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Abstract: In this study, the influence of the type of interlayer interactions on the
elastic modules of multilayer graphene sheets (GS) and nanocomposites was
investigated. The modeling and investigation of mechanical properties of gra-
phite layers were performed using the molecular mechanics (MM) method.
Initially, for improving the model and decreasing the amount of computations,
three types of elements, i.e., a beam, a linear spring and a nonlinear spring,
were used. Continuing, the mechanical properties of multilayers and nanocom-
posites were compared using three types of interlayer interactions. Initially, a
nonlinear spring defined by the Leonard Jones potential was used to define the
interlayer interactions (ordinary case). Then, a linear spring with a certain stiff-
ness, to obtain an equal linear spring and to investigate the ultimate capacity of
interlayer interactions in the translation of force, by increasing the stiffness of
linear springs, was employed (chemical change). Then, by omitting all Van der
Waals interactions and the creation of defects in the graphite layers, covalent
interlayer interactions (using the Morse potential) were created. Finally, Van
der Waals and covalent interlayer interactions were created spontaneously to
study the properties of multilayers and nanocomposites (functionalization). The
results were compared with other available literature data in order to validate
the modeling.

Keywords: structural mechanics approach; graphene sheet; elastic modules;
vacancy defect; functionalization.

INTRODUCTION

Graphene sheets (GS) and carbon nanotubes (CNT) have attracted the
attention of many researchers and scientists due to their wonderful properties and
abundant applications in industry, medicine, martial science and other fields.1-0
Besides their unique mechanical, thermal and electrical properties, their signi-
ficant capabilities in other fields have attracted further attention. Among these
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properties, their potential to be used as a reinforcement agent in polymeric com-
posites and producing nanocomposites with exclusive properties could be men-
tioned. High tensile strength beside the lightening and high flexibility of these
products is one of their extraordinary mechanical properties that make them
unique. Besides the mentioned benefits, weak interlayer interactions, which per-
suade researchers to demonstrate the functionalization idea or chemical
changes,’~12 should be noticed.

Modeling approaches for these nanomaterials are needed, due to their small
scales and expensive equipment in this field. One of the most attractive methods
in this field is the molecular mechanic (MM) method, which was introduced for
the first time by Li and Chou!3 who used linear beam elements to simulate
CNTs. Subsequently, many researchers devoted their time to improving this field
by working on the type and quality of the employed elements. Among the studies
performed in this field, one by Meo and Rossi,!4 who introduced spring elements
as a suitable replacement for beam elements, could be mentioned. Afterwards,
Georgantzinos et al.!5 presented the idea of using fully nonlinear spring-based
models, which were then improved further by other researchers.16-20

To date, nonlinear spring elements were commonly used to simulate inter-
layer interactions in nanocomposites.2!-23 Rafiee et al.24 studied the idea of
functionalization of CNT nanocomposites using linear beam elements (intro-
duced by the AMBER potential) as covalent interlayer interactions and reported
that this action decreased the elastic modulus of CNTs and reinforced nanocom-
posites. The focus of this study was the important problem that the connector
between the base material and the reinforcement (CNT) agent are weak Van der
Waals interactions, which cannot translate the maximum power of the reinforce-
ment to the base.

Therefore, in this study, the effect of using different types of interlayer inter-
actions was investigated. The most important goals were the calculation of the
maximum limit of load transferring and the study of the influence of different
types of functionalization (introduced by many researchers).”12 The most
important objectives investigated were:

— The influence of different types of mechanical elements used to simulate
monolayer GS.

— The influence of four different types of interlayer interactions on the mech-
anical properties of multilayer GSs and nanocomposites, i.e.: a) van der Waals
interlayer interactions using nonlinear spring elements defined by the Leonard—
—Jones potential (ordinary case), b) linear spring elements, whose the stiffness of
which increased at each step to obtain the ultimate value of translating force
(chemical change), c) covalent interlayer interaction using a linear spring element
defined by the Morse potential energy and d) a combination of Van der Waals
and covalent bonds.
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— A comparison between the reinforcing effect of monolayer and multilayer
GSs in nanocomposites.

CONSIDERED MODELS

Considered models, theoretical background and calculations are described in Supple-
mentary material to this paper.

