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Abstract: The results of studying the effect of particles of few-layer graphene (FLG) synthesized by 

self-propagating high-temperature synthesis (SHS) on the complex of strength and thermo physical 

properties of polymer composite products obtained by DLP 3D printing are presented. It has been 

discovered to achieve an increase in thermo physical and strength parameters of polymers modified 

by FLG compared with samples made on the unmodified base resin. This result was achieved due 

to low defectiveness, namely the absence of Stone-Wales defects in the structure of FLG due to the 

homogeneous distribution of FLG over the volume of the polymer in the form of highly dispersed 

aggregates. It was possible to increase hardness by 120 %, bending strength by 102 %, Charpy impact 

strength by 205 %, and thermal conductivity at 25 °C by 572 % at concentrations of few-layer gra-

phene of no more than 2 wt. %. 

Keywords: photopolymer resin, few-layer graphene, FLG, DLP, 3D printing, hardness, bending 

strength, charpy impact strength, thermal conductivity. 

 

1. Introduction 

Currently, there are many 3D printing methods, one of which is the Direct Light Pro-

cessing (DLP) method. This method is based on the layer-by-layer curing of photopolymer 

resin and is an evolution of the Stereo lithography (SLA) method. Although the principle 

of the SLA method itself became known as early as 1986 [1], two years earlier than the 

fused deposition modeling (FDM) method [2], it was the FDM method that became the 

most popular 3D printing technique due to much cheaper 3D printers. Now DLP 3D print-

ers have become much cheaper, which has made them available to almost everyone. How-

ever, although the DLP method makes it possible to obtain products with high accuracy, 

low roughness, and relatively quick, products made from photopolymer resins have rel-

atively lower strength characteristics than products obtained by the FDM method. 

One of the most promising ways to improve the properties of final products obtained 

by DLP 3D printing is the use of composite materials [3]. Metal nitrides [4], metal oxides 

[5], carbon black [6], lignin [7], there mixtures [8] etc., are used as fillers. By combining the 

properties of the matrix and the filler, researchers obtain final products with higher prop-

erties. 

To improve the properties of final products, researchers also actively add various 

carbon nanomaterials, including graphene nanostructures, to the initial photopolymer 

resins [9]. Interest in graphene nanostructures is due to their record-breaking characteris-

tics. It should be noted that the thermal conductivity of single-layer graphene is about 

5000 W/(m*K) [10], and Young's modulus is 1 TPa [11]. These characteristics allow you to 
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get better results than when using classic fillers. These characteristics will enable you to 

get better results than when using traditional fillers. 

For example, in [12], the authors use no more than 2 wt. % of graphene sheets in-

creased the tensile strength by 2.19 times compared to the original rubber. The authors 

also noted that the use of graphene nanosheets turned out to be more efficient than using 

a standard filler - polyaniline fibers, with which only 1.41 times growth was achieved. In 

[13], the authors increased the flexural modulus and fracture toughness by 14% and 28% 

from neat resin, respectively, using 0.5 wt. % graphene nanoplates (GNP). 

However, the use of graphene nanostructures does not always lead to the expected 

increase in the properties of the final composites. In [14], the authors showed that the in-

troduction of 0.5 and 1 wt. % GNP only resulted in a deterioration in Young's modulus, 

tensile strength and other strength characteristics compared to pure rubber. 

The reason for such different results in different groups of researchers can be ex-

plained by using graphene nanostructures with varying degrees of defectiveness. Defects 

significantly affect the final properties of the graphene nanostructures themselves [15] 

and, accordingly, the properties of composites modified with graphene nanostructures. 

In our previous work [16], we showed the possibility of synthesizing FLG under self-

propagating high-temperature synthesis (SHS) conditions from cyclic biopolymers. An 

important advantage of FLG synthesized by this method is the absence of Stone–Wales 

defects [17], which is almost inevitable in synthesis by other methods. We found that FLG 

nanostructures synthesized by the SHS method could significantly improve nitrile buta-

diene rubber's complex strength and thermo physical properties [18].  

