 s/m) [24].

The flowchart displayed in Figure 1 represents the sequence and steps of the
experimental work that was accomplished in the present study. The experiments
were conducted at Szent Istvdn Campus, MATE University, Godolls, Hungary,
specifically in 3D printing and mechanical testing laboratories. Both 3D printing
resin material (matrix) and graphene (filler) were used to prepare the composite
and then fabricating the specimens. These materials concentration was weighed by
means of a Sartorius brand laboratory scale (Sartorius AG Co., Gottingen,
Germany) which has an accuracy of 0.001 g. Thereafter, the materials were put
into a container to prepare the mixture. This container is a centrifuge tube (50 ml
in volume) made of polypropylene plastic with a conical bottom shape. Further,
aluminum foil was used to fully cover the tube and make it opaque to avoid any
light transmission from the lab room into the resin which may cure it. A vortex
mixer shaker (FOUR E's brand, FOUR E's Scientific Company, Guangzhou,
China) device has been used to mix the components of the composite material
(resin with graphene) put in the centrifuge tube at 3000 rpm shaking speed.

—146-



Acta Polytechnica Hungarica Vol. 18, No. 8, 2021

When the tube's conical bottom press onto the rubber piece of vortex mixer which
is in contact with an electric motor, the rubber cap oscillates immediately in a
circular motion owing to the motor running (See the vortex mixer/shaker in
Figure 1). Thus, a vortex is created inside the tube as a consequence of the motion
conveyed to the liquid. The mixture converts to fully black colored in a couple of
seconds after starting the mixing process by the vortex mixer, despite the neat
resin is white. This intimates the dispersion of graphene nanoplatelets throughout
the resin. In order to increase the likelihood of a homogeneous mixture, the
mixing process lasted for five minutes. Using this mixture (graphene/resin
composite) as well as the neat resin (to determine the effect of graphene), the
tensile testing specimens were fabricated with different parameters by 3D printing.

Moreover, post-processing was performed after the samples were printed to ensure
that the resin was entirely cured. The post-printing process included heating the
specimens for 30 minutes in the oven up to 60 °C. Then, these objects were
exposed for 30 minutes to ultraviolet light (UV) at a wavelength of 405 nm as per
recommended by Formlabs [25]. A schematic diagram of the UV light cure unit
used is depicted in Figure 2a. This UV cure chamber was made from scratch
where a nail salon UV lamp with 36 watts was modified to fit into a box for
holding up the specimens. Aluminum (foil) mirror was employed for lining the
box from inside to decrease the light losses by increasing the reflectivity. In
addition, a transparent plastic sheet was added, as a shelf inside the box, to ensure
UV light exposure, to all sides of specimens, at once.
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Figure 1
Flowchart for the experimental work sequence
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Some graphene/resin composite samples were examined by scanning electron
microscope (SEM) to inspect whether the graphene platelets were successfully
incorporated. To this end, an EVO 40 SEM (Carl Zeiss AG Co., Oberkochen,
Germany) was used to take many images for the surface morphology of the
samples at various magnifications. Finally, the tensile tests were carried out for all
manufactured specimens. More details about the 3D printing of specimens and
tensile tests are described in the subsequent sections.

2.2 3D Printing of Test Specimens

Tensile test samples were produced with the WANHAO D7 V1.5 3D printer
operating, according to a digital light processing (DLP) 3D printing method, that
uses a photo-polymerization mechanism. AutoCAD program was utilized to
design the specimens’ 3D model. CreationWorkshop software which has as its file
extension format, “.cws”, was recommended by the manufacturer for the purpose
of slicing the model. The course of action (procedure commands) of the sliced 3D
model was uploaded into the 3D printer in accord with the parameters set during
the slicing.

The tensile test pieces were the dog-bone shape modeled according to the standard
ISO 527-2: 2012 type 1BA [26]. The specimens were built at an On-edge
orientation (see Figure 2c¢) owing to the reliability of this build orientation as
confirmed in literature [27-29]. These samples were fabricated at three layer
heights (100, 50, and 35 pum) to investigate the influence of print layer thickness
(see Figure 2d) on the mechanical properties. In terms of the printing materials,
neat (pure) resin as well as graphene/resin composite with two different graphene
concentrations (0.5 and 1 wt%) were used for the manufacture of specimens.
This was done to assess the effect of graphene platelets’ existence. At least, four
identical specimens were printed for each print condition, i.e., for each individual
manufacturing parameter, four similar pieces have been prepared. The actual
physical appearance of the printed samples is pictured in Figure 2b.

