Amirkabir Journal of Mechanical Engineering

Amirkabir J. Mech. Eng., 55(4) (2023) 101-104
DOI: 10.22060/me;j.2023.22059.7560
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ABSTRACT: A three-dimensional analytical micromechanical model based on the unit cell is extended
to extract the elastic properties of graphene-nanoplatelet reinforced polymer nanocomposites. Graphene-
nanoplatelet /epoxy interphase region changing gradually is considered elastic with isotropic behavior.
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the nanocomposite is divided into a three-dimensional cubic with N, x N, x N, subcells. The obtained
results are compared with the available research studies. Moreover, the effect of parameters such as the
volume of graphene-nanoplatelet in the epoxy resin, the graphene-nanoplatelet aggregation, and the
interphase region are investigated on the response of the nanocomposite. It is shown that the aggregation
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of graphene-nanoplatelet depends on its volume fraction. The results show that the elastic properties
obtained from the present micromechanical model taking into account the random distribution, the

agglomeration of nanoparticles, and also interphase are close to the experimental data.
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Graphene size effect
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Graphene aggregation

1- Introduction

In recent years, graphene nanoplatelets (GNPs)
reinforced polymer nanocomposites have gained significant
importance due to their exceptional mechanical properties
and multifunctional capabilities. Several micromechanical
methods have been presented to determine the properties of
polymer nanocomposites reinforced with GNPs. However,
some of these methods, such as Mori-Tanaka and Halpin-
Tsai, lack the ability to accurately estimate the properties
of nanocomposites for low and high-weight fractions of
GNP [1, 2]. Moreover, they do not consider a complete set
of parameters that affect the properties of nanocomposites.
Consequently, the current micromechanical methods
cannot accurately estimate the properties of GNP/polymer
nanocomposites under different laboratory conditions. The
purpose of this article is to introduce a new micromechanical
method based on HFGMC' approach, which increases the
accuracy of estimating the properties of nanocomposites.
The article covers the most important factors introduced
by the experimental studies, influencing the properties of
nanocomposites including the GNP content, aggregation
and orientation of GNPs, interphase region between GNPs
and resin, and GNP size. It will be shown that increasing
the content of graphene leads to an increase in aggregation
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inside the nanocomposite, which reduces the properties of the
nanocomposite.

2- Theory basics

To model and predict the effective properties of the
nanocomposite, the HFGMC micromechanical method is
used. In this method, a repeating unit cell (RUC) is considered
to represent the periodic microstructure of the material, as
shown in Fig. 1.

A representative volume element (RVE) is defined as
the smallest repeating unit, consisting of three types of cells
containing GNP, interphase, and epoxy resin, providing
comprehensive information of nanocomposite. In the
HFGMC formulation, two coordinate systems are used.
The first is a global coordinate system (X,,X,,X;) that
governs the periodic composite, representing the periodic
heterogeneous material. In addition, a local coordinate system
gj(“)jf)j}(’ )} is defined at the center of each afy subcell, as
illustrated in Fig. 1b. The quadratic displacement expansion
of the subcell in the local coordinate system is expressed as
equation (1) [4].
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Fig.1. Schematic representation of multiphase compos-
ite with three-dimensional periodic microstructures|3]

Where &, represents the global average strain components,
and d,h,l, represent the size of the affy subcell. By defining
the three-dimensional equilibrium equation in a afy subcell,
applying periodic boundary conditions of RVE displacement
and traction in three directions, and determining continuity
conditions of surface displacement and surface traction
between neighboring subcells assuming the existence of a
complete connection between subcells, a system of 21N, NN,
independent equations can be obtained, which can be shown
symbolically according to equation (2).
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Finally, the effective elastic stiffness matrix RVE is
derived as equation (3) [3].
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3- Modeling of parameters affecting the properties of
nanocomposite

Various studies have shown that the stiffness of the
interphase is in the range between the stiffness of the matrix
and the stiffness of nano reinforcement. Therefore, the
properties of the interphase gradually change in the range
between the matrix and nano reinforcement [5] and can be
computed by equation (4).
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E", E, and E", Rgp, t,,, and e respectively
express the stiffness of epoxy resin, GNP stiffness, interphase
stiffness, the distance of the larger face from the center of
GNP, thickness, and adhesion coefficient [6].
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To model the state of GNP agglomeration, first RVE
is filled with N__ of GNP nanoparticles with random
orientation, N_ is calculated in terms of volume fraction as
equation (5).

