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In this paper, experimental andFinite Element Methods have been used to determine
mechanical properties of nanocompositesStandard tensile and compression samples
with 0.0, 0.15, 0.25, 0.350.45, and0.55 weight fraction of Multi-Walled Carbon Nanotube
(MWCNT)were prepared and tested Nanotube weight fraction was varied to investigate
the effects of nanotube weight fraction on nanocomposite mechanical propertielslechan-
ical properties such as: modulus of elasticity, yield strength, ultimate tensile stngth, and
fracture strain were determined experimentally. Experimental results showed that incor-
poration of carbon nanotubes improves modulus of elasticityand yield and ultimate
strengths of the epoxy resinunder tension and compression Results also shwed that
fracture strain decreases drastically with increasing nanotube weight fractiorf-ield Emis-
OET 1T B3AATTETC %l AAOOIT -EAOT OAT PA | &%3 Y
fracture surfaces.These images showed a good MWCNT dispersion in the mat Also,
numerical simulations were conducted in Adaqus software. In these simulations, the ef-
fects of the interface between individual nanotubes and the outer nanotube and matri:
were investigated. Two different models were used for these interfacesConnector con-
straints were used in the first model and thin shells in the second modeThe connector
model predicted lower mechanical properties compared to the thin shell interface model
Finally, experimental and numerical resultswere compared and a god correlation was
observed between the results.

© 2017 Published by Semnan University Press. All rights reservec

1. Introduction

Carbon Nanotubes (CNTs) are knowrfor their

properties of epoxy have prevented its application
demand high mechanical

in components that
strength and stability. The physical properties of

very remarkable electronic, thermal, optical, me-
chanical, and chemical properties[1, 2. These
properties imply potential application of CNTs as
reinforcement in polymer nanocomposites[3, 4].
For these reasons CNT reinforced polymers have
gained much attention among researchers in recent
years [b, 6]. The significant enhancements in poly-
mer/CNT composite mechanical properties are gen-
erally related to the degree of CNT dispersion, im-
pregnation, and interfacial adhesion between CNT
and matrix [5]. Because oftheir high adhesion, low
weight, and good chemical resistance, epoxyased
composite materials are being increasingly used as
structural components in aerospace and automotive
industries. However, the relatively weak mechanical
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cured epox resins depend on their structure, thé
curing extent, and thér curing time and tempera-
ture. For this reason, it is necessary to know and to
understand the relationship between the network
structure and the final properties of the material,to
obtain resins suitable for high performance applica-
tions [7, 8]. The reinforcement efficiency of CNT in a
matrix depends on content of fillers, dispersion
morphology, type of bonding with the surrounding
polymer, aspect ratio,and waviness of nanotubes
[9]. An appropriate level of CNT dispersion is often
achieved through severe sonication or shear mixing
in a three rolls process. Otherwise, aggregation of
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CNTs creates defect sites which weaken the nano-
composite mechanical properties 9].

