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ÓÄÊ 539.4

Ðàñ÷åò óïðóãèõ ñâîéñòâ ïîëèìåðíûõ íàíîêîìïîçèòîâ èç îäíîñëîéíûõ

ëèñòîâ ãðàôåíà ñ äâîéíûìè àòîìàðíûìè âàêàíñèîííûìè äåôåêòàìè íà

îñíîâå ìóëüòèìàñøòàáíîãî ìîäåëèðîâàíèÿ

Ç. Ê. Âàíã, Ç. Â. Þ, Ê. ß. Ñóí, Õ. Ëè, È. Æ. Âàíã

Êîëëåäæ àýðîêîñìè÷åñêîãî è ãðàæäàíñêîãî ñòðîèòåëüñòâà, Õàðáèíñêèé èíæåíåðíûé óíèâåð-

ñèòåò, Õàðáèí, Êèòàé

Â ðàìêàõ ðàíåå ïðåäëîæåííîãî àâòîðàìè ïîäõîäà íà îñíîâå ìóëüòèìàñøòàáíîãî ìîäåëèðî-

âàíèÿ èññëåäóåòñÿ âëèÿíèå äâîéíûõ àòîìàðíûõ âàêàíñèîííûõ äåôåêòîâ íà óïðóãèå ñâîéñòâà

ïîëèìåðíûõ íàíîêîìïîçèòîâ èç îäíîñëîéíûõ ëèñòîâ ãðàôåíà. Ìîäåëèðîâàíèå ïîëèìåðíîé

ìàòðèöû îñóùåñòâëÿåòñÿ ìåòîäîì êîíå÷íûõ ýëåìåíòîâ, à èíòåðôàçíûé ñëîé è îäíîñëîéíûé

ëèñò ãðàôåíà ìîäåëèðóþòñÿ íà àòîìàðíîì óðîâíå â ðàìêàõ ìîëåêóëÿðíîé ñòðóêòóðíîé

ìåõàíèêè. Íà îñíîâàíèè êîíöåïöèè ïîòåíöèàëà Ëåííàðäà–Äæîíñà ïðåäïîëàãàåòñÿ íàëè÷èå

çàâèñèìîñòè âàí äåð Âààëüñà ìåæäó ñâîéñòâàìè îäíîñëîéíûõ ëèñòîâ ãðàôåíà è ïîëèìåðíîé

ìàòðèöû. Ðåçóëüòàòû ÷èñëåííûõ ðàñ÷åòîâ ïîêàçûâàþò, ÷òî ìîäóëü óïðóãîñòè ïîëèìåðà

ìîæíî óâåëè÷èòü â 17 ðàç çà ñ÷åò äîáàâëåíèÿ 5%-íîé îáúåìíîé äîëè îäíîñëîéíîãî ëèñòà

ãðàôåíà. Óñòàíîâëåíî, ÷òî ïðè óâåëè÷åíèè êîëè÷åñòâà äâîéíûõ àòîìàðíûõ âàêàíñèîííûõ

äåôåêòîâ ìîäóëü óïðóãîñòè ïîëèìåðíûõ êîìïîçèòîâ èç îäíîñëîéíûìè ëèñòàìè ãðàôåíà

ñíèæàåòñÿ, â òî âðåìÿ êàê ñ ðîñòîì îáúåìíîé äîëè îäíîñëîéíûõ ëèñòîâ ãðàôåíà íàáëþ-

äàåòñÿ åãî ïîâûøåíèå.

Êëþ÷åâûå ñëîâà: ãðàôåí, äâîéíûå àòîìàðíûå âàêàíñèîííûå äåôåêòû, óïðóãèå ñâîé-

ñòâà, ìóëüòèìàñøòàáèðîâàíèå, íàíîêîìïîçèò.

Introduction. Graphene is a new type of low-dimensional carbon material, which

consists of carbon atoms in a honeycomb lattice structure. The latter provides high strength,

high thermal conductivity and stiffness of graphene, as reported by numerous researchers

[1–3]. The nanoindentation technology applied to graphene by Lee et al. [3] made it

possible to evaluate its elastic properties using an inherent suspended graphene sheet (GS)

and of a series of open holes on a Si substrate: the stress of 130 GPa and elastic modulus of

about 1 TPa were attained. This finding strongly suggests that graphene is a perfect

enhancing material for the next generation of composites.

The outstanding mechanical properties are demonstrated by nanocomposites based on

polymer with exfoliated graphene sheets as enhancing factors have been demonstrated, e.g.,

by Rafiee et al. [4], who reported that inclusion of graphene sheets amounting to 1% of the

composite weight resulted in significant improvement of its stiffness and the strength. As a
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reinforcement material, the magnitude’s order obtains significance of the underlying

benefits of graphene. For the GS weight fraction in the epoxy matrix equal to 0.1%, the

authors [5] have revealed the 52%-increase in the nanocomposite buckling load value. In

addition, the graphene fillers in the composite improved its resistance to fatigue crack

propagation by almost two orders of magnitude, as compared with the base epoxy material

[6].