N, xW xL xH =V xDxLxH (5)

GNP GNP P GNP GNP

In relation (5), W, L, ,and H_, are respectively the
width, length, and thickness of GNP. It is worth mentioning
that according to the state of GNP aggregation, a certain
number of GNPs are agglomerated (which is expressed by

N, ) and the value of N, can be determined as equation (6).

Nag = (gag X Vonp ) Nowe (6)

The volume of the interphase around GNP can be
calculated using equation (7).
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The direction of randomly oriented nanoparticles
can be described by two Euler anglesgandy . If the
probability distribution of the direction of GNP follows a
continuous function p(¢,w), the effective stiffness tensor
of nanocomposite C™"*" can be expressed according to the
stiffness matrix of unidirectional nanocomposite C“*™’ in
the form of equation (8) [6].
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n ,k,0,l ,m,p are Hill’s constants, which correspond
to the stiffness matrix of the nanocomposite reinforced with
oriented GNP.
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Fig. 2. The variation of elastic modulus of GNP-rein-
forced nanocomposite at GNP contents

4- Results and discussion

First, the effects of the weight fraction of reinforcement
on the effective properties of GNP/EPON 828 epoxy
nanocomposite areinvestigated. The present model is validated
and compared with the experimental results presented in the
references [11]. The properties of GNP are E, =3.251 GPa,
E,=2943GPa, v, =0455, v  =0.0159, G, =1MPa . Also,
the properties of EPON 862 epoxy resin are E =2.7 GPa and
v =0.3.As can be seen in Fig. 2, the predictions of the present
model considering the aggregation of GNP are in much
better agreement with the experimental data [1] compared to
the estimates of the Mori-Tanaka model developed in both
studies [1, 2]. This difference in the prediction accuracy of the
present model is much more obvious compared to the models
[1, 2] in higher GNP contents. Up to 0.1 wt%, the prediction
difference between the present model and the two models
[1, 2] is acceptable, and this value can be attributed to the
good dispersion of GNP inside the epoxy. With the increase
of GNP contents and cluster formation, the current model is
able to estimate the elastic modulus with better accuracy than
the other two methods, taking into account the aggregation of
nanoparticles.

In order to investigate the effect of GNP aggregation
depending on the volume fraction of GNP, the response curve
in Fig. 3 shows that up to 0.1% GNP content, due to the
low weight fraction, we will see a good dispersion of GNP
nanoparticles inside the resin.

However, as the content of GNP nanoparticles increases
more and more, the aggregation of nanoparticles increases,
which gradually leads to the destruction of the composite
properties and the decrease in the rate of increase of its elastic
modulus. In Fig. 6, the elastic modulus of the graphene-
reinforced polymer composite is calculated for different
weight fractions of GNP, considering the interphase region
and without it.

5- Conclusion

Contrary to the Mori-Tanaka and Halpin-Tsai methods,
the HFGMC method is capable of estimating nanocomposite
properties in low-volume and high-volume fractions of
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Fig. 3. The variation of the effective properties of nano-
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Fig. 4. The variation of the effective properties of nano-
composites at GNP contents versus interphase

graphene with acceptable accuracy. The result indicates that
the existence of an interphase between graphene and the matrix
significantly strengthens the nanocomposite’s properties.
It is crucial to consider this factor in the micromechanical
model. Additionally, by increasing the content of graphene,
the aggregation of nanoparticles within the matrix increases.
Beyond a certain amount of graphene, the effective properties
of the nanocomposite are decreased. Therefore, it is necessary
to take into account a threshold value for the graphene content
in the construction of nanocomposites to prevent decreasing
the effective properties of the nanocomposite.
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Jolp cuwe p & plnle pgd adye by S bl daly
pY abloe sl 003 m?(ﬁ(a}aﬂﬂ)aﬁm) Jsbo 2j 50 )]
Jio glye 4 by sloyalol Jols cHler & cul S5 &
ol ks lalsy 3 (Sl ool sels L 4 ‘J_’1(a)_z(ﬂ)
D9y Slr g ol 4y 5l b she adlpress 09y slp (lrals b
015 4B)S )5 53 po3 adye I VL Glirebl ol L o ol adlpress
VY] ol
5 Sl gl (NS cladlse Sl & () ey 5
boge slabals cwlafy Jshons ofsl Sl d, by,
G bW Vi) oz
g dobonj om (awi bulyd Jlosl dashoy; )5 Jols dsles
Crlple g s 0anled (oo pledl (gl (gjpe Laalpd oS
3 ol olis JolS s ety Jits dileo 21 N,N,N,
Jobors S > Gam aw Pl dblee sl o390 B Jsho o (olod