In this paper, we consider the effect of FLG synthesized by the SHS process on a 

complex of strength and thermo physical properties of products from photopolymer res-

ins obtained by DLP 3D printing. 

2. Materials and Methods 

2.1. Raw materials 

A commercial photopolymer resin of the Anycubic brand (405 nm, clear, China) was 

taken as the starting material for obtaining products using the DLP 3D printing method. 

The procedure for obtaining FLG is described in detail in [16, 19]. The particles of 

FLG synthesized by the SHS method were taken as a modifying additive. The particles 

have an average lateral size of up to 20 μm and consist of no more than 5 graphene layers. 

There are no Stone-Wales defects in this material, which was shown in [17]. 

2.2. SEM and TEM studies 

SEM and TEM studies of the morphology and structure of FLG nanoparticles were 

carried out using the TESCAN Mira-3M (Brno, Czech Republic) and FEI Tecnai G2 30 S-

TWIN (50 kV) microscope. 

2.3. Measurement of dispersion of FLG particles 

Particle dispersity was measured on a Zetasizer nano ZS instrument. 

2.4. Obtaining products from photopolymer resins with the addition of FLG. 

The scheme for obtaining samples from photopolymer resins with the addition of 

FLG is shown in Figure 1. 
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Figure 1. Scheme for obtaining samples from photopolymer resins with the addition of FLG. 

In the original photopolymer resin (Anycubic brands, 405 nm, clear) heated to 50 ℃ 

in uniform portions (0.1 of the entire sample), FLG powder was sequentially added with 

constant stirring using an overhead stirrer (500 rpm). 

The concentration of the additive ranged from 0.25 to 4 wt. %, which corresponded 

to 0.475 to 7.6 vol. %. 

Then, the resulting suspension was kept in the ultrasound field for 1 hour (ultrasonic 

tub, 22 kHz) while maintaining the temperature at 50 ℃ until a stable suspension was 

obtained. The cooled photopolymer resin with FLG was placed in the "Anycubic Pho-

ton S" DLP 3D printer, and samples of the required sizes were made. Printing parameters: 

illumination layer thickness 50 microns, exposure time 6 seconds. Figure 2 shows typical 

synthesized samples. 

 

Figure 2. Samples of products obtained by DLP 3D printing. 1 - initial resin, 2 – 0,25 wt. % FLG, 3 - 2 

wt. % FLG. 
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Then the obtained samples were sequentially subjected to UV treatment for 1-2 hours 

and thermal annealing for 1-2 hours. 

2.5. Viscosity measurement 

The viscosity of stable suspensions of FLG in photopolymer resins was measured on 

a rotational viscometer NDJ-9S (China) using a thermostat (WEST TUNE, China), with 

temperature maintenance accuracy ±0.1 °C. 

2.6. Hardness test 

The measurement of hardness by the Brinell method (ISO 506-81) was carried out on 

a hardness tester Metrotest ITB-3000 AM.  

The dimensions of the prints were determined using an image analysis system. Based 

on this data, the hardness of the material was calculated.  

Samples in the form of discs 30 mm in diameter and 5 mm thick were prepared for 

hardness testing. 

2.7. Measurement of bending strength 

The bending strength was measured on a PM-MG4 hydraulic press in accordance 

with ISO 178:2010. For bending strength tests, samples were made in the form of beams 

with a length of 80 mm, a width of 15 mm, a height of 3 mm. 

2.8. Measurement of Charpy impact strength 

Obtaining data on the impact strength of composites (impact in the rib) was obtained 

on a Koper pendulum KMM-50 (RF) by ISO 179-1:2010. Samples were prepared in the 

form of beams (without notch) with a length of 80 mm, a width of 10 mm, and a height of 

4 mm, the distance between the supports was 60 mm. 

2.9. Measurement of thermal conductivity and heat capacity 

Thermal conductivity and heat capacity were measured using a DXF-200 flash 

method (using a xenon lamp) at 25 °C. The samples were cylinders 10 mm in diameter 

and 1 mm thick. One side of the sample was covered with a thin layer of graphite paint 

(for the complete absorption of the flash energy) to improve the experiment's accuracy. 