Gkikas et al. discussed theffect of dispersion
conditions on thermal and mechanical properties
and toughness of multi-walled carbon nanotube
(MWCNT), reinforced epoxy nanocomposites[5].
These investigators showed that best results were
obtained with 2h of sonication and 50%sonication
amplitude to achieve appropriate dispersion level of
CNTs in epoxy ma~tri9e§ ~without destroying the
T £ -7#.460
and tensile and compressive strengths of polynre
based nanocompositeg7]. The results of this inves-
tigation indicated that the mechanical properties of
epoxy resin were improved with the addition of CNT
fillers. Rahmanian et al. determined mechanical
properties of three-phase nanocompositesexperi-
mentally [9]. Their samples consisted of epoxy resin
reinforced with short carbon fibers and MWCNT
fibers. Montazeri et al. investigated the mechanical
properties of epoxy reinforced with MWCNTS10].
These investigators examined the effect of increa
ing the weight fraction, and surface modification of
MWCNTs on mechanical properties of nanocompo-
sites. Ayatollahi et al. studied the effects of MWCNT
aspect ratio on the mechanical and electrical prop-
erties of epoxy/MWCNT nanocomposite$11]. They
found that the MWCNT aspect ratio has a significant
effect on both electrical and mechanical properties
of nanocomposites with significantly better proper-
ties with MWCNTSs of smaller diameterXu et al. also
determined properties of nanocomposites experi-
mentally [12]. Their results showed that the im-
provement in mechanical properties is negligible.
They claimed that a significant improvement in me-
chanical properties of nhanocomposites could not be
achieved, even with the use of surfactantd-erei-
doon et al. studie the effect of functionalizing
MWCNTSs in improving mechanical properties of
epoxy resins [L3]. Their results showed that, exist-
ence ofnano-filler has positive effects on mechani-
cal properties of nanocompositesAlso, functional-
ized nancofiller with acid and amino agent showed
improvement in epoxy mechanical properties.Maa
et al. investigated the effects of CNT volume fraction
on nanocomposite mechanical properties experi-
mentally [14]. They observed an improvement in
nanocomposite mechanical properties wh an addi-
tion of CNTs to epoxy resinMontazeri and Chitsaz-
zade studied the effect of sonication parameters on
the mechanical properties of MWCNTs/epoxy com-
posites [15]. Their results indicated that with in-
crease in the sonication time, there is an initiain-
AOAAGA ET 9101 ¢céoO
drop in values at longer sonication timesChen et al.
performed a study on the cryogenic mechanical
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properties of MWCNT reinforced epoxy nanocom-
posites [16]. Their samples were prepared by add-
ing MWCNTs to diglycidyl ether of bisphenotF
epoxy via the ultrasonic techniqueMa et al. investi-
gated compressive properties of epoxy with differ-
ent CNTs contents at gasi-static and high strain
rate loadings [17]. Their results indicated that the
compressive failire stress of composites with vari-
ous CNTcontents was increased withstrain rate and
CNT content Ghosh et al. investigated the influence
of ultrasonic dual mixing on thermal and tensile
propérties9of IMWGNGsBpoxy haAoddmpoSite [B].
Their results showedthat the thermal stability, ten-
sile strength, and toughness of the epoxy improve
with MWCNTaddition up to 1.5 wt. %.

Joshi et al. discussed load transfer in MWCNT
composites under tension and compression loading
conditions [19]. Their results indicated that with the
addition of MWCNTSsin a matrix at volume fraction
of 5.1%, the stiffness of the compositencreased by
46% in compressive loadingand 14.9% in tensile
loading. Also, Joshi et al. reported elastic response of
MWCNT reirforced composite for different inter-
phase properties between matrix and MWCNTs
[20]. These investigatos showed thatimprovement
in mechanical properties ofa soft matrix has strong
dependence m interphase thickness.Giannopoulos
et al. described a micromechanical finite element

APDPOI AAE &£ O OEA AOOEI AGETT i

modulus of single-walled carbon nanotube SWCNT
reinforced composites R1]. Also, these researchers
investigated the effect of the interfae on the per-
formance of the composite for variousCNT volume
fractions. Weidt et al. predicted the macroscopic
finite strain compressive behavior of CNT/epoxy
nanocomposites at quasstatic and high strainrates
using 2D and 3DRepresentative Volume Elemen
(RVE approaches[22]. Their results showed that
the nanocomposite nonlinear compressive stress
strain response cannot be accurately capturedsing
2D RVEs compared to 3D RVEZuberi et al. esti-
mated the mechanical properties of SWCNT rein-
forced epoxy composite through finite element
modeling [23]. They used two approaches non-
bonded interactions and perfect bonding model to
simulate interface regions. Shokrieh et al. studied
tensile behavior of embedded CNTs in a polymer
matrix in presence of van derWaals interaction as
the interphase region P4]. Their results indicated
OEAO EIi DOl OAIi AT O ET OE-A
composite is negligible forCNTlengths smaller than
100 nm and saturation takes placdor CNT lengths
in the order of 10 pm.Mohammadpaur et al. pre-
sented a finite element model for predicting the me-
chénigdl KeRaCior dEpalyprdpyiehel(PPAginforked
with CNTs at large deformation scaledb]. Golesta-
nian and Shojaei used finite element method to in-
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vestigate the effects of interface strendt on effec-
tive nanocomposite mechanical properties 26].
Their results indicated that longitudinal modulus of
nanocomposite increases with interface strength.