In order to study the effect of GS presence on the polymer mechanical properties, the

numerical simulation and theoretical studies have been conducted. By combining the

Mori–Tanaka method [7] with the molecular mechanics approach, Cho et al. [8]

investigated the mechanical properties of epoxy matrix reinforced with graphene sheets.

The elastic modulus of the latter was calculated through the molecular force field approach,

which formed the basis of the proposed micromechanical model. Awasthi et al. [9]

investigated the nanoscale load transfer between a graphene sheet and polyethylene by

applying the MD simulation. The further calculations strongly indicated that the

nanocomposite elastic modulus varied with the GS aspect ratios, i.e., length-to-width

relative values, rather than with their absolute values (sizes).

The effect of double-atom vacancy defects (DAVDs) on the elastic properties of

single-layered graphene sheets (SLGS) has been estimated via a multiscale model in the

recent study of the authors of this paper [10]. The same approach is applied in the present

study to determine how the number of DAVDs affects the elastic properties of SLGS-

polymer nanocomposites. For this purpose, the finite element (FE) approach is used to

model the polymer matrix, while the molecular structural mechanics (MSM) is applied to

the simulation of SLGS and interphase layer at the atomistic scale.

1. The Proposed Model. To establish a representative volume element (RVE)

composed of a cubic body of the matrix with an embedded SLGS [16], a potential-based

method is used, because the conventional theoretical frame is to assess the macroscopic

mechanical properties of composites. This article forecasts the stable performance of

SLGS-polymer composites with DAVDS in a similar way by a new MSM/FE multiscale

modeling method with three stages. The components of the three-phase RVE are: the outer

polymer matrix, the interphase, and the transition layer between the polymer matrix and

graphene.

1.1. SLGS Model. Li and Chou [11] brought in the atomistic FEA approach, coined as

the molecular structural mechanics (MSM) and implemented it via ANSYS commercial

code to calculate the GSs elastic properties with account of vacancy-type defects. Since the

detailed description of this approach can be found elsewhere [10, 11], only the minimal

important details are given in this paper. Finite element nodes correspond to carbon atoms,

and in the graphene sheet, the interatomic potentials between the covalently joint carbon

atoms are modeled by the structural beams, in this method. Using continuous and discrete

energy dependences linking the key effects of molecular mechanics related to torsion,

bending, bond stretching and the consistent beam strain energies, the beams’ elastic and

geometric parameters are attained. Here k� (torsion), kr (stretching), and k� (bending)

interatomic force field constants can be interrelated with the beam geometric and elastic

properties as follows:
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where Gbeam and Ebeam are the beam shear and elastic moduli, respectively, J is the

beam polar moment of inertia, I is the beam moment of inertia, L is the beam length

(bond distance between carbon atoms), and A is the cross-sectional area (which is

presumed to have a circular shape. Equations (1)–(3) are constructed to derive the elastic

properties of the beam factors and the effective diameter d as follows:

d
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� 4
�

, (4)
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��
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A C–C bond length of L� 0.1421 nm was applied in Eqs. (4)–(6) with k� �
� � �878 10 10. N�nm/rad 2, kr � � �652 10 7. N/nm, and k� � � �278 10 19. N�m/rad 2 for the

purpose of computing the beam cross-sectional parameters, which yields the beam diameter

d � 0.147 nm, elastic modulus Ebeam � 5.49 TPa, and shear modulus Gbeam � 0.871 TPa.

In addition, Poisson’s ratio � � 0.3 is assumed based on Fig. 1 demonstrates the numbers

of the DAVDs from zero to seven and the SLGS with DAVDs investigated in this work.

1.2. Polymer Matrix Model. Continuum-based FE formulation plays an important part

in analyzing the outer polymer matrix and the interphase layer. An isoparametric cubic

factor, which is applied for modeling of the matrix, is defined by eight nodes with three

degrees of freedom, each node including three translations in the z, y, and x directions.

Polymethyl methacrylate (PMMA) is the polymer matrix chosen in the research. It is

presumed that the elastic modulus of this isotropic amorphous polymer is 2.5 GPa, in

compliance with its experimental range between 3.8 and 2.24 GPa attained in [12].

Poisson’s ratio of 0.35 is used for the PMMA polymer matrix.
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Fig. 1. SLGS with the number of DAVDs ranging from zero to seven.