Due to the diversity of parameters (different materials and print thicknesses), the
specimens were highlighted with a description code for each one using various
numbers and colors for easier traceability. The description included the layer
height, graphene content, and the order of the sample within the same set. These
identifying codes were manifested at the top face of the test pieces as displayed in
Figure 2b. The tensile test specimens of graphene/resin composite material still
fixed on the printing platform (after printing directly and before post-processing)
are shown in Figure 2e.
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2.3 Tensile Tests

As mentioned in section 2.2, the tensile test pieces were modeled following I1SO
527-2, type 1BA, with an overall dimension of 75 mm x 10 mm x 2 mm (length x
width x thickness, consecutively) for the measurement of tensile
strength/modulus. Prior to measurement, the samples were conditioned for 24
hours in a room with a climatic of 23-25 °C and 45-50% as temperature (T) and
relative humidity (RH), respectively. The tensile mechanical properties were
examined for all printed specimens by a universal testing machine (Zwick / Roell
Z100, Germany) with employing the standard for tensile testing of polymers 1SO
527 [30]. During the test, both ends of the sample were attached to the grip, and
testing was performed at a velocity of 5 mm/min until the test piece broke down.
In order to yield confident data, four samples were tested for each condition and
their average was calculated. The essential mechanical properties including
Young's modulus (modulus of elasticity), ultimate tensile strength (UTS),
elongation at break, and elongation at UTS were obtained from each specimen’s
stress-strain curve. The modulus of elasticity (E) was calculated using Hooke’s
law, in all stress-strain points:

E=ok 1)

where o is the tensile stress (applied force/cross-sectional area) and « is the tensile
strain (change in length/initial length). For reliable results, the Young's modulus
was determined by taking the gradient of the line on two points fitted at the 10%
and 60% in the stress-strain plot. The stress-strain curves gained from specimens
were compared to investigate the variance in specimens' mechanical properties
fabricated in different conditions (layer height and graphene concentration).
Table 2 provides a summary of the tensile specimen dimensions used and
parameters performed throughout the tests.

Table 2
The specimen dimensions and the implemented parameters during the tensile tests

Parameter Value
Overall length 75 mm
Specimen Gauge length 25 mm
dimensions ) Width 5 mm
Gauge cross-section -
Thickness | 2 mm

Testing standard 1SO 527-1:2012
Tensile velocity, v 5 mm/min
Relative humidity, RH 45-50 %
Ambient temperature, T 23-25°C
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Figure 2
(a) Schematic of the used ultraviolet light unit. (b) The 3D printed tensile test specimens with different
graphene content. (c) Screenshot from the slicing software for the tensile sample printed at On-edge
build orientation. (d) Illustration for print layer height of test piece during the manufacture. (e)
Specimens after printing instantly.
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3 Results and Discussion

3.1 Microstructure Investigation

After mixing the graphene platelets with resin by the Vortex mixer/shaker, some
pretest specimens were printed. The morphology and microstructure of these
samples’ surfaces were investigated by taking SEM images (Figure 3a-d). It was
mentioned in Section 2.1 that the graphene platelets have a diameter of 1.5 um and
an average thickness of 3 nm, thus they are quite tiny. Figure 3a&b displays the
surface morphology of the graphene/resin specimen where it can be seen that the
graphene nanoparticles were successfully incorporated into the eventually printed
structure. The graphene nanoplatelets seem to be spread throughout the matrix
fairly. Some pits are also visible at the surface which indicates the existence of
porosity that might be more prominent in the internal structure of printed pieces.
The interior morphology of a fractured specimen is depicted in Figure 3c&d. The
graphene nanoplatelets were also found and have appropriately integrated within
the bulk.

In other respect, increasing the graphene addition to the polymer matrix made it
somehow arduous to be printed especially beyond 2 wt%. This is due to the
graphene nanoparticles give rise to scattering the UV light which causes difficulty
to the resin for being fully cured. Numerous research in literature have reported
that the photopolymerization 3D printing (light-based systems) of
graphene/polymer composite could be only achieved with a low concentration of
graphene, reached up to 0.1 wt% in these works [31] [32] and 0.5 wt% in others
[16, 33]. However, for this study, the preparation method of the graphene/resin
composite (by Vortex mixer/shaker) sounds excellent, as the composite material
was efficiently printed with even a graphene concentration of 1 wt%.