The heat capacity measurement accuracy was ±7 %, and the thermal conductivity meas-

urement accuracy was ±5 %. 

3. Results and discussion 

Dynamic viscosity is an important parameter that affects the usability of photopoly-

mer resin. The results of measuring the dynamic viscosity of the resulting FLG suspen-

sions in the photopolymer resin are shown in Figure 3. 
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Figure 3. Dependence of the dynamic viscosity of stable suspensions of photopolymer resins at 

25 °C depending on the concentration of FLG. 

As can be seen from Figure 3, the introduction of FLG at a concentration of more than 

1 wt. % leads to a slight increase in dynamic viscosity. The introduction of graphene 

nanostructures often leads to a greater increase in dynamic viscosity at such concentra-

tions, as was shown in [20, 21]. Therefore, a study was made of the dispersion of FLG 

particles in a photopolymer resin before and after ultrasonic treatment at 50 °C. The meas-

urement results are shown in Figure 4. 

 

(a) 

 
(b) 

Figure 4. Results of measurements of the dispersion of FLG particles in a photopolymer resin. (a) - 

without ultrasonic treatment, 1 - 0.25 wt. %, 2 - 0.5 wt. %, 3 – 1 wt. %, 4 – 2 wt. %, 5 – 4 wt. %; (b) - 

ultrasonic treatment at 50 °C, 1 - 0.25 wt. %, 2 - 0.5 wt. %, 3 – 1 wt. %, 4 – 2 wt. %, 5 – 4 wt. %. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 16 December 2022                   doi:10.20944/preprints202212.0308.v1

https://doi.org/10.20944/preprints202212.0308.v1


 6 of 14 
 

 

As can be seen from Figure 4, the dispersion of FLG particles after ultrasonic treat-

ment changes significantly from 1.2–1.4 µm to 250–300 nm. It should be noted that a sim-

ilar measurement of dispersion occurs at other concentrations (0.25; 0.5; 2; 4 wt. %). 

Such a significant increase in dispersion, in combination with a substantial decrease 

in the viscosity of the photopolymer resin due to heating, makes it possible to evenly dis-

tribute FLG particles throughout the volume, which leads to a relatively low increase in 

dynamic viscosity. 

Post-processing (ultraviolet irradiation, thermal annealing) of 3D printed samples 

can significantly improve the final complex of product properties. Therefore, we investi-

gated the effect of a combination of post-processing techniques (UV treatment and anneal-

ing at 70 °C) and their duration on the hardness of the final products. The results are pre-

sented in Table 1. 

Table 1. Dependence of Brinell hardness on post-processing techniques and their duration. 

Post-processing technique Brinell hardness Change, % 

No processing 5,6±0,3 0 

1 hour UV 7,4±0,4 32 

1 hour annealing 6,1±0,3 9 

1 hour UV+1 hour annealing 10,6±0,5 89 

1 hour UV + 2 hours anneal-

ing 
8,8±0,4 57 

2 hours UV + 1 hour anneal-

ing 
10,2±0,5 82 

2 hours UV + 2 hours anneal-

ing 
8,2±0,4 46 

 

As can be seen from Table 1, 1-hour UV treatment followed by 1 hour annealing gave 

the best results, so this post-processing was used for all further samples. 

Figure 5 shows the results of studying the structure of the obtained products by the 

SEM method. 

 

  

(a) (b) 
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(c) (d) 

Figure 5. SEM images of (a) cleavage sample from the original resin (linear scale 100 µm); (b) 

modified 1 wt. % FLG (linear scale 100 µm); (c) modified 1 wt. % FLG (linear scale 20 µm); (d) mod-

ified 1 wt. % FLG (linear scale 2 µm). 

As seen from Figure 5(b-d), FLG particles in the polymer composite are distributed 

in the form of aggregates of various fineness, consistent with the result of measuring fine-

ness by the DLS method. 

Figure 6 shows the results of measuring the Brinell hardness of the synthesized sam-

ples. 

 

Figure 6. Brinell hardness of samples depends on the concentration of FLG. 