1.3. Interphase Layer Model. The Lennard–Jones potential represents the SLGS and

polymer matrix interactions, which correspond to vdW without a link:

V
r r

LJ �
	



�

�


� �

	



�

�


�

�

�
�

�

�
�4

12 6

�
� �

, (7)

where r is the interatomic distance, � and � represent the potential and the distance,

respectively, between two balanced atoms. The values of � and � are 38655 10 13. � � N/nm

and 0.34 nm, respectively, as for carbon atoms. When the distance was shorter compared

with the LJ potential’s shortcut radius, an elastic beam element was used to simulate the

vdW interaction equivalent to the extensive strain energy Ur , provided by Eq. (2) between

C atoms of SLGS and H atoms of the polymer matrix. Thus, the respective equation can be

derived as follows:

V U k r rLJ r� � �
1

2
0

2( ) . (8)

The following equation can be obtained by expanding the Lennard–Jones potential

into a Taylor series with the first two terms:
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Meanwhile, the force constant k can be attained through Eq. (4) as follows:

k
EA

r
� . (10)

For the earlier described beam section, the beam element radius amounts to

0.146618 nm. By re-arranging Eqs. (9) and (10) and using Poisson’s ratio of 0.3, we can

attain the beam effective elastic modulus.

Poisson’s ratio and the elastic modulus of the equivalent beam of SLGS, interphase

and polymer matrix applied in the current work have been defined in our earlier work [11].

For the purpose of attaining the transition layer’s thickness in a SLGS-polymer composite,

Hu et al. carried out the molecular mechanics calculations, which yielded the equilibrium

distance between C atoms of the nanotube and H atoms of the polymer from 0.2851 to

0.5445 nm. The mean value of this range, i.e., 0.40 nm, is used in our study as the transition

layers thickness. The SLGS-polymer nanocomposites’ multiscale model is demonstrated in

Fig. 2.
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Fig. 2. The multiscale model of SLGS-polymer nanocomposite.



The SLGS volume fraction ( fSLGS ) is an important variable in determining the

composite mechanical properties and is defined as

f
W h h h

A
SLGS

SLGS vdW SLGS vdW

cell

�
� �( )( )

,
2 2

(11)

where hvdW is the thickness of the transition layer whose value is 0.40 nm, hSLGS is the

thickness of SLGS whose value is 0.34 nm, fSLGS is SLGS volume fraction, WSLGS is

the width of SLGS, and Acell is the unit cell’s cross-sectional area. The RVE applied here

is constant as mentioned before. Therefore, the polymer matrix is the same as the SLGS’s

length in this study, whose value is 6.399 nm, and the width of SLGS WSLGS is 6.252 nm.

The input data containing the constituent properties are listed in Table 1. The elastic

modulus of the nanocomposite was calculated as follows [10]:

E
F A

L L

cell� �
�

� �
, (12)

where F is the total force(in units of nN) applied to RVE edge, �L is the elongation of

RVE, and L is the original length (in nm).

2. Results and Discussion. The elastic modulus of SLGS-polymer nanocomposites is

42.5 GPa, which is 17 times higher than that of purely polymer matrix when the SLGS

volume fraction is 5%. These results demonstrate that SLGS is a superior filler to improve

the elastic property in nanocomposite. Although the experimental results corroborated the

feasibility of the proposed multiscale model concerning SLGS’s enhancement abilities,

there are systematical deviations between the experimental data and numerical simulation

results: the former are much lower than latter. These discrepancies can be attributed to:

(i) the neglect of involvement of different SLGS layers in the load transfer; (ii) the

wrinkled (wavy) structure of SLGS in the polymeric matrix, which is observed at different

temperatures differs from a flat rectangular shape presumed in the model; (iii) DAVDs in

SLGS reduce their mechanical properties; (iv) an arbitrary orientation of fibers in tests does

not comply with the unidirectional one assumed in the numerical simulations.
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T a b l e 1

Input Data for the FEA of SLGS-Polymer Nanocomposite

Parameter Value

Elastic modulus of equivalent beam of SLGS [N/nm2] 5 488 10 6. � �

Elastic modulus of polymer matrix [GPa] 2.5

Elastic modulus of interphase layer Solve Eqs. (10) and (11)

Poisson’s ratio of the equivalent beam of SLGS 0.3

Poisson’s ratio of polymer matrix 0.35

Poisson’s ratio of interphase layer 0.3

Length of SLGS [nm] 6.399

Width of SLGS [nm] 6.252

Thickness of SLGS [nm] 0.34

Length of polymer matrix [nm] 6.399

Thickness of interphase layer [nm] 0.4

Cross-sectional area of the unit cell [nm2] 8 039. fSLGS



The effect of DAVDs number variation (from zero to seven) on the elastic properties

of SLGS-polymer nanocomposites is depicted in Fig. 3. It is shown that the elastic modulus

of defect-free SLGS-polymer nanocomposite drops down with an increase in the number of

DAVDs by a linear correlation, namely by approx. 5.8% per defect. As seen from Fig. 3,

the elastic modulus of SLGS-polymer nanocomposites exhibits a linear deterioration trend

with the SLGS volume fraction: 1%-reduction of SLGS volume fraction results in a

10.6%-drop of the elastic properties of SLGS-polymer nanocomposite.