As shown by the presented literature review,
many researchers have determined mechanical
properties of nanocomposites using experimental
and numerical methods.First, these investigations
have been limited to the determination of effective
mechanical properties of naocomposites under
tensile loading conditions. Compressive mechanical
properties have rarely been investigatedusing ex-
perimental methods. Second compressive effective
mechanical properties of nanocomposites with
three layer MWCNTSs have not been studiedumeri-
cally. In this paper, experimental and numerical
methods have been used to determine mechanical
properties of epoxy-based nanocomposites rein-
forced with MWCNTSs. Standard nanocomposite
samples containing different amounts of carbon
nanotube were prepaed and were tested under
tensile and compressive loadsMechanical proper-
ties such as: modulus of elasticity, yield strength,
ultimate strength, and fracture strain were deter-
mined experimentally. Field Emission Scanning
Electron Microscope (FESEM) wasised to obtain
images of specimen fracture surfaces and to asses
MWCNTSs dispersion in the matrix. In addition, nu-
merical simulations of nanocomposites were con-
ducted in Abaqus finite element softwareln these
simulations two different models were madeto in-
vestigate the effects of the interface strength on
nanocomposite mechanical properties.n the first
model, an interface consisting of a series of hinge
and axialuniversal connector constraints were
used.In the second afinite element model,an inter-
face consisting of a thin shell was used between the
MWCNTSs layers and the matrixNote that the con-
nector constraint model has been usedor the first
time to estimate effective tensile and compressive
Yi O1 ¢ 8 Oi withi bAt@rl accuracy in comparison
with models presentedin other investigations. The
interface strength was assumed to be lower than the
matrix strength because ofimperfect bonding be-
tween the two. The stiffnessesof the comectors and
thin shell interface were varied between 0.2and
1.89 GPa(perfect bonding). Finally, experimental
and numerical simulation resultswere compared.

2. Experimental
2.1.Materials

Epoxy resin was selected as the matrix material
because it is widely used in the composite industry
for its good stiffness, strength, chemical resistance
and dimensional stability [9, 27].

Epoxy FK20, which is a bisphenotA resin, and
the corresponding hardenerwere used in this inves-
tigation. Two parts of epoxy is mixed with one part
of the hardener, by weight. MWCNTSs, obtained from
US Research Nanomaterials Inc. (U$ANO), are
used as the reinforcementCarbon nanotube specifi-
cations were obtained from the supplier and are
listed in Table 1.

2.2.Specimen Preparation

Tensile and compression testspecimens were
prepared by adding the required amount of
MWCNTs (0, 0.15, 0.25, 0.35, 0.45 and 0.55
weight %) to the monomer. Next, this mixture was
stirred using a mechanical stirrer at a speed of 1000
rpm for 60 minutes. To homogenize the dispersion
and break any possible agglomerations of the car-
bon nanotubes, the mixture was sonicated for 60
minutes using an ultrasonic bath. Iced water bath
was used to keep down the temperature of the solu-
tion during the sonication process. The sonication
process was pased for 3 minutes after every 10
minutes of sonication. Next, the solution was placed
under vacuum for 15 minutes to remove any
trapped air. After degassing, the hardener was add-
ed and the solution was stirred gently for 5 minutes.
Then this solution wasplaced under vacuum for 10
minutes again. Finally, the nanocomposite solution
was poured into the mold and cured at 85°C for
three hours followed by a post cure of one hour at
120°C.