Dges Gl (V) daly &9 plgise |y aBy

AV agse lapy

Dee

5yt Sing S 52 Jyn s Y ¥
o823 93 ¢ YUy lizalo] b5 L s Joko 4l peass (502 Jposd
(Xl,Xz,X3) 6yl pos SliaiBre 0Kt G ¢ Jgl 23,13 3929 liaises
L.i.{ e9d Awbuc u’.g9L'J uio.(bl) o3lo )§4Lu oS ‘_,’.39[.».) w)y.nlf » p—{b
—(@) —(B) — L
wSafy Johopj Sy (yl( )7 )aJ’3(7)) roge ol
oo ool Gisles =Y g Y el IS j0 sy
g Slate pluwws ) Jolwpj ped 420 obal bu

IVV] 555 o olo (V) by & ey

ul,(”‘ﬂ” =&, x +Wl.((‘£g)) +)71(G)Wi((?(/)7(§l))
T W

1 @y da 5
+5 3y1( ) —TjWi((zog))

1 _(pV? d; a (\)
+— 3)/ gﬂ) _T Wi((Ofg))

1 () d 2 ap
+§ 3y§7) _TyJWz((oozy))’ =123




d ) [ ~(ar d
ul(aﬁy) ()71(0{) _%a j :ui(a lﬁy) (yl( 1) - a+l j,

2 2
a=1.,N,-1, p=L..,N, r=L..,N,.

h h
ui(aﬂy) (fgﬂ) __B :ui(aﬁ’ﬂy) (fgﬂﬂ) —_ gﬂ J, (®)

2
a=1.,N,, f=1.,N,~1 y=1L.,N .

l l
(aBr)| =) _ Yy | _, (aBy+])| —(r+1) _ y+1
u; =L |=u; =———1,
i ( 3 2] i [y3 2 j

seeesN g ;/zl,...,Ny —-1.

sladsbop; om (o (IS5 (Stwgn ulpd wdpomens

Dged iy () dasly 5ok 5l Gl ) Hglome

2 2
a=1.,N, -1, f=1.,N,, y=L.,N,.

h h

2 2) )
a=1.,N,, B=1L..Ny,-1, y=1..,N,.

dolee YIXN N N 55 Y oVl (48,5 iy b wolys 5
las pdles Cysua o o |y Vblae oKiwd ) 29 o Juols S
09,5 dw (330 g5 oo |y Jitaws alslee YIXN N N ol Lis (V) la
Al Caogi gly doles \“xNaNﬂNy 09,5 ol ;0 050 cabad b
FX (NN, +N N NN ) Gl ) psd 0g)5 o)l 8 ol
Py 09,5 § AS oo (e | odbled oz lodl (gl Ll celilre
$x (NN, (N, =\)+NN (N, =V)+N N (N, -))) &b
G o)lil & WS o dbre | b Jolo pj olbaly olie @blae
s (s (Stoge

Kp.pUpy =F,,, P=21 N,N,N, v)

Px1°

O+

661(;4% aaglérﬂr) 60.;{1&) o
o T O "
a=1..,N,, f=L...,Ny y=1L..,N,

aw 5o oanle e Sl obals ool g5 Ll

Ivol sses ol (1) Laly, & g0 @ Glgsas | S

Oygear Ca dw yd odbled oz plodl (iS5 (o9l (650 byl
LYol 9500 i yus (F)

d
.)71(1) = _d_l = Gl(iNnﬂy) (JTI(N(I) = e s
2
QNﬂ’ 7/21’ QN}/'
i h
) _ P (v | Sv) _ P
‘y2 2j_o-21 (yz - 2 ) (\c)

b oS Gluon slaJghop; o (aw obals (Sugo bilys
daly o dYAD canlonss atsg b Jobo s o JolS Sg Se3g 558