3.2 Mechanical Behavior

The mechanical behavior of DLP 3D printed components is discussed in this
chapter. To investigate the effect of strengthening the polymer composite, using
graphene, on the mechanical properties, tensile test samples were 3D printed
under different printing conditions. The variables of the experiment included the
print layer thickness (height) and the graphene concentration to resin. Three print
layer heights (35, 50, and 100 um) were examined and two graphene ratios (0.5,
and 1 wt%) were assessed. An average of four identical test pieces was taken for
each inspected condition. The mechanical properties were reviewed through
evaluating the stress-strain curves which implicitly assisted to obtain Young's
modulus, ultimate tensile strength (UTS), elongation at break, and elongation at
UTS for each specimen's data. The subsequent sections present the influence of
layer thickness firstly, and then followed by the impact of graphene attendance.
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Figure 3
The morphology of graphene/resin specimen (a) & (b) at the surface; (c) & (d) in the interior structure
after fracture

3.2.1  Impact of Layer Thickness

The stress versus strain curves under a load of tensile testing for different layer
thickness (35, 50, and 100 pum) specimens are demonstrated in Figure 4. These
curves for the test piece materials of 0 (neat resin), 0.5, and 1 wt% graphene
concentration are displayed in Figure 4a, b, and c, respectively. In general, the
highest tensile strength attitude was observed in the layer thickness of 35 pm
(lowest height). This is because the strength of 3D printed objects enhances with
the increase in the number of the layers [34], as the lower the layer height the
more the number of layers. Therefore, the neat resin specimens reported a
reduction of 11.62% and 22.1% in the average values of the tensile stress for 50
and 100 pum layer thickness, consecutively, as compared to the 35 um. Further, a
decrease of “7.25% and 25.78%” for the 50 pm layer height and “23.13% and
35.52%” for the 100 pm was noticed in the 0.5 wt% and 1 wt% graphene content
samples, respectively, against the 35 um specimens. This improvement in the 3D
printed parts’ tensile properties when the printing layer thickness reduces was also
observed in other published research [35] [36]. They attributed the weaker

-162 -



Acta Polytechnica Hungarica Vol. 18, No. 8, 2021

mechanical properties of the greater layer thickness to the bigger existed gaps.
Which in turn prompts the porosity to develop in the element's cross-section and
accelerates the failure.

(a)y (by*
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-

0 05 1 15 2 25 3 35 4 45 S5 S5 6 65 7 0 05 1 15 2 25 3 35 4 45 S 55 6 65
strain %] Strain (%]
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6 05 1 15 2 25 3 35 4 45 S 55 6 65 7
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Figure 4
Tensile stress-strain curves of various layer thickness specimens at (a) Neat resin material; Composite
with graphene concentration of (b) 0.5 wt% and (c) 1 wt%

3.2.2  Influence of Graphene Existence

Two different graphene concentrations of 0.5 and 1 wt% were tested. The charts in
Figure 5 demonstrate how the addition of graphene, has affected the tensile stress
and strain of DLP 3D printed resin, at various layer heights. The layer thickness
specimen curves of 35, 50, and 100 um are drawn in Figure 5 (a), (b) and (c),
respectively. Moreover, Figure 5 (d) displays a comparison of stress-strain curves
among all examined conditions. Based on these results, Young’s modulus, UTS,
elongation at UTS and elongation at break were calculated and represented in
Figure 6 (a), (b), (c), and (d), consecutively. Furthermore, the values of all results
with their standard deviation (SD), were summarized and tabulated in Table 3.
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Figure 6
Comparison of mechanical behavior under different graphene concentrations and printing layer
thickness in terms of (a) Young’s modulus, (b) ultimate tensile strength (UTS), (c) elongation at UTS,
and (d) elongation at break
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Table 3
Average values aside with their standard deviation (SD) of Young’s modulus, ultimate tensile strength
(UTS), elongation at UTS, and elongation at break of samples manufactured in all tested conditions