2.3.Mechanical Property Characterization

Mechanical properties of pureresin and nano-
composites were determined through the use of
tensile and compression tests. Tensile and compres-
sive specimens were prepared and were tested ac-
cording to D638-IV and D695 ASTM standards [28,
29], respectively. A pictureof some samples of the
standard specimens are shown in Figl. Also, a hy-
pothetical arrangement of the CNTs in the matrix is
shown in this figure at two scales. Four tensile test
specimens with dimensions 115 mm long x 12.7 mm
wide and 3 mm thick in a dogbone shape were each
tested for CNT weight fraction. In addition, four 9
mm long and 8.5 mm diameter cylindrical compres-
sion test specimens were prepared and tested at
each MWCNT weight fraction. Thus, a total of 48
tests were conducted. Santam universal testing ma-
chine STM20 with a 20 kN load cell was used to
perform these tests. Tensile and compression tests
were performed at speeds of 10 mm/min and 0.5
mm/min, respectively. One of the pure resin sam-
ples after tensile testing can be seen in Fig. 2.
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Table 1. MWCNTspecifications

Young Lenath Inner Outer
Modulus 9 Diameter Diameter
| | | | |
PUMTAD O o1t 6 O ULEA U pUEQ

2.4.FESEM studies

To investigate MWCNTSs dispersion in the epoxy
matrix, a FESEM (modeMira 3-XMU), powered by
secondgeneration EDS microanalysis was used.
Because othe nonconductive property of the epoxy
polymer, fracture surfaces were coatedvith a layer
of gold before taking the images.

3. Numerical Characterization

In this paper, mechanical properties of MWCNT
reinforced epoxy resinwere estimated using Finite
Element (FE) simulationsIn the FE models, to simu-
late MWCNTS, the three walled carbon nanotubes
were embedded into a Representative Volume Ele-
ment (RVE).To consider the effect of van der Waals
bonding between carbon nanotube layers, each lay-
er of the CNT is connected to the adjacent layer us-
ing axial and torsional connector constraintsThree
dimensional model of three walled carbon nanotube
embedded in squae RVE with connector constraint
interphase is shown in Fig. 3Also, dimensions of
MWCNTused in these models areshown in Fig. 4.
Note that the lenghs of MWCNT and RVE used in
these simulations are 100 nm and 200 nm, respec-
tively. In this investigation, a linear analysis has
been performed to obtain effective mechanical
properties of nanocomposites. These models are
simulated using C3D8R elements to decrease the

Yy PR
Scale e

computational costs. The two effective axial and
I AOGAOAT 91 G, ¢ De detbried Bu- j
merically. The general 3D strainzstress relation
relating the normal stresses fx, Ay, Az) and strains
(R« Ry, R) for a transversely isotropic material can be
written as [26, 30]:

v _D Il
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To determine axial and lateral elastic moduli fr,,
[Fs): two load cases were applied on the square RVE.
In the first load case, shown in Fig4(b), the RVE is
subjected to an arbitrary axial elongation.In the
second load case, shown in Fig(c), the RVE is sub-
jected to a known lateral distributed load. These
load cases and the corresponding formulations are
discussed in the following sections.

3.1.Uniaxial Loading Case

In this case, the stress andtrain components on

the lateral surface are given by [26];
Yy

Yy . v,
” ” T, - ' - along w (0V] and;

- L alongoy @

where 3 Ais the change of the cross section
length, a, under the elongations- , applied in the z-
direction. Integrating and averaging the third equa-
tion in Equation (1) on the planeZ=L/2, we obtain
[26];

5
o — = 2

Figure 1. Nanocomposite standard tensile and compressive specimensntaining 0.45 wt. % MWCNTs
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Figure 2. Picture of a pure resin sample after tensile testing

where Ay, ‘s the average value of stress in the-
direction, given by [26];