Cwl 005 03)51 (())



BYF 1 FAD dscis VoY o oF 0l D0 093 «yusS ol SilSlo pusiio 4y 3

D903 dploes (V1) daly @90 4 1) Slesls

Elnt: 1
l-a
J‘l VP _(EGNP_Em)r_ae 2 (V)
« -« ’
o= Ryp
Ry +1h

s oS5 iy o S g Mg (BT E”
Slocsy oty 9 Royp wibie Gbejl (ghw g clidgl @5
il Gl cuoles g Clihiglesl)S 350 I 5555 g alold
awin S Sy 4 65 Cul (Shis cops e gl onlposMs
IV L Sl sl g5

Clil gL 31,5 Ol,3906 oo (g5l -F

G yesh e ple 3 clihglidlS gl (Sasly cunsg
&5 (o gloj 53 culply ) CojerslSel oo olss )3 ere
Condg gghate cpl slp 2980 48,5 ey ClidisloBlS gl
e L e R N
& 2o (50 sbed J )3 2500 Ao ol o0 iyl dlS IS 4,
35 Soe X Vanp 2 €IV 65 sl Loz S5l s a5 S lgie
LS o ol § ol e 518 Gy g oty odimd LS Vg oS
oS johailon D9 o Sy (o S GBI L 0)39L (S8 s oS
Gk i bbbl S gass s asloss ool lis oY S5
ol 0a Jao 50355 4 clibyglb 81,5 Clpdgl (s

o lodl el gl pdlS geos o (ilo e jolatoas
2 Blas Gl L cdibgbedlS 0dgl Noyy ol 4 esiyled
awbre (W) dal) Cjgo & oo yuS sy Ny Sgde

Dy 50

NGNP ><I/VGNP ><LGNPXI_IGNP :VGNPXDXLXH (\\)

2 3lge (Sl ol 5 awrin ol [KT a plo (V) dlatly >

B bwgie (S {F by przmen sl ol o J3b
lopioss, ol 35 (U} obuls oy amd o ol |y 005 Jlac]
oS> Jo bl (o Joho oy pgd 40 (albule dleas Canl) Cons
b dskers 2 092> 085 5 05 laghie (g (V) daly (Jas
Silomdge daly )13 (V) dblee Jo ccunl 153 (LS 905 dpwlone
092 B lgie 155 L)) Sk o 3jlece oSl 1, (A)
A Gy 3o 1, b5 ol el Byl 85 by Joheon
29 (o 45 (S (555 5 p03 eyl ol 4 a5 WS o )3

g = g g ()

Oygua odigles ez lall e SVl St G plo culed y
IVE] 355 0 gl 5l (1) dlay,

1

D . NXNZGI h Z C“ﬂ?)AaﬂV)

p=ly=1 ()

MZ

Il
|

ey Johoys i pule Sy C7) () a5
ssb & Vb lebl Gl L o Joho atdlprani oSb ¥olee iz

aslors 03)ol [YF] xapo ,3 JolS

SbojB silwdae

S Jby Jhatns coSe S g0 4 (Shels IS5k
ol ooled 5 cand old (giloJte ccanlod,S dblsl |y il ylS
(o Ple 9 iUl G Shg o bawly > ©)5mr (03 Slee a3
o sdinds )3 ol & cuwl )3 LLs L [¥A V] dgi o (catsan
b gbelS 036k SLLI e 3blie oales sy joralS 9l )
ol (2Bly o jalS gl S

s [¥e] gy 3 a5 jobailon

Sy @9 5l cans b cul as e il e Shejls Lol

L5’|9" 6)9" c_§.s Cawlodd 0313 u

i e el Calius I gySlawgto b o[V ] ) snseslizl

ey



8t[n/% +
WGNP L GNP H GNP
Ve =Venp (DLH )| 4t 2[ LN S — ](\\c)
It — " GNP Ini
' ' WGNPLGNP WGNPHGNP LGNPHGNP
+2t,m( ! + ! + ! J
L WGNP HGNP LGNP