RESULTS AND DISCUSSION
Monolayer GS

The results related to the elastic module of a monolayer GS for different
types of mechanical elements are given in Table I. With change in the mech-
anical element from linear beam to linear spring, the influence of the defined
cross section area could be obtained. By replacing a nonlinear spring with a
linear spring, the influence of the definition of the nonlinear behavior for the
employed elements could be computed. It was observed that by a replacing a
linear beam with a linear spring, the elastic module in model I increased by 11 %
and in model II increased by 17 %. This shows that by assuming a cross section
area for the element, a significant change was observed in the elastic module. In
addition, in this step, the time of the computations for both cases was the same.
To continue, by replacing a nonlinear spring with a linear spring, the elastic
module of both models increased by about 3 %. This showed that by defining
nonlinear behavior for the elements, the results did not show significant changes
but the time of the computations was very long, which further increased on inc-
reasing the dimensions of the sheets. Therefore, a linear spring element could be
introduced as a suitable element to simulate interatomic interactions of GSs,
because they make less error and require shorter computation times.

TABLE I. Variation of the elastic module of a GS in dependence on the type of the mech-
anical element

Type of the mechanical element Elastic module, TPa
Linear beam Model I: 1.096
Model II: 1.078
Lit.2%: 1.025
Linear spring Model I: 1.217
Model II: 1.269
Lit.26: 1.367
Nonlinear spring Model I: 1.255
Model II: 1.308
Lit.!8: 1.245

Double-layer GSs

Interlayer interaction: type 1. GS used at this step is perfect and its elastic
module is about 1.2175 TPa. By defining a second layer at a distance of 0.34 nm
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from the first one and the creation of Van der Waals interaction between the
layers with a cut-off distance of 0.38 nm, the elastic module increased to 1.2275

TPa. This result is in good agreement with the results reported by other researchers
(Table II).

TABLE II. A comparison of the results related to the elastic module of double-layer GSs with
Van der Waals interlayer interactions

Study Elastic module of a Elastic module of a
monolayer, TPa double-layer, TPa

Present study 1.2175 1.2275

Golkarian and Jabbarzadeh!$ 1.2447 1.2537

Li and Chou!3 1.025 1.035

Bao et al.?” 1.030 1.032

Interlayer interaction: type II. The results obtained at this step (Table III)
showed that at a stiffness of 300 nN nm~!, the elastic module is about 1.2263
TPa, which is in good agreement with the value 1.2257 TPa related to the pre-
vious step and showed that this stiffness is a good replacement for nonlinear Van
der Waals interactions. It was observed that at a stiffness of about 108 nN nm~!
(330000 times stronger than 300 nN nm~! equal to the van der Waals forces), the
elastic module of double-layer GS increased to 1.59 TPa, showing a 30 % inc-
rease. It could be deduced that if the maximum increase of 30 % was satisfactory
and the complication of working on the power of interlayer interactions was
possible, chemical work on the interlayer interactions could be helpful.

TABLE III. Variation of the elastic module of double-layer GSs from the stiffness of linear
springs as interlayer interactions

Stiffness, nN nm-! Elastic module, TPa
0 1.2175
1 1.2176
10 1.2178
100 1.2205
300 1.2263
103 1.2452
104 1.5513
106 1.5905
108 1.5954
1010 1.5955
1012 1.5955

Interlayer interaction: type III. In the third step, by defining a defect in each
layer, the elastic module of each layer was reduced to 1.1979 TPa; this negligible
decrease is in the range of results reported by other researchers (Table IV). By
defining van der Waals forces between two layers, the elastic module of the
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layers increased to 1.2060 TPa. If the layers were linked together by covalent
bonds, the elastic module increased to 1.1988 TPa and when a combination of
van der Waals and covalent bonds was used, the elastic module increased to
1.2067 TPa, which shows a 0.7 % increase in comparison to defective mono-
layers and 0.9 % reduction if compared to the perfect ones.

TABLE IV. Variation of elastic module of a monolayer GS caused by defining a defect

Study Perfect elastic module, TPa Defective elastic module, TPa
Present study 1.2175 1.1979

Rafiee & Pourazizi?* 1.032 0.990

Ansari et al. 2 0.79 0.77

Scalante et al.?° 1.042 1.036

The results showed that by defining a defect in the layers, the elastic module
showed a 1.6 % reduction and that the reduction after functionalization by defin-
ing covalent and van der Waals forces was 1.5 %, which is a negligible differ-
ence. From these results, it could be deduced that functionalization in order to
repair existing defects or after defining the defects in the model, to form covalent
interlayer interactions cannot improve the mechanical properties of the model.
Therefore, other ways, such as a change in the type of interlayer interaction, should
be considered.