. g , dﬂ%nmnw (3)

where Ais the RVE cross sectional aredhe val-
ue of Ay, js evaluated by averaging stresses in the
z-direction over all elements in the cross section at
L/2. Using one of the relations in equation (1), to-
gether with the value of [r, found from equation (2),
alongx=tawe have [26];

in one of the lateral directions,in this example they-
direction. The RVE is constrained in the-direction.
Thus, the 3D straiizstress relations for normal
components in Equation (1) are reduced to [26];

~P

- "0 0O O 0O,

- e, ’ ’ o " (6)
I _ _ B _ I
u O ©O 0O 0o U

For the corresponding elasticity model we have
the following results for the normal stress and
strain components at a point on the lateral surfaces:
., m, 0,- Z along® &

Where 3 Us the change of dimension in they-
direction. Applying the secondpart of equation (6)
for points alongy=tatogether with the above condi-
tions, we obtain [26];

p . Yo -
o o & )

311 0ET ¢ ANGAOGEIT jxqQ
modulus in the transverse direction,xzy plane asin
Fig.4(c);

CEOAO

. . p
°© 0 v ®)

The results of axial elongation loading case are
used in equation (8) for [, and o, , Once the change
in dimension, 3v, is determined for the square RVE
from a finite element analysis,r, can be computed
from equation (8) [26].

4. Results and Discussion
Tensile and compression tests were performed
on six different samples with 0, 0.15, 0.25, 0.35, 0.45

- L 0 Yo Yé (4) and 0.55 nanotube weight fractions, astated above.
(O I ) As nanotube weight fraction increases, CNT agglom-
~Thus, we can obtain an expression for the Pois- eration becomes a problem.To achieve a sitable
OIT860 OAOET AO AIT11 x0 r ¢ ¢Hispersion and a better verification of numerical
b Y& _ Y0 5) method, low contents of MWCNTS up to 0.55 weight
) 0 fractions were used in this investigationln addition,

Equations (2) and (3) can be applied to estimate

twa different numerical models were created to de-

O EA AEEAAOGEOA Al G ©F & G A @ tekh@AKe Enhnocomposite mechanicalproperties

o, ., once the contractions Aand the average stress,
Ay . SN case §) are obtained [26].

3.2.Square RVE under a Lateral Uniform Load
In this load case, Fig4(c), the square RVE is
loaded with a uniformly distributed tensile load, p,

at each CNT weight fractionThe results of these
investigations are presented in this section, sepa-
rately.
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Figure 3. Three dimensional model magnification of the three walled carbon nanotube embedded in square RVE (the magnification sho'
the connectors)
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Figure 4. Two dimensional schematic of nanocomposite under axial and lateral loading cases
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4.1.ExperimentalCharacterization Results

Tensile test results of the six sample cases are
compared in Fig 5(a). Nanocomposite tensile prop-
erties are listed in Table 2.The properties listed in
this table are the average of several test result®\s
can beseen in Table 2, yield strength and ultimate
tensile strength of the nanocompositeboth increase
with reinforcement weight fraction. The results in-
dicate thatwith the addition of 0.55 weight percent-
age of MWCNTSs, yield strength and ultimate tensile
strength increase 50% and 29.7%, respectivelyln
comparison, ultimate tensile strength obtained by
Montazeri et al [10] shows an increase of only 8%
with the addition of 0.5 wt. % MWCNT.Note in Ta-
ble 2 that tensile test results indicate ameaningful
increase in resin modulus of elasticity, yield
strength, and ultimate tensile strength with CNT
weight fraction. Fracture strain, however, decreases
drastically with CNT weight fraction. This suggests a
much more brittle behavior of the epoxy resin with
the addition of the MWCNTSs.