Printing parameter Elong.
Graphene | Layer | Young's Elong. at

Material | content |height|modulus| SD | UTS | SD [t UTS| SD |break | SD
(wt%) | [um] | [MPa] | (+) |[MPa]| (+) | [%] | () | [%] | ()
35 | 917.66 |116.80| 49.17 |3.96| 5.39 |0.49| 6.79 |2.17
Neat resin 0 50 | 847.46 | 1.81 |45.17|3.31| 5.33 |0.38| 7.40 |0.73
100 | 841.78 |132.46| 45.16 |4.88| 5.48 (1.44| 7.42 |2.45
35 |890.87 | 98.25 | 28.74 |3.30| 3.23 |0.27| 3.24 |0.28

0.5 50 | 864.79 |132.81|34.82 |0.79| 4.09 [0.59| 4.09 [0.59
Graphene 100 | 807.09 | 63.90 | 26.66 |2.80| 3.30 |0.15| 3.31 |0.16
composite 35 | 715.85 |101.54( 29.76 |1.96| 4.23 |0.78| 4.27 |0.82
1 50 | 635.78 | 65.69 | 20.53 |3.82| 3.22 [0.36| 3.22 |0.37

100 | 611.06 |221.48| 18.23 |4.22| 3.18 |0.72| 3.19 |0.72

Despite the graphene is characterized with high mechanical qualities, however, it
can be seen throughout the whole obtained results that the mechanical behavior
was not improved when the graphene nanoplatelets were integrated. Also, it was
noticed that with increasing the graphene concentration further, a much worse
mechanical attitude was acquired. This might be attributed to the bubbles created
within the matrix bulk during the DLP 3D printing due to the addition of
graphene. Considering that the graphene contributes to scattering the UV light and
decreases the curing which results in the presence of adjacent unpolymerized
regions. In turn, played a role to boost the porosity existence, and subsequently,
the effects of graphene platelets' stiffening and strengthening were critically
hampered [31]. Markandan and Lai have observed large pores at higher graphene
content (through microscopy images) of SLA-printed graphene/polymer
composites. These pores caused an increase in the porosity in consistence with
graphene concentration increment, where the overall porosity was generally
around 8% [31].

On the contrary, the neat resin prototypes reported better mechanical properties
(as compared to the graphene/resin composite) irrespective of the layer heights.
The Young's modulus and UTS have revealed a difference of 33.41% and 62.92%,
respectively, between the highest (in 35 pum neat resin) and lowest (in 100 pm
graphene 1 wt%) given values (See Figure 6 (a) and (b)). Meanwhile, the
distinction between the highest (in 100 pm, neat resin) and lowest (in 100 pm,
graphene 1 wt%) values were approaching 41.97% and 57.01% for the elongation
at UTS and elongation at break, sequentially (See Figure 6 (c) and (d)). The
reduction values (variance) overall reviewed mechanical characteristics (Young’s
modulus, UTS, elongation at UTS, and elongation at break) in terms of the effect
of layer thickness and the graphene incorporation are listed in Tables 4 and 5,
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consecutively. The 35 pum layer thickness specimens (in Table 4) and neat resin
specimens (in Table 5) of each used parameter were considered the reference for
comparing.

Table 4
Variance in values regarding the layer thickness effect as compared to the reference specimen (35 pm
layer thickness, highlighted with blue color) of each condition

Printing parameter Variance in values
Graphene Layer . . .
concentration | thickness ;ggz?uz uTs EI:tngzjlpson E::rg:gﬁn
(Wt%o) [um]

0 50 -7.65 % -8.14% -1.11% +8.98%

100 -8.27% -8.16% +1.67% +9.28%

0.5 50 -2.92% +21.15% +26.63% | +26.23%
100 -9.40% -7.24% +2.17% +2.16%

1 50 -11.18% -31.01% -23.88% -24.59%

100 -14.64% -38.74% -24.82% -25.29%

Table 5

Variance in values concerning the graphene addition effect as compared to the reference specimen
(neat resin material “0 graphene concentration”, highlighted with blue color) of each condition

Printing parameter Variance in values
Layer Graphene

- . Young's Elongation | Elongation
thickness | concentration modulus uTsS at UTS at break
[um] (Wt%o)
35 0.5 -2.92% -41.55% -40.07% -52.28%
1 -21.99% -39.48% -21.52% -37.11%
50 0.5 +2.04% -22.91% -23.26% -44.73%
1 -24.98% -54.55% -39.59% -56.48%
100 0.5 -4.12% -40.97% -39.78% -55.39%
1 -27.41% -59.63% -41.97% -57.01%

