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Abstract: The digital light processing method (DIGITAL LIGHT PROCESSING or DLP) is one of the most affordable
3D printing methods, which allows you to obtain high-precision products, which, however, are inferior in their
characteristics to products obtained by other 3D printing methods. Due to their high characteristics, graphene
nanostructures can solve this problem by acting as effective modifying additives. However, despite all the promise of this
approach, the introduction of graphene nanostructures into actual practice has not yet occurred due to their high cost due to
the imperfection of the methods of their synthesis. The paper considers the effectiveness of using few-layer graphene
synthesized according to the author's method under conditions of self-propagating high-temperature synthesis from
cellulose as a modifying additive to improve the complex strength and thermophysical properties of products from
photopolymer resins obtained by DLP 3D printing. It was found that adding few-layer graphene makes it possible to
increase Brinell hardness up to 1.8 times, bending strength up to 1.5 times, and thermal conductivity up to 2.2 times
compared to the original polymer when using no more than two wt. % few-layer graphene.The data obtained indicate the
high efficiency of the synthesized few-layer graphene as a modifying additive in creating products from photopolymer
resins using the DLP 3D printing method.
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AnHoranusi: Paccmorpena 3((eKTHBHOCTE NPUMEHEHHS MAIOCIOWHOro rpadeHa (YUCIo CiIoeB He Oojee 5),
CHUHTE3MPOBAHHOI'O IO aBTOPCKOM METOJIMKE B YCIOBHUIX CAMOPACIPOCTPAHSAIONIET0CS BEICOKOTEMIIEpAaTyPHOTO CHHTE3a U3
LEJUTIOJIO3bI B KAYECTBE MOTUPHUIMPYIONICH T00aBKH IS MOBBIIICHUS KOMILICKCA MPOYHOCTHBIX M TEIUIO(PHU3UUCCKUX
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CBOWCTB wu3/enuii U3 (OTOMOMMMEPHBIX CMOJI, MOJy4eHHbIX MerogoM DLP 3D-newarn. HecmoTpss Ha BbICOKHE
XapaKTEePUCTHKH rpad)eHOBBIX HAHOCTPYKTYP, K KOTOPBIM OTHOCHTCSI 1 MAJIOCIOMHEIN rpadeH, TaHHBIA KJIaCC MaTepHAIIOB
0 CHX TOp HE TPUMEHSETCS B IMPOMBIIUICHHOCTH H3-32 HEBO3MOXKHOCTH CHHTe3a OOJBIINX OOBEMOB MaTepHala
BBICOKOTO KauecTBa M C MpHUeMIIEMON cebecTOMMOCThIO. [IpeaoxKeHHbI METO ] CHHTE3a TT03BONIAET MOIy4aTh OONbIIHe
00bEeMBI MAJIOCIOWHOTO rpadeHa, He cojepikaliero B cBoeil cTpykrype aedextsl CToyHa—Yoaitnca. YCTaHOBICHO, YTO
mo0aBJIeHHEe MaOCIONHOTO rpad)eHa MO3BOJSET JOOMTHCSA POCTa TBEPAOCTH 1O bpuuemto mo 1,8 pas, mpoyHocTH Ha
n3ru6 110 1,5 pa3 ¥ TEIIONPOBOAHOCTH 10 2,2 pa3 M0 CPABHEHHUIO C UCXOIHBIM II0OJIMMEPOM IIPH UCIIOJIL30BaHUK He OoJee
2 macc. % wmanocnoiiHoro rpadena. JlanpHeiiee yBeIMUYCHHE KOHIICHTPAIMM MAaJOCJIOHHOrO rpadeHa He MPHBEIO
K JajgbHEHIIEeMy pOCTYy CBOMCTB KOHEYHOTO KoMIlo3uTa. lloilydeHHble JaHHbIE CBUAETEIBCTBYIOT O BBICOKOM
5(QPEKTUBHOCTH CHHTE3UPOBAHHOTO MAaJIOCIIOWHOTO rpadeHa B KadecTBe MoAuduIupyromeil 100aBKu MpH CO31aHUN
n3aenni u3 porornoauMepHbIX cMoil MetogoMm DLP 3D-nevatn.