Nanocomposite

Monolayer reinforcement. Interlayer interaction: type I. In this step, a GS
with an elastic module of 1.2175 TPa was imported into a polymeric base with an
elastic module of 3.5 GPa and they were coupled with Van der Waals forces. The
elastic module of nanocomposite at this step was 63.7 GPa, which is in good
agreement with the result of 64.2 GPa obtained from ROM. In a same research
performed by Rafii-Tabar and Montazeri2! for a polymeric base with an elastic
module of 3.5 GPa, the elastic module of nanocomposite was reported to be
about 59.536 GPa, which is in suitable agreement with the results obtained in this
study. Moreover, the elastic module of the polymeric base (3.5 GPa) in this step
was found to be 3.67 GPa, which was a 4.8 % increase.

Interlayer interaction: type II. By using linear springs instead of Van der
Waals forces and increasing its stiffness, no significant change was observed in
the translate ratio from reinforced to polymeric base (Table V). It could be seen
that the maximum elastic module of the nanocomposite in a stiffness of 300 nN
nm~! (the same as when van der Waals forces existed) was obtained, which was
equal to the 63.68 GPa. The maximum value for the elastic module of polymeric
base was about 3.678 GPa, i.e., a 1.5 % increase.

Interlayer interaction: type Ill. By omitting all van der Waals forces, defin-
ing a defect and creating three covalent bonds, the elastic module of the nano-
composite and the polymeric base were about 62.69 GPa and 3.5 GPa, respect-
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ively. By defining, a second defect and the next three covalent bonds (bidirect-
ional), the elastic module of the nanocomposite and of the polymeric base were
61.69 and 3.5 GPa, respectively. By defining van der Waals forces (together with
bidirectional covalent bonds), the elastic modules reached 61.71 and 3.6 GPa,
respectively. From these results, it can be deduced that the functionalization of
nanocomposites reinforced by monolayer GS does not lead to an improvement of
the elastic module of the nanocomposite.

TABLE V. Variation of elastic module of polymeric base according to the stiffness of a linear
spring as an interlayer interaction (monolayer reinforcement)

Stiffness, nN nm! Elastic module of polymeric base, GPa
0 3.5

0.1 3.557

10 3.67

300 3.677

1000 3.678

10* 3.678

Double-layer reinforcement. Interlayer interaction: type 1. By importing a
double-layer GS in polymeric base, the elastic module of nanocomposite inc-
reased to 64.11 GPa, which is a 0.7 % increase. In this step, the elastic module of
polymeric base decreased to 3.6 from 3.67 GPa for a monolayer reinforcement.
This showed that increasing the number of layers in the presence of van der
Waals forces as interlayer interactions was inefficient.

From the results of this step and the previous steps (related to the function-
alization by using monolayer reinforcement), it can be deduced that the function-
alization of double-layer GS would be inefficient, because the increase in the
number of layers did not improve the elastic module of the nanocomposite and
also defect creation (in order to make covalent bonds) decreased the elastic
module of the nanocomposite.

Interlayer interaction: type II. By increasing the stiffness of all interlayer
interactions including the interactions GS—GS and GS—polymeric base, the elastic
module of the nanocomposite increased to 82.5 GPa, i.e., a 30 % increase (in a
stiffness of 1 nN nm~1) (Table VI), which is equal to the time that the elastic
module of double-layer GS reached its maximum value. In addition, the elastic
module of the polymeric base decreased to 3.605 GPa (in stiffness of 100 nN
nm1) from 3.67 GPa related to the use of monolayer reinforcement (Table VII).
This shows that increasing the number of layers and the stiffness of interlayer
interactions cannot improve the elastic module of the polymeric base.