A similar attitude was recognized by some researchers in recently published
studies when mechanical properties of 3D printed graphene/polymer composites
were investigated. A reduction in the tensile strength, the flexural strength, the
tensile modulus of elasticity, and the flexural modulus of elasticity was detected
with the increase in the graphene nanoplatelets (GnP) concentration [37] uploaded
to ABS polymer. The mechanical response and tensile strength of a pure
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thermoplastic PLA proved a better performance as compared to graphene/PLA
composite [38]. The addition of 0.5% of graphene oxide (GO) to the matrix of
DLP 3D printed resin caused a decrease of the mechanical features, as a higher
amount of GO negatively influenced the curing process [33]. Several parameters
can influence the mechanical characteristics of graphene-based composites
including the preparation method, the structure of the filler, the dispersion of the
graphene in the matrix, the orientation of the nanoplatelets (filler), and the filler
matrix interactions [3]. In terms of the preparation methods effect, many studies
have reviewed the mechanical properties of graphene-based polymer composites
prepared with various procedures other than 3D printing. Vallés et al. have
incorporated graphene oxide (GO) into an epoxy resin (matrix) at loadings from
0.5 to 5 wt% using sonication bath and then mechanical stirring. Tensile testing
revealed moderate reinforcement of the polymer up to an optimal loading of 1
wt%. However, higher loadings beyond 1 wt% caused the mechanical features of
the composites to deteriorate due to agglomeration of the GO flakes [39]. Another
published research reported a comparable approach when polyurethane (PU)
nanocomposites incorporated with graphene sheets (D-Graphene) by solution
blending method. For this composite (D-Graphene/PU), the tensile strength
enhanced up to a certain limit of graphene loading (0.24 vol%) but then reduced as
loading increased [40]. This indicates that neither 3D printing nor other
preparation methods can be considered free of disadvantages while graphene
incorporated in a composite form. As 3D printing suffered from porosity existing
whereas other methods showed filler flakes agglomeration which both contributed
to weakening the mechanical features. Nevertheless, 3D printing has the
advantage of manufacturing complex structures with a relatively shorter time and
less material consumption.

Conclusions

In this work, the mechanical properties of 3D printed, neat resin and
graphene/resin composite, using the DLP printing method were studied. Three
printing layer thicknesses (35, 50, 100 um) were used, during the fabrication of
specimens and two different graphene concentrations (0.5 and 1 wt%) were tested.
The effect of 3D printing layer thickness parameters and graphene nanoplatelets
subsistence, were evaluated. Based on the experimental results, the following
conclusions can be formed:

e The SEM images revealed that the graphene nanoplatelets were
successfully incorporated into the printed structure. Furthermore, the
graphene was properly dispersed throughout the specimen’s bulk.

The highest tensile strength attitude was observed in the lowest layer
thickness (35 um) specimens, due to the increase in the number of layers.
The greatest decrease (35.52%) was noticed in the 100 um layer
thickness, against the 35 um (at 1 wt% graphene content samples).
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e The graphene contributed to scattering the UV light and decreased the
curing, which resulted in the presence of adjacent unpolymerized regions.
As a result it played a role in boosting the porosity of the material.

The mechanical properties was not improved, when the graphene
nanoplatelets were integrated throughout the obtained results. Also, a
much worse mechanical attitude was gained when increasing the
graphene concentration further, owing to the porosity increase.

The neat resin test pieces reported better mechanical properties (in terms of
Young’s modulus, UTS, elongation at UTS, and elongation at break) as compared
to the graphene/resin composite, irrespective of the layer heights. The greatest
difference of 33.41% and 62.92% concerning Young's modulus and UTS,
respectively, between the highest (neat resin) and lowest (graphene 1 wt%)
obtained values. Meanwhile, the variance was approaching 41.97% and 57.01%
for the elongation at UTS and elongation at break, sequentially.

Obviously, with the addition of Graphene, as the rigid reinforcement to the
polymer, caused a decrease in ductility. However, this can lead to the proposal,
that the resultant graphene/polymer composite, may be a potential material, for
sliding bearing applications, where the tribological properties, are much more
important than the mechanical properties.
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