KiroueBble ciioBa: mosmMMmepHble KOMIO3uThl, DLP; Manocioinbeiii rpadeH; TBEpIOCTh; MPOYHOCTh HA H3THO;
TEIUIOPOBOAHOCTD; TETTIOEMKOCTb.
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1. Introduction

Over the past 10 years, 3D printing as a
technique for creating finished polymer products has
come a long way in development and has become
available to a wide range of both researchers and
ordinary consumers [1]. One of the varieties of
3D printing technique is the digital light processing
method (DIGITAL LIGHT PROCESSING or DLP).
This technique is based on the layer-by-layer
polymerization of resins under the influence of light
[2]. Compared to other 3D printing techniques, such
as Fused Deposition Modeling (FDM), DLP produces
end products with precise dimensions and shapes.
Also, this method is more productive (has a higher
printing speed) [3].

The main disadvantage of the DLP method is the
relatively low strength of the final products compared
to products obtained, for example, by the FDM
method. One of the most promising ways to solve this
problem is the creation of composite materials using
graphene nanostructures as filler. The reason for this
is their superior performance. Considering the
properties of single-layer graphene, it should be noted
that its thermal conductivity is up to 5000 W-(m-K)f1
[4], Young's modulus is up to 1 TPa [5], while its
specific surface is estimated at 2630 mz-gf1 [6].
However, obtaining a “true” single-layer graphene in
the form of a powder, even in gram quantities, is an
extremely difficult task; therefore, the so-called
graphene nanostructures, which are particles
consisting of 2—10 layers of graphene [7]. Despite the
fact that the properties of graphene nanostructures
decrease with an increase in the number of graphene
layers [8], many studies, including [9—11], noted the
high efficiency of graphene nanostructures when
creating products from polymer composites using
DLP 3D printing. At the same time, graphene
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nanostructures make it possible to obtain a higher
increase in properties at the same concentrations
compared to classical fillers such as carbon black
[12, 13] or graphite [14]. For example, in [15], the
authors noted that the addition of even large volumes
of carbon black (up to 50 wt. %) does not lead to
a significant increase in the thermal conductivity of
the polymer matrix at temperatures up to 70 °C.

However, the researchers also note that the
experimental results of using graphene nanostructures
do not match the theoretical estimates. The main
reasons for this discrepancy include the presence of
various structural defects in graphene nanostructures,
which can significantly reduce their characteristics
[16]. One of the types of structural defects in
graphene nanostructures are the Stone-Wales defects.
The Stone-Wales defect, which occurs due to a 90°
rotation of adjacent carbon atoms about their center,
is a connected carbon ring with five and seven carbon
atoms. It was shown in [17] that such defects reduce
the efficiency of using graphene nanostructures in
polymer composites.

In previous papers [18, 19], we described the
developed procedure for the synthesis of few-layer
graphene (FLG), containing no more than 5 graphene
layers in its structure, from cyclic biopolymers under
conditions of self-propagating high-temperature
synthesis (SHS). At the same time, such MGs were
devoid of Stone—Wales defects in their structure [20].
In [21], we showed that synthesized FLG can
significantly improve the complex of strength and
thermal properties of nitrile butadiene rubber.

The purpose of this paper is to study the effect of
FLG synthesized from cellulose under SHS
conditions on the complex of strength and
thermophysical properties of products made of
polymer composites based on photopolymer resins
obtained by DLP 3D printing.
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2. Materials and Methods
2.1. Materials

A commercial photopolymer resin of the
Anycubic brand (405 nm, Anycubic, China) was
taken as the starting material for the creation of
polymer composites. FLG synthesized from cellulose
under the conditions of the SHS process was taken as
a modifying additive. The procedure for synthesizing
FLG was described in detail in [18].