Mae pdhhaS Coll Gype o &S dad e sl (VF) da,

e iy gl slol (IG5 aals iy Ul S cooes S
L g 2900 4 2o g0l jl g 398 00 (Slaajlé poe (RS L g (Bl
ol (VF) day onlpogde 2980 Cojorslipil (I (olss (8 5
oS daly 080 b b U1 ojlail g (Slejb cuslsus oS a8 o
o 4 b gl olol GRIEIL 5 (el &S e cpl 451
PB > ol ol D900 Slajlh cunls Jall 5 Sl 4 e
S Slhogad g9y 0 1) clihgbpdlS ojlul Sl 38> g0 4 cul

LSl Jde pdis i Sluwloe plodl e CojanelS sl

AT I RWCIPNC TP W P

035 A gty sl o amde ol (5 waly3
e Sldgl bwlpen @595 (128 (lply S (o xS o
SBM Cojopels 225 @l b 45 3500 olid (0y5] s
& G iyl (Bl 5 pS e @ aog culpl [YY] 5
&S ol 5 Gbls sl G5 Cundly 4 ] plite (S e o8
Cojorel ol g ol U3) 4 poxie ikl dl)S (Solas oS
odnlieo =Y S5 )3 lgs ey )] (3ol (¢ pS s 0950 45 39 o0
W ashs b olie h (Solal pScan b eldgl ca ages
&b Sl cdihgldls caa Jloinl @iy ST 90 oy Sl
| € | caiplS 5 o b s9uils S xS p($r) gy
4 L c a”g"EdJ WSS CojoralS gl (b o ilo b Bollae Wl 0
se3 ol [T (10) aaly &9

[T e (8) p(ga)sin(y ) v

joz;rj omp(¢,l//)sin(y/)dy,d¢ (V0)

beY

Sl g Jsb «2ye i & Hyps Loyp s Wopp (V) dadl)

eoos Al ey b oS cwl S5 oLl sl cdibglindls
slases cdiligb@dls wldgl 5l asuin sl wdilgibo @S
)y S ) Nog slie (lsin 5 (3980 ol Vo 145 g0

D5 s (YY)

xV

o ) Nowp (V)

N, =(&,

0)59;'[3 NGNP —Nag Lol (gjlw e oailed o> OLJ‘ OJ“I).)LQ
2 oMSEess clilgldlS o)dgl N, o oaisly clidigliodl s

39;»‘_;0

Clialy 51U 31,5 830 31 g s Joko —O

S S50 g 539 3 A o) o il
B9y Mgk xS B oS g np 290 CujerelSsl
s 003 555 Wl (il bl b b oo 4l S5l S
Sl e S linl ojlul Gl oy 4 B Y=Y isy jo
Caippel gl Coghi Jghus bdas Jleojlh il d0ds )3 &5 yshailon
Shejl Cunlige «ujorelS ol )b, ol pslate & (nlply cul
Sl ogi 0 dbul @3l GlbI s Slejls o sl 5l cé)S s |,
@ day b & 2)US 18U Shejls w2 g9y 2 Wl Slidgl ol
o5l 5 s 90 aalgs siite (H g Loyps Wonp ) 05590 Sl
3)50 CjoeelS 5 (19 oadobrl (Slejls o> (g9) y cdiiglindlS
b ol b clibgliofS Gl Aafs w5550 5 oy
g5 duwloee (VW) dlasly I odlazl

X

(WGNP
Vi =N Gap (LGNP
W onp

Py oo Jolb (VF) dasly 1Y) dbaly (490 (V) dlatly 6,10l L

+i
+t

L

Int

Int

GNP

H

)
)>< (HGNP +tlm‘ )

GNP



(M clidy U318 (o056 2955950 pols ) Jga

Table 1. Properties of GNP nanoparticles [8].
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Table 2. Properties of EPON 828 resin [8].
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Fig. 4. The variation of elastic modulus of GNP-reinforced nanocomposite at GNP contents
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Table 3. Properties of GNPs reported in [9].
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Table 4. Properties of EPON 862 resin reported in [9].
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