Conclusions. The effect of double-atom vacancy defects (DAVDs) on the elastic

properties of single-layered graphene sheets (SLGS)-polymer nanocomposites, is assessed

by the proposed multiscale model.

It is shown that the elastic modulus of defect-free SLGS-polymer nanocomposite

drops down with an increase in the number of DAVDs by a linear correlation, namely by

approx. 5.8% per defect. As seen from Fig. 3, the elastic modulus of SLGS-polymer

nanocomposites exhibits a linear deterioration trend with the SLGS volume fraction:

1%-reduction of SLGS volume fraction results in a 10.6%-drop of the elastic properties of

SLGS-polymer nanocomposite.

The limitations of the proposed approach, which resulted in systematic overestimation

of the elastic modulus, can be reduced to: (i) the neglect of involvement of different SLGS

layers in the load transfer; (ii) the wrinkled (wavy) structure of SLGS in the polymeric

matrix, which is observed at different temperatures differs from a flat rectangular shape

presumed in the model; (iii) DAVDs in SLGS reduce their mechanical properties; (iv) an

arbitrary orientation of fibers in tests does not comply with the unidirectional one assumed

in the numerical simulations.

The above problematic issues are envisaged to be tackled in the further theoretical and

numerical simulation studies.
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Fig. 3. The elastic modulus of SLGS-polymer nanocomposites with different SLGS volume fraction

versus the number of DAVDs (varying from zero to seven).



Ð å ç þ ì å

Ó ðàìêàõ ðàí³øå çàïðîïîíîâàíîãî àâòîðàìè ï³äõîäó íà îñíîâ³ ìóëüòèìàñøòàáíîãî

ìîäåëþâàííÿ äîñë³äæóºòüñÿ âïëèâ ïîäâ³éíèõ àòîìàðíèõ âàêàíñ³éíèõ äåôåêò³â íà

ïðóæí³ âëàñòèâîñò³ ïîë³ìåðíèõ íàíîêîìïîçèò³â ç îäíîøàðîâèõ ëèñò³â ãðàôåíà. Ìîäå-

ëþâàííÿ ïîë³ìåðíî¿ ìàòðèö³ âèêîíàíî ìåòîäîì ñê³í÷åííèõ åëåìåíò³â, à ³íòåðôàçíèé

øàð ³ îäíîøàðîâèé ëèñò ãðàôåíà ìîäåëþþòüñÿ íà àòîìàðíîìó ð³âí³ â ðàìêàõ ìîëåêó-

ëÿðíî¿ ñòðóêòóðíî¿ ìåõàí³êè. Íà îñíîâ³ êîíöåïö³¿ ïîòåíö³àëó Ëåííàðäà–Äæîíñà ïðè-

ïóñêàºòüñÿ íàÿâí³ñòü çàëåæíîñò³ âàí äåð Âààëüñà ì³æ âëàñòèâîñòÿìè îäíîøàðîâèõ

ëèñò³â ãðàôåíà ³ ïîë³ìåðíî¿ ìàòðèö³. Ðåçóëüòàòè ÷èñåëüíèõ ðîçðàõóíê³â ïîêàçóþòü,

ùî ìîäóëü ïðóæíîñò³ ïîë³ìåðó ìîæíà çá³ëüøèòè â 17 ðàç³â çà ðàõóíîê äîäàííÿ

5%-íî¿ îá’ºìíî¿ ÷àñòêè îäíîøàðîâîãî ëèñòà ãðàôåíà. Óñòàíîâëåíî, ùî ç ðîñòîì ê³ëü-

êîñò³ ïîäâ³éíèõ àòîìàðíèõ âàêàíñ³éíèõ äåôåêò³â ìîäóëü ïðóæíîñò³ ïîë³ìåðíèõ êîì-

ïîçèò³â ç îäíîøàðîâèìè ëèñòàìè ãðàôåíà çìåíøóºòüñÿ, â òîé ÷àñ ÿê ç³ çðîñòàííÿì

îá’ºìíî¿ ÷àñòêè îäíîøàðîâèõ ëèñò³â ãðàôåíà â³äì³÷àºòüñÿ éîãî ï³äâèùåííÿ.
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