2.2. Methods
2.2.1. Synthesis of polymer composites

Powdered portions of FLG were added to the
original photopolymer resin with constant stirring
(500 rpm) using an overhead stirrer. Samples were
added in portions of 1/10 of the mass of the entire
sample. The FLG concentration was 0.25-4.00 wt. %.
After adding the entire sample, the resulting
suspension was additionally stirred for 30 minutes at
1000 rpm and the resulting suspensions were treated
in the ultrasonic field (ultrasonic bath, 22 kHz) for 30
minutes. From the resulting suspensions, samples
were printed using the DLP 3D printing method
(Anycubic Photon S printer, China). The thickness of
each of the successive layers subjected to irradiation
for curing was 0.1 mm, exposure time 8 seconds.
Figure 1 shows various variants of the samples
obtained in the study.
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Fig. 1. The appearance of products made of polymer
composites based on photopolymer resins obtained
by DLP by 3D printing: / — obtained from unmodified
resin (transparent samples); 2 — from modified resin
at an FLG concentration of 2 wt. % (blacksamples)

The resulting samples after 3D printing were
additionally processed with a UV lamp with
a wavelength of 405 nm for 30 minutes (UV radiation
power 50 W). This exposure time was due to the
cessation of changes in the properties of the samples
at a longer exposure.

2.2.2. Study of few-layer graphene parameters

Electronic images of FLG were obtained with
a Tescan Mira 3M scanning electron microscope (SEM)
(Tescan, Brno, Czech Republic). The accelerating
voltage was 20 kV. The diffraction pattern of the
FLG sample was obtained on an XRD-7000 X-ray
diffractometer (Shimadzu, Kyoto, Japan). The
shooting speed was 0.5 degrees/min, CuKo =
=0.154051 nm. The Raman spectrum (RSS) of FLG
was obtained on a Confotec NR500 instrument (SOL
Instruments, Minsk, Belarus). The laser length was
532 nm. The dispersion of FLG particles was
measured by laser diffraction using a Malvern
Mastersizer 2000 instrument (Malvern Instruments,
Malvern, UK). For measurements, a sample of FLG
(0.25 wt. %) was dispersed in water by ultrasonic
treatment (ultrasonic bath, 22 kHz) for 30 minutes.

2.2.3. Study of the properties of polymer composites

Hardness measurements were carried out by the
Brinell method on an ITB 3000 AM hardness tester
(Metrotest, Neftekamsk, Russia). For measurements,
a ball of 2.5 mm was used; the load was 62.5 kgf,
in accordance with Russian Standard 23677-79.
The samples were disks 5 mm thick and 20 mm in
diameter. The measurement error was 5%.
Measurements of bending strength were carried out
on a hydraulic press PM-FLG4 (Stroypribor,
Chelyabinsk, Russia) in accordance with Russian
Standard 4648-2014. The samples were plates 80 mm
long, 10 mm wide and 3 mm thick. The measurement
error was 6%. The thermal conductivity and heat
capacity were measured by the monotonic cooling
method on a KITT Polymer instrument (Teplofon
Design Bureau, Novomoskovsk, Russia) in accordance
with Russian Standard 23630.1-79. The samples were
disks 10 mm in diameter and 2 mm thick.

3. Results and Discussion

Figure 2 shows a micrograph of the FLG surface
obtained by SEM. As can be seen from Fig. 2, the
few-layer graphene used as a modifying additive
consisted of aggregates of flat particles with linear
sizes up to several tens of microns, which is
confirmed by the results of measuring the dispersion
presented in Fig. 3.
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Fig. 2. Electronic image of few-layer graphene.
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Fig. 3. Results of particle dispersion measurement:
a particle dispersion distribution by volume;
b particle dispersion distribution by the number of particles

As can be seen from Fig. 3, despite the fact that
the sample contains particles with a dispersion of up
to several tens of microns, the number of such
particles is small, and most of the particles have a
dispersion of 1-5 microns.

Figure 4 shows the results of the FLG study by
Raman spectroscopy.

As can be seen from Fig. 4, the FLG sample
spectrum contains peaks D 1391 cmﬁl, G 1586 cm '
typical for graphene nanostructures and a region
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Fig. 4. Raman spectrum of FLG sample

many peaks characteristic of graphene structures
(D*, 2D, D+D' and 2D") [22]. As noted in [23], such
Raman spectra are characteristic of graphene
nanostructures with various folds, which are not point
defects. Since, due to the broadening of the
2D region, it is impossible to determine the number
of layers in the sample based on the position and
shape of the 2D peak [24], we additionally conducted
FLG studies using the X-ray diffraction method.

Figure 5 shows the diffraction pattern of the
FLG sample in the 20 range of angles from 10
to 35 degrees.

