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V]IK 539.4

Pacuer ynpyrux CBOHCTB NOJHUMEPHBIX HAHOKOMIIO3MTOB M3 OJHOCJOMHBIX
JUCTOB rpadeHa ¢ ABOWHBIMU ATOMAPHBIMM BAKAHCHOHHBIMU JedeKkTaMu Ha
OCHOBE MYJIbTHUMACIITA0HOI0 MOJAEJIMPOBAHUS

3. K. Banur, 3. B. 10, K. 5. Cyn, X. JIu, U. K. Baur

Komemk a’poOKOCMHYECKOT0 U IPayKIAHCKOTO CTPOUTENBCTBA, XapOMHCKUN HMHXKEHEPHBIH yHUBEp-
cutet, Xapoun, Kurait

B pamxax panee npednodxcenno2o asmopami nooxo0a Ha 0CHO8E MYIbMUMACUMAOHO20 MOOEIUpo-
8aHUA UCCIEOYEMCSL BIUAHUE OBOUHBIX AMOMAPHBIX BAKAHCUOHHBIX 0e(eKmos Ha ynpyeaue Ceolcmea
NOIUMEDHBIX HAHOKOMNO3UMOS U3 OOHOCIOUHbIX NuUcmos epaghena. Moodeauposanue noaumepHol
MAMpUYbl OCYUeCmeiaencst MemooOM KOHEUHbIX dNeMEHMO8, d UHMep@a3Hblll CLOU U OOHOCIOUHbIL
aucm epagpena MoOenupyromes Ha aAmOMApHOM YPOBHE 6 PAMKAX MOIEKYIAPHOU CMPYKMYPHOU
mexanuku. Ha ocnosanuu konyenyuu nomenyuana Jlennapoa—/lxconca npeononaeaemcs manudue
sasucumocmu 8an oep Baanvca mexcoy ceolicmeamu 0OHOCIOUHBIX TUCTO8 2PAPEHA U NOTUMEPHOLU
Mmampuyvl. Pe3ynbmamol YUCIeHHBIX pAcuemos NOKA3bleaion, 4mo MOoOYIb YNpy2oCmu Noaumepa
MOdICHO yeenuuums 6 17 paz 3a cuem Oobasnenusi 5%-Hotl 006beMHOU 00U 0OHOCIOUHO20 IUCMA
epagena. Yemanosneno, umo npu yeeauyeHuu KOAUYECMEd OBOUHBIX AMOMAPHBIX S6AKAHCUOHHBIX
deghekmos MoOyIb Ynpyeocmu NOIUMEPHBIX KOMNO3UMO8 U3 OOHOCIOUHBIMU JUCmamu epagena
CHUDICAeMCsl, 8 MO 8pPEeMsi KAK ¢ POCMOM 06beMHOU 001U OOHOCIOUHBIX UCMO8 Zpagena Habmo-
oaemcsi e20 nogvleHue.

Kniwouegvie cnosa: rpaden, n1BOMHBIE aTOMapHbIE BAKAHCHOHHBIC 1E(EKTHI, YIIPyTrHe CBOM-
CTBa, MYJIbTUMACIITa0MPOBaHNE, HAHOKOMIIO3HUT.

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), k,. (stretching), and k, (bending)
interatomic force field constants can be interrelated with the beam geometric and elastic
properties as follows:

E A
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where G, and E,.,, are the beam shear and elastic moduli, respectively, J is the
beam polar moment of inertia, / 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:

L
d—4\/;, 4)

k2L
beam = 4.7tk9 4 ®)
kL
Gbeam = 87Tk2 . (6)
0

A C-C bond length of L=0.1421 nm was applied in Eqgs. (4)~(6) with ky =
=878-107" N-nm/rad*, k, = 652:107" N/nm, and k, = 278-10""" N -m/rad” for the
purpose of computing the beam cross-sectional parameters, which yields the beam diameter
d = 0.147 nm, elastic modulus E,,,,, = 5.49 TPa, and shear modulus G, = 0.871 TPa.

In addition, Poisson’s ratio v = 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.

Fig. 1. SLGS with the number of DAVDs ranging from zero to seven.