In this study, six different samples were pre-
pared and testedunder compression Compression
test results of each ofthese six sample cases are
compared in Fig 5(b). Nanocomposite compressive
properties are listed in Table3. As can be seen in
Table 3, yield strength and compressive strength of
the nanocomposite increase with reinforcement
weight fraction. Compressive strength presented by
Srivastava [7] showed an increase of 13% withthe
addition of 0.5 wt. % MWCNTS. Further results of
this investigation indicated that addition of 0.55
weight % of MWCNTSs, vyield strength and compres-
sive strength increase by 16.7% and 20.2%, re-
spectively. Note in Table 3that compressive modu-
lus of elasticity initially increases with the addition
of carbon nanotubes up to 0.45 % weight fraction of
the CNTsAt higher CNT weight fractions, nanocom-

60 r
e
_ 50 # ‘4*_ R, _
) PN : )
¥ i KI5 s, Bl ) &
s 40 //’/, i =S
©» /)/f.«"' H »
S 30 | Y 3
5 /7 =
/2] //' —Pure Resin 7]
o 0 0) QL
Enr g omon, &
o L —-0.35%wt MWCNTSs
— 0.45%wt MWCNTSs
i —+0.55%wt MWCNTs
0 0.01 0.02 0.03 0.04 0.05 0.06
True Strain
(@)

217

posite compressive modulus of elasticity decreases
slightly. This could be due toa possible agglomera-
tion of carbon nanotubes in epoxy resin at high CNT
weight fractions. Sandard deviation is used to show
the variation of nanocomposite mechanical property
values about their arithmetic mean inTables2 and
3. It is observed thatthe variations in the data for
each MWCNTSs weight fractin are acceptable.
4.2 .FESEM analysis

Field Emission Scanning Electron Microscope
(FESEM) was used to obtain images of the sample
fracture surfaces.This was done to investigate the
MWCNT dispersion in the matrix with high resolu-
tion. Fig. 6 presents a nanocomposite fracturesur-
face of the 0.45 wt. % MWCNT nanocompositém-
ages inFigs. 6(a) 6(b), and6(c) are taken from the
same sample, but at 1900x, 75000x, and 75000x
magnifications, respectively.Note that the MWCNTSs
are well dispersed in the matrix.Broken MWCNTs
and pull outs are also observed in these imagesln
addition, CNT diameters have been measured and
given in the imagesNote in these figures that good
nanotube dispersionwas achieved through the use
of sonication and mixing processesAs a result the
level of MWCNT dispersion in this investigation
shows better distribution in comparison with inves-
tigations presented bySrivastava [7] and Montazeri
et al. [10]. As evidence many CNE show pull outs
from the matrix in SEM images obtained bySri-
vastava [7]. The fact that CNT pullout is observed in
these micrographs suggests that interfacial bonding
between the CNTs and the matrixvas not perfect.
The presence of CNT pull outfurther suggests the
need to investigate interfacial strength effects on
nanocomposte mechanical properties.Understand-
ing this phenomenon is one of the main goals in this
investigation.

—Pure Resin

A : +++0.15%wt MWCNTSs

Y -=0.25%wt MWCNTSs

~ -0.35%wt MWCNTSs

r — 0.45%wt MWCNTs

—+0.55%wt MWCNTs
! !

015 02 0.25
True Strain

(b)

0 03 035 04

Figure 5. Stressstrain diagrams of the six samples under investigation: (a) tensile, (b) compressive
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Table 2. Experimental mechanical properties of pure resin and the five nanocomposites under tensile loading

Tensile mechanical properties Pure resin 0.15 wt.% 0.25 wt.% 0.35 wt.% 0.45 wt.% 0.55 wt.%
Modulus of elasticity (MPa) 1880.7+42 | 1932.6+£70 2077.3t52 | 2137.6+86 2230.4+34 | 2268.1+110 |

Yield strength (MPa) 16.15+0.35 17.55+0.63 17.91+0.47 18.55+0.76 19.24+0.29 20.62+1.0

Ultimate Tensile strength (MPa) 39.77+0.88 41.44+1.5 44.82+1.2 47.54+1.7 48.11+0.63 51.03£2.2