As seen in Figure 6, the introduction of FLG makes it possible to increase the Brinell 

hardness up to 120 % compared to a pure sample at an FLG concentration of 2 wt. %. A 

further increase in the concentration of FLG does not lead to a further increase in hardness. 

Figures 7 and 8 show the results of measuring the flexural strength of the obtained 

composites. 
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Figure 7. Flexural strength of samples depending on the concentration of FLG. 

As seen in Figure 7, the introduction of FLG makes it possible to increase the flexural 

strength up to 102 % compared to a pure sample at an FLG concentration of 2 wt. %. A 

further increase in the concentration of FLG does not lead to a further increase in the flex-

ural strength. 

 

Figure 8. Charpy impact strength of the samples depending on the concentration of FLG. 

As seen in Figure 8, the introduction of FLG makes it possible to increase the Charpy 

impact strength up to 205 % compared to a pure sample at an FLG concentration of 

2 wt. %. A further increase in the concentration of FLG does not lead to a further increase. 

The data on the effect of FLG on the complex strength properties of final products 

(hardness, bending strength, impact strength) shows that FLG can significantly improve 

the properties of final composites. An increase in the properties of products upon the ad-

dition of graphene nanostructures to polymer matrices has been repeatedly observed in 

other works, for example, [22, 23]. In classical models, the authors assume that particles 

of graphene nanostructures are reinforcing agents that distribute the load over the entire 

matrix and prevent crack propagations [24]. 
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The efficiency of using graphene nanostructures in the creation of composites criti-

cally depends on the uniformity of their distribution, fineness, and the presence and con-

centration of various structural defects. 

Based on this, and considering the DLS data (Figure 4), it can be assumed that the 

results obtained are due to the uniform distribution of FLG particles that do not have 

Stone-Wales defects in their structure. That can be considered as highly dispersed gra-

phene aggregates in polymers. 

Figure 9 shows the results of measuring the synthesized products' thermal conduc-

tivity and heat capacity. 

 

 

(a) 

 
(b) 

Figure 9. Dependence of thermal conductivity (a) and specific heat capacity (b) of synthesized sam-

ples on FLG concentration at 25 °C. 

As seen in Figure 9, the introduction of FLG makes it possible to increase the thermal 

conductivity up to 540 % compared to a pure sample at an FLG concentration of 2 wt. %. 

However, the synthesized samples' specific heat capacity remains unchanged 

(within the method error). This is because the heat capacity of graphene nanostructures is 

estimated at 700 J/(kg*°C) [25], which leads to a gradual decrease in the heat capacity of 

the composite with an increase in the proportion of FLG. 
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Some calculations were carried out using various thermal conductivity models to 

determine the mechanism of change in thermal conductivity in the obtained composites. 

To compare the obtained experimental data with various models of thermal conduc-

tivity of composite materials, the volume fractions of FLG in the synthesized composite 

were calculated from the measured density of composites and the mass fraction of FLG.  

For the simplest assessment of the thermal conductivity of composite material, a ge-

ometric model can be used. 

The volume fractions of FLG in the synthesized composite were calculated from the 

measured density of composites and the mass fraction of FLG to compare the obtained 

experimental data with various models of thermal conductivity of composite materials. 

A geometric model can be used for the simplest assessment of the thermal conduc-

tivity of composite material [26]. 

λc = λm
vm ∗ λf

vf                               (1) 

Where λc — thermal conductivity of composite material (W/(m K)), λm =0,25 — ther-

mal conductivity of the matrix (W/(m K)), λf — thermal conductivity of the filler (W/(m 

K)), 𝜐m — volume fraction of the matrix, %, 𝜐f — volume fraction of the filler, %. 