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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1.3. Interphase Layer Model. The Lennard—Jones potential represents the SLGS and
polymer matrix interactions, which correspond to vdW without a link:

w=fs)-£]]

where 7 is the interatomic distance, ¢ and o represent the potential and the distance,
respectively, between two balanced atoms. The values of o and ¢ are 3.8655-107 " 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 U, , 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:

1
Viy =U, = k(=1 )2 (8)

The following equation can be obtained by expanding the Lennard—Jones potential
into a Taylor series with the first two terms:

12 6
o o

7

Meanwhile, the force constant & can be attained through Eq. (4) as follows:
k=—. (10)

For the earlier described beam section, the beam element radius amounts to
0.146618 nm. By re-arranging Egs. (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.
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The SLGS volume fraction (fg;;s) 1S an important variable in determining the
composite mechanical properties and is defined as

forcs = (Fsigs +2hvdl/2 WhsiGs +2hyaw )’ "

cell

where £,y is the thickness of the transition layer whose value is 0.40 nm, /g ;¢ is the
thickness of SLGS whose value is 0.34 nm, fg ;g 1S SLGS volume fraction, Wg s 1S
the width of SLGS, and 4., 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 Wg; ;¢ 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]:

o F/Acell
F=—=—"—" s
e AL (12)

where F is the total force(in units of nN) applied to RVE edge, AL is the elongation of
RVE, and L is the original length (in nm).

Table 1
Input Data for the FEA of SLGS-Polymer Nanocomposite

Parameter Value
Elastic modulus of equivalent beam of SLGS [N/nmz] 5.488-107°
Elastic modulus of polymer matrix [GPa] 2.5
Elastic modulus of interphase layer Solve Egs. (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 [nmz] 8.039/ fs16s

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:
(1) 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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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.
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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).

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 eclastic 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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Pe3zwome

VYV pamkax pasinie 3arporOHOBAaHOTO aBTOPAMHM MiX0Jy Ha OCHOBI MYyJIbTHMACIITaAOHOTO
MOJICITFOBAHHS JIOCIIDKY€EThCSI BIUIMB TOJBIMHUX aTOMapHUX BaKaHCIHHHX IC(PCKTIB Ha
MIPY’KHI BIACTUBOCTI MOJIIMEPHUX HAHOKOMIIO3UTIB 3 OJHOIIAPOBHX JIHCTIB TpadeHa. Mose-
JIIOBaHHS MOJIMEPHOI MaTPHIi BUKOHAHO METO/IOM CKIHYEHHHX €JIEMEHTIB, a IHTep(a3Huit
map i OHOMIAPOBHHA JIUCT rpadeHa MOACTIOIOTHCS Ha aTOMAapHOMY PiBHI B paMKax MOJIEKY-
JSIpHOT CTpYKTYpHOI MexaHiku. Ha ocHoBi konuenmii norenuiany Jlennappa—/lonca npu-
ITyCKA€THCSl HASBHICTH 3aJISKHOCTI BaH Jep Baambca MiK BIACTHBOCTSIMH OJTHOIIAPOBHX
JIMCTIB rpadeHa i mosiiMepHoi MaTpuii. Pe3ynbTaTi 4nMCceNbHUX PO3paxyHKIB IOKa3yIOTh,
0 MOAYJb TPYKHOCTI IONiMepy MOKHa 30UThIIUTH B 17 pasiB 3a paXxyHOK JOMAaHHS
5%-H01 00’ €MHOT YaCTKH OJHOMIAPOBOIO JUCTa rpad)eHa. Y CTaHOBIICHO, 110 3 POCTOM KiJib-
KOCTIi IMOJBIHHUX aTOMAapHUX BaKaHCIHHUX NE(PEKTiB MOMYIb MPYKHOCTI IMOJIMEPHAX KOM-
MO3UTIB 3 OJHOMIAPOBHMH JINCTaMH rpadeHa 3MEHIIYEThCS, B TOI Yac sIK 31 3pOCTaHHIM
00’€MHOI YaCTKH OJIHOIIAPOBUX JIMCTIB rpa)eHa BiAMIYAETHCS HOTO IMiJBHIICHHS.
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