Some of the important points that can be deduced from the results are:

1. Making a defect in the graphene layer for replacing three carbon—carbon
covalent bonds instead of three weak van der Waals interlayer interactions to inc-
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TABLE VI. Variation of elastic module of nanocomposite according to the stiffness of the
linear spring element as an interlayer interaction (double layer reinforcement)

Stiffness, nN nm-! Elastic module of nanocomposite, GPa
0 63.7
1 63.68
10 63.69
100 63.74
1000 64.18
104 67.39
105 76.72
10° 81.68
107 82.41
108 82.48
10° 82.5

rease the elastic module of nanocomposite or multilayers is a useless operation.
This is because the decreasing effect of making a defect in a layer on the elastic
module more than decreases the effect of this type of functionalization.

TABLE VII. Variation of the elastic module of the polymeric base in dependence on the
stiffness of the linear spring elements as interlayer interaction (double-layer reinforcement)

Stiffness, nN nm'! Elastic module of the polymeric base, GPa
0 35

1 3.585

10 3.602

100 3.605

1000 3.605

2. By increasing the strength of interlayer interactions (which includes each
type of functionalization or chemical changes), a maximum increasing effect of
30 % in the elastic module of nanocomposites reinforced by multilayer graphene
sheets is estimated. Of course, this results may have some changes in experi-
mental studies because, in this case, the influence of many graphene layers as a
multilayer GS was only investigated and the influence of some important para-
meters, such as the contribution, dispersion, local density, direction of the layers
and some other parameters that could not be considered in the atomic mechanical
modeling and appear only in real, experimental investigations.

3. This increasing effect is when the employment of multilayer graphene
layers (in the experimental works most of the employed graphene layers are also
multilayers, because monolayers are rarely available) and increasing the strength
of interlayer interactions between a monolayer graphene sheet and a polymeric
base does not lead to a significant increasing effect in the elastic module of the
nanocomposite.
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Among theoretical studies performed in this case, the study performed rec-
ently by Rafiee and Rourazizi2* could be mentioned, in which they used the
molecular mechanic modeling method and reinforced a polymeric cylindrical
matrix with monolayer carbon nanotube and investigated the influence of this
type of functionalization (making defect and replacing C—C covalent bonds ins-
tead of van der Waals interlayer interactions) and reported the same results.

They reported the decreasing effect of this type of functionalization on the
elastic module of a cylindrical polymeric base reinforced by single layer carbon
nanotube and they explained that the effect of functionalization cannot be obs-
erved on the micro scale but its improving effect may appear on the meso or
macro scale.

Therefore, in the present study, time was devoted to investigate the effect of
each type of functionalization (by increasing the strength of interlayer inter-
actions up to its highest level) for both mono and multilayer graphene sheets. It
was found that in the case of multilayers, an up to 30 % increase in the elastic
module of the nanocomposite was possible by increasing the effect but in the
case of monolayer reinforcements, no increase was observed in the case of
graphene sheet, but not with carbon nanotubes

As a general result, it could be deduced that, maybe, more attention should
be paid to the interactions between the graphene layers than those between the
graphene layer and the polymeric base. However, this objective cannot be
strongly emphasized because, as explained previously, there are some crucial
parameters that cannot be considered using this modeling approach.

CONCLUSIONS

In this paper the influences of three types of interlayer interactions on the
elastic module of multilayer GSs and nanocomposites reinforced by monolayer
and double-layer GS were studied. The following important cases were con-
sidered in this investigation:

The influence of type of element used for simulating of GSs on the elastic
module and the amount of computations.

The influence of type of element used for simulating interlayer interactions
in double-layer GSs and nanocomposites reinforced by monolayer and double-
-layer GS.

Using four types of interlayer interactions:

— van der Waals interlayer interaction using nonlinear spring element
defined by the Leonard—Jones potential to validate the modeling method,

— linear spring elements, the stiffness of which was increased at each step to
find the ultimate value of the possible force translation ratio,

— omitting all van der Waals forces, defining defects in the layers and make
three covalent interlayer interactions by defining each defect and
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— combination of van der Waals and covalent interlayer interactions.

The influence of an increase in the number of layers on the reinforcement of
the nanocomposites.

The maximum amount of possible force translation ratio from reinforcement
to polymeric base (chemical changes).

Some of the important results are:

— The linear spring element is in best agreement with other results and
requires the lowest computations time.

— Making defects and replacing van der Waals interlayer interactions with
C—C covalent bonds cannot improve the elastic module of multilayer GSs and
nanocomposites. This means that the decreasing effect of making defects is more
than the increasing effect of the replacement by covalent interlayer interactions.