To calculate the theoretical values of the thermal conductivity of polymer compo-

sites, researchers often use the Maxwell model [27]: 

λc=λm*(λf+2*λm-2*𝜐f*(λm-λf))/(λf+2*λm+𝜐f*(λm-λf))             (2) 

However, the Maxwell model assumes that the filler particles are spherical. There-

fore, to account for the thin sheets shape of the filler FLG particles, we use Maxwell–

Burger–Eiken (MBE) model [28]: 

λc=λm*((1-(1-λf/λm)*L*𝜐f)/(1+(L-1)* 𝜐m)                        (3) 

Where L = (λm+2*λf)/(3* λm) is the coefficient taking into account, the thin sheets shape 

of the FLG filler particles. 

It should be noted that although the thermal conductivity of graphene is estimated 

at up to 5000 W/(m*K), aggregates of graphene particles have orders of magnitude lower 

thermal conductivity, which is due to energy losses at particle boundaries. This fact is one 

of the reasons for the discrepancy between theoretical calculations and experimental data 

[29]. Using experimental data on the thermal conductivity of the composite with 1 wt. % 

FLG and the models described above, the thermal conductivity of aggregates of FLG par-

ticles was evaluated (Table 2). 

Table 2 The results of calculations of the thermal conductivity of the composite with 1 wt. 

% FLG for various models depending on the thermal conductivity of FLG aggregates. 

𝜐m, % 𝜐f, % λm,  λf,  

λc,  

Geometric 

model 

λc,  

Maxwell 

model 

 

λc,  

MBE 

model 

 

λc,  

Experi-

mental 

value 
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% % W/(m*K) 

0,981 0,019 0,25 0,5 0,265 0,254 0,27 

1,1±0,05 

0,981 0,019 0,25 5 0,265 0,263 0,41 

0,981 0,019 0,25 50 0,265 0,264 0,86 

0,981 0,019 0,25 500 0,265 0,265 1,86 

0,981 0,019 0,25 5000 0,265 0,265 10,12 

0,981 0,019 0,25 0,5 0,265 0,254 0,27 

 

As seen from Table 2, the change in the thermal conductivity of the filler for the ge-

ometric model and the Maxwell model practically does not change the calculated result. 

In the case of the MBE model, the thermal conductivity value drastically changes the final 

calculated value of the thermal conductivity of the composite. Having carried out an ad-

ditional selection of values for the MBE model, it was found that the thermal conductivity 

of FLG particle aggregates can be estimated at 40 W/(m*K), which was taken for further 

calculations. The calculation results are shown in Figure 10. 

 

Figure 10. Comparison of experimental data with the results of calculations by models. 1 - geometric 

model; 2 – Maxwell model; 3 - MBE model; 4 - experimental data. The dotted line shows a 10 % 

deviation from the MBE model. 

As can be seen from Figure 10, in contrast to the geometric model and the Maxwell model, which 

give greatly underestimated values compared to the experimental data, the MBE model gives an 

acceptable agreement with the experimental data up to 2 wt. % of FLG. These results are because, 

in the geometric model and the Maxwell model, it is assumed that the filler particles have a spherical 

shape and do not interact with each other. In contrast, the MBE model is where the lamellar shape 

of the filler particles is taken into account. 
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The dropout point at a concentration of FLG in 4 wt. % is due to an increase in the size of FLG 

aggregates, which is confirmed by the DLS data (Figure 4), and, accordingly, a decrease in their 

thermal conductivity. The solution of the inverse problem for experimental data on thermal con-

ductivity at 4 wt. % showed that the thermal conductivity of aggregates could be estimated at about 

5-6 W/(m*K). 

4. Conclusions 

FLG particles synthesized under the conditions of the SHS process have shown themselves to 

be effective fillers capable of significantly increasing the complexity of strength and thermo physical 

properties of polymer composite products obtained by the DLP 3D printing method. This effect was 

achieved due to a combination of low defectiveness of FLG particles, as well as a highly efficient 

dispersion technique, which made it possible to distribute finely dispersed FLG particles in polymer 

evenly.  

As a result, it was possible to increase hardness and flexural strength by 2 times, impact 

strength by 3 times and thermal conductivity at 25 °C by 6 times at concentrations of FLG 2 wt. %. 

In further work, it is necessary to investigate the influence of 3D printing parameters such as 

layer thickness and layer exposure time on the final properties of polymer composite products. 
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