Based on the position of the 002 peak, as well as
the FWHM of the 002 peak, the crystallite size (L)
was calculated using the Scherrer formula [25],
which, together with the data on the interplanar
distance (d), made it possible to determine the
number of layers in the synthesized sample (V) using
the formula L = N/d (Table 1).

(002)

Intensity, a.u.

20, degree

Fig. 5. Diffraction pattern of the few-layer graphene
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Table 1. Results of calculating the number of layers

Crystallite size Interplanar Number
L, nm spacing d, nm of layers N
1.50 0.38 4

As can be seen from Table 4, the synthesized
FLG particles consist of no more than 4 layers of
graphene.

We consider the FLG influence on the complex
of strength and thermophysical properties of final
polymer composites.

Figures 6 and 7 show the results of a study of
Brinell hardness and bending strength of synthesized
polymer resin samples.

As can be seen from Figs. 6 and 7, the
introduction of FLG in small amounts makes it
possible to increase the Brinell hardness up
to 1.8 times and the bending strength up to 1.5 times
at a FLG concentration of not more than 2 wt. %.

Figure 8 shows the thermal conductivity
measurements and specific heat capacity of polymer samples.
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Fig. 6. Dependence of sample hardness
on FLG concentration
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Fig. 7. Dependence of the flexural strength
of samples on the concentration of FLG
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Fig. 8. Dependence of thermal conductivity («) and
specific heat (b) of samples on the concentration of FLG

As can be seen from Fig. 8, the introduction of
FLG in small amounts makes it possible to increase
the thermal conductivity of the samples up
to 2.2 times compared to the initial polymer.

At the same time, the specific heat capacity of
the samples is practically independent of the FLG
concentration (change within the measurement error).

The increase in the strength and thermophysical
properties of polymer composites with the addition of
graphene nanostructures is primarily due to the high
properties of graphene nanostructures, which is
clearly demonstrated by the results of measuring the
properties of the composite. As noted earlier, the
thermal conductivity of graphene can reach up to
5000 W-(m-K)fl, 5 which leads to an increase in
thermal conductivity (Fig. 8a). However, the specific
heat capacity of graphene is about 700 J-(kg-"C)fl
[26], so that the addition of FLG has almost no effect
on the specific heat capacity of the polymer
composite at relatively low (up to 4 wt. %)
concentrations of the additive (Fig. 8b).

However, despite a significant increase in the
properties of the final composites, the obtained values
are still significantly inferior to the theoretically
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expected results. In review [27], the authors note that
the efficiency of using graphene nanostructures is
greatly reduced when they are used in the form of
powders (i.e., aggregates of particles), as well as
under the influence of other factors such as the
defectiveness of particles, the degree of their
interaction with the polymer matrix, etc. Since FLG
particles are actually distributed throughout the
polymer in the form of aggregates (see Figs. 2 and 3),
their efficiency is much lower than the expected
theoretical assumptions. A similar mechanism was
observed in [20].

It should also be noted that with an increase in
the FLG concentration in the composite from 2
to 4 wt. %, no further increase in the properties of the
composite is observed, and even a slight drop in
characteristics occurs. This fact may be due to the
fact that at 4 wt. % due to the large number of FLG
particles, they interact with each other with the
formation of secondary aggregates, which negatively
affects the properties of the composite [28].

4. Conclusion

A few-layer graphene synthesized from cellulose
under the conditions of the SHS process has shown
its high efficiency as a filler for increasing the
complex of strength and thermophysical properties
when creating composite products from polymer
resins using the DLP 3D printing method. It was
found that the addition of low-layer graphene makes
it possible to achieve an increase in Brinell hardness
up to 1.8 times, bending strength up to 1.5 times and
thermal conductivity up to 2.2 times compared to the
original polymer when using no more than 2 wt. %
low-layer graphene. A further increase in the
concentration of few-layer graphene did not lead to a
further increase in the properties of the final
composite, which may be due to the formation of
secondary aggregates. However, in order to fully
exploit the potential of using FLG as a builder in
polymer resins, it is necessary to further improve the
methods for dispersing FLG in the original polymer
resin in order to avoid secondary aggregation of FLG
particles.
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