Fracture strain

0.053+0.002 0.047+0.002 0.044+0.001 0.041+0.002 0.041+0.001 0.030+0.001

Table 3. Experimental mechanical properties of pure resin and the five nanocomposites under Compession Loading

mecf;nﬂ%ﬁe;fg‘égmes Pureresin  0.15wt%  025wt%  0.35wt%  045wi%  0.55wt%
Modulus of elasticity (MPa) 897.15+35 930.02+54 | 950.23+38 | 956.94+44 988.16+64 962.00+65
Upper Yield strength (MPa) 43.2+1.53 45.3+2.6 48.1+2.0 48.5+1.95 50.6+3.1 51.9+2.9
Compressive strength (MPa) 105.3+3.9 109.7+5.4 116.6+4.6 11745.1 129.9+6.5 13245.7

4.3. Numerical Results Validation

To validate the numerical simulation results,
nanocomposite longitudinal modulus determined
using the two interface models are compared with
experimental measurements in Fig.7. Note that
nanocomposite longitudinal modulus increases with
CNT weight fraction in all cases, as expectedNote

MIRA3 TESCAN| SEM HV: 15.0 kKV. WD: 4.92 mm
SEM MAG: 75.0 kx

View field: 2.77 ym _ Date(m/dly): 02102116

SEMHV: 150kV | WD:4.92mm
SEM MAG: 15.0kx |
View field: 13.8 ym | Date(midly): 02/02/16

Figure 6. FESEM micrograph of nanocomposite fracture surface containing 0.45 wt. % MWCNTs at magnifications: (a)
15,000x, (b) 75000x, and (c) 75000x

Ll
Det: InBeam SE 2ym
RMRC

Det: InBeam SE 500 nm

also that the difference between the numerical and
experimental results is less than 5% in all cases.
Further, note that the connector constraint interface
model predicts lower modulus of elasticity than the
thin shell interphase model.lt is also observed that
the results of the thin shell model are closer to the
experimental results from tensile loading.

D=24.18 nm,

3

P

SEMHV: 15.0kV |  WD: 7.96 mm

|
View field: 2.77 ym J ot: SE 500 nm
SEM MAG: 75.0 kx |Date idiy): 11122115
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u Connector Model B Thin shell Model

® Experimental

Tensile Elastic Modulus (GPa)

0.35
Weight Fraction (%)

(a)

0.15 0.25 0.45 0.55

Next our numerical results are compared with
available experimental results to evaluate the validi-
ty of our models.For this comparison, the data pre-
sented by Montazeri et al. [10Js used.Montazeri et
al. [10] presented experimental results for seven
different samples with 0, 0.1, 0.5, 1.0, 1.5, 2.0, and
3.0 nanotube weight fractions.This comparison is
presented in Fig.8. It can be seen in this figure that
our results are in excellent agreement with the re-
sults presented by Montazeri et al. [10] The differ-
ence between the results of the current investiga-
tion and the reference results is less than 17% for
high MWCNT weight fraction.

4.4 Numerical Simulation Results

After validating the numerical simulation results,
the effects of interphase stiffness on mechanical
properties of MWCNT reinforced epoxy resin were
investigated through a series of numerical simula-
OET 108 4EA Oxi1 A£EMDOO&EOA
determined using finite element method. Because of
the symmetry of the reinforced RVE, a quarter of the
RVE was modeled in Abaqus. The boundary condi-
tions and loadings were applied to the models as
discussed above.
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Figure 8. Comparison of the results of current investigation with
experimental results preseited by Montazeri et. al [10]
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Figure 7. Comparison of modulus of elasticity determined numerically with experimental measurements

0.45

In these simulations, to investigate the effects of
the interface strength on nanocomposite mechanical
properties, two modelswere used.According to the
weak nature of van der Waals bonds, the interface
strength was assumedto be lower than the matrix
strength. These models and the corresponding re-
sults are discussed in the next sections.