— Chemical changes (functionalization) in interlayer interactions under the
best conditions can lead to an increase of about 30 % in the elastic module of
multilayer GSs and nanocomposites reinforced by multilayer GSs.

— Improving the elastic modules of nanocomposites due to the functional-
ization (reported by experimental works) is the consequence of functionalization
of interlayer interactions between graphene layers not between graphene layer
and polymeric base.

— Improving the quality of interlayer interactions cannot help to improve the
elastic module of polymeric base.

Consequently, it could be deduced that by using multilayer GSs and improv-
ing the strength of the interlayer interactions, significant increases in the elastic
module of double-layer GSs and also nanocomposites reinforced by multilayer
GSs of up to 30 % could be expected. In addition, improving the strength of the
interlayer interactions or increasing the number of layers does not lead to an
improvement in the elastic module of the polymeric base.

SUPPLEMENTARY MATERIAL

Details of the considered models, their theoretical background and method of calcul-
ations are available electronically from http://www.shd.org.rs/JSCS/, or from the corres-
ponding author on request.

Acknowledgement. The authors wish to thank the Islamic Azad University of Mashhad
for financing the project “The influence of quality of interlayer interactions on the mechanical
properties of polymeric nanocomposites”.
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U3BOJ
YTHULIAJ] MHTEPAKLIMJA MEBYCJIIOJA HA MEXAHWYKA CBOJCTBA ITIOJIMMEPHUX
HAHOKOMIIO3UTA

MEHRDAD JABBARZADEH u AMIR REZA GOLKARIAN
Department of Mechanical Engineering, Mashhad Branch, Islamic Azad University, Mashhad, Iran

[TpoyuaBaH je yTullaj TUIOBAa WHTepakuuje Mehycioja Ha enacTHyHe MoOAyJe BHIIe-
ciojHor rpadesa (GS) 1 HaHOKOMIIO3UTa. MoziesIoBame ¥ UCIUTHBabE MEXaHUUKUX CBOjCTaBa
rpadUTHHUX C/I0OjeBa M3BENEHO je METOAOM MONeKyncke MexaHuke (MM). Hajope cy, 30or
nodollakka MOJENa U CMamema 0DMMa M3pauyHaBawa, KopuilheHa TpH eleMeHTa: 3pak,
JVHEeapHa W HeJlMHeapHa ONpyra, a y HacTaBKy Cy ynopeheHa mMexaHM4Ka CBOjCTBA BHILeE-
CTPYKHX CJI0jeBa ¥ HAaHOKOMIIO3WTa NMPHMEHOM TPH THIA HUHTepakuuje mehycmoja. IIpso je
kopulrheHa HelnMHeapHa ompyra feduHucaHa Leonard—Jones moteHnyjanom fa ou ce nedu-
HUcalle UHTepakuuje Mmehycnoja (OpAUHApHU CiIy4aj). 3aTUM je MpUMeweHa JOHeK/ie MPUry-
IIeHa JIMHeapHa Onpyra (eKBUBAJEHTHA JMHeapHa onpyra) U nosehaBameM MPUTYIIEHOCTH
JIMHEApHUX ONpyra UCIUTA0 KpajkbH KamauuTeT HHTepakuuje mehycioja y TpaHcnauuju cuine
(xemHjcka mpoMeHa). Y3 To Cy, Y jefHOM ciiy4ajy 3anemapeHe cse van der Waals uHrepaxuuje
Y HacTajame gedexara y rpadUTHUM CI0jeBUMaA, Te je OHO ZOBOIUWIO IO KOBAJIEHTHUX UHTEP-
akuuja mehycioja (Morse moteHuujamn), a y gpyrom , van der Waals u xoBaneHTHe HHTep-
akuuje mehycnoja kpeupaHe cy CIIOHTAHO Jja O ce MPOyYuIa CBOjCTBA BULIECTPYKUX CJI0jeBa
Y HaHOKoMIo3WTa (dyHKIMOHanu3auyja). Pesynratu cy nopeheHu ca mojanuma U3 Iutepa-
Type pajy Balugu3alyje MoLenoBama.

(ITpumibeHo 25. okrobpa 2014, pesupupano 10. mapTta, mpuxsaheno 18. jyna 2015)
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