44.1.ConnectorConstraint Interface

In the first model, connector constraints were
used as an interface between the carbon nanotube
layers as well as the matrix/CNT interface Axial
loads on the RVE result in relative movement of the
CNT layers.This relative movement results in a
shear force buildup on the surfaces of the individu-
al CNT tubes and on the CNT/matrix interfacelhis
shear force then results in a moment about thex-
axis, as shown in Fig3, and affects the stress trans-
fer between nanotube layersand at the CNT/matrix
intéface. @ ® acdoiinA fritts phenomenon, hinge
type connectorswere used. These connectors sup-
port only the torsional degree of freedom about the
x-axis (UR1).

Lateral loads result in the relative stretch-
ing/contraction of the CNT layers in the transverse
direction. To account for the resulting stresses for
this load case, radial link elements were used in
these regions.The coordinate axes of these link el-
ements were set to follow the loading direction
along the CNT perimeter.This results in pure elon-
gation of the connectors which are aligned along the
transverse loading direction. The same is true for
the connectors aligned perpendicular to the loading
direction (i.e. pure contraction). The connectorsthat
align in between those orientations support both
axial and torsional loads.

The interface strength strongly affects the nano-
composite mechanicalproperties. However, the ex-
act bonding strength in the interface region is un-
known due to different parameters involved. To
account for the interface strength effect, axial and
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torsional stiffness of tested connectors were varied
from 0.2 to 1.89 GPa in me steps.A sample stress
contour plot of the RVE is shown in Figd. The max-
imum stressis observed tooccur at the CNT/matrix
interface. Also, the stresses decreasmoving radial-
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(Avg: 75%)
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+2.402e-02
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- -5.787e-03
-1.324e-02
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ly in toward the inner CNT layer.The FE results in-
vestigating the interface effect on nanocomposite
91 OT rgodud are shown in Fig 10. Note that the
nanocomposite moduli of elasticity have been nor-
malized with matrix modulus of elasticity (En).

Figure 9. Magnification plot of stress distribution in the model with connector constraint interface
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Figure 10. Variation of nanocomposite mechanical properties with connector constraints stiffness for various MWCNTSs weight fractions) (a
variation of E/Em (tensile), (b) variation of E/En (tensile), (c) variation of E/E m (compression), (d) variation of E/E m (compression)

44.2.Thin shell interface

In the second set of models, an interfaceonsist-
ing of a thin shell was considered around individual
CNT layers in the MWCNTSsThe interface strength
was varied in nine steps between 0.2 to 1.89 GPa
(perfect bonding). An example ofa stress distribu-

tion plot of this model is shown in Fig. 11A compar-
ison between these results with those obtained us-
ing the connector constraints, suggests that stress
transfer is higher in the thin shell interface model.
Variation of nanocomposite9 I OT Qdl@i with
interface strength is shown in Fig. 12 for this ase.
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As shown in this figure, nanocomposite longitudinal 12 that the results approximately converge to an-
modulus increases with the interface strength.in- stant values at interface strength of 1.2 GPa. This
terface strength, however, has little effect on nano- value wastherefore used in the numerical simula-
composite transverse modulusNote in Figs. 10 and tions.
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Figure 11. Magnification plot of stress distribution in thin shell interfacemodel

Figure 12. Variation of nanocomposite mechanical properties withthin shell stiffnessfor various MWCNTs weight fractions: (a)
variation of EJ/E m (tensile), (b) variation of E/Em (tensile), (c) variation of E/E m (compression), (d) variation of E/Em (compression)

5. Conclusions tested under tensileand compessiveoading. Exper-
In this study, experimental tests were performed imental results indicate a meaningful increase in
to determine tensile and compressivebehaviors of resin modulus of elasticity, yield strength, and ulti-
Multi-Walled Carbon Nanotube reinforced epoxy mate strength with CNT weight fraction. However,
resin. Samples containing 0.0, 0.15, 0.25, 0.35, 0.45 tensile fracture strain shows a significant decrease

and 0.55 CNT weight percent were prepared and with CNT weight fraction. In addition, Field Emis-



