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Introduction

The excdlent mechanica properties exhibited by CNTs (Young's modulus are in the
range of 0.32 to 1.47 TPa[1,2,3] and falure strength is of the order of 150 GPa [3]) and
combined with ther extremey high drength to weght raio make them potentid
candidates as reinforcing fibers in super strong composites A critical issue in the
successful  gpplication of these composites is the mechanicd characteristics of fiber-
matrix interfaces. Interfaces are narrow regions separating well-defined domains and are
primarily responsble for a range of key propeties including diffness, srength, and
fracture behavior [4]. The role of interface is very vitd to the dress transfer between the
fiber and matrix; and the intefaces influence mechanica peformance and fracture
behavior of the composites under various loading conditions[5].

In the past interfaces have been modeed as a narrow region of continuum with
graded properties, or as an infinitdly thin surface separated by prings, and cohesve
zones with specific traction-separation relations. Chandra et d, [6,7,8] dmulated the
interfacid mechanicd behavior of thin-dice pushout tests incorporating the spring layer
modd and fracture mechanics approach. In recent years, interfaces are modded usng
cohesive zone approaches, which cannot only modd interface-bonding behavior, but aso
its separation without use of any ad-hoc criterions. CZM was originadly proposed by
Barenblatt [9] as a possble dternative to the concept of fracture mechanics in perfectly
brittle materids. In a generd CZM the traction-separation relations for the interfaces are
such that with increasing interfacial separation, the traction across the interface reaches a
maximum, then decreases and eventudly vanishes, permitting a complete decohesion.
The shape of tractionseparation egquetions, the maximum trection, s, and

corresponding d, ., ), and the vaue of d,, affects the macroscopic mechanica response

of a materid sysem.. Usudly the T- d rdation is expressed in the form of T, vs. uy/d.
The normdizing (u/d) is necesstated by the requirement that when traction is obtained
as a function of cohesive drength, the multiplier has to be a non-dimensond quantity. It
should be noted that d varies anywhere from 10°m to 10°mand s, ranges from
MPato GPa
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properties of inteface are incorporated in the continuum modd through CZM. The
continuum modd we use in our smulaion is FEM. Both CNT and matrix materid are
modeled usng continuum dement, where the CNT eements are treated as eadtic, while
matrix materid is trested as dasto-plagic materid. In order to predict accurate behavior
of the composites appropriate FE mesh has to be adopted. The nanoscopic materia
properties of the interface  sometimes determine the mesh size of dements that need to be
adopted near the interface. As reported in the literature [10] the size of the cohesive zone
element should be of the order of characteristic distance parameter. By adopting such a
mesh density, to modd a composite of few mm sSzes we may need dements in severd
thousands. Here we explore the optimum sSze needed for cohesive zone eements so that
we can use lesser eements to mode the composite.

Cohesive Zone M odel for Interfaces

The intefacid conditutive relations for the interfaces is approximaed by a
trgpezoidd mode of Tevergaard [11] for tangentid separation and bilinear modd for
norma separation This traction-displacement relations are obtained with out any potentia
and the shape of the traction displacement is trgpezoidd as shown in thefigure 1.
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Hg.2 Schematic of (10,10) CNT with butane hydrocarbon chemical attachments.

I nterface Propertiesfrom MD Simulation
Interface properties were obtained by smulaing fiber pullout experiment usng MD

smulaions. Here a (10,10) nanotube of 120A length is congdered in the invedtigetion.
Hydrocarbon chains are attached to the nanotubes a randomly selected positions through
the length of the nanotube. Tendle dSresses are gpplied by displacing one end of the
nanotube while fixing the corner a@om of hydrocarbon chain as shown in figure 2.
Digplacements of 0.05 A are applied every 1000 time steps with a step sze of 0.2 fs
Temperature is maintained a 300K. Stresses drains and reactions of fixed atoms are
monitored. A typicd Reaction force vs digolacement plot for fixed atoms is shown in
figure 3. There is an initid flat region which corresponds to stretching of hydrocarbon
chains. This is followed by a rise and drop which denote bonding and de-bonding, and a
fina detachment of the tube.

The mogt interesting aspect of interface behavior is the bonding and de-bonding of
nanotube interfaces. The diding of hydrocarbon chains adong the nanotube before falure
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is respongble for this behavior. Usng
such  force-digolacement data from
gmulaion, traction displacement curves
ae obtaned in the format of CZM
model indicated by figure 1 and Eq. 1.
CZM based shear lag model

In this section we propose an andytica
mode based on shear lag modd concept
origndly proposed by Cox [12] and
Kely [13]. In most of the shear lag
models the fiber and marix a the
interface is conddered to be perfectly
bonded. But in redity it is difficult to
achieve a near perfect bonding between
the fiber and matrix. The interface starts
separating with applied loading. In the
present andyticd model we incorporate
the inteface separation by induding
cohesve zone modd. For a composite
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meatrix respectivdly. The difference in axid

displacements, u; - v

. is the displacement jump between the interface between fiber and

meatrix inducing the interfacid shear traction T,. The longitudind and shear dress in the

fiber isgiven by
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Defining the average stressin matrix as S, =E, e, where E,, isthe Y oung's modulus
of the matrix and V, is the volume fraction of fiber in the composite then the average
stressin compositeisgivenby s . =(1- V;)s,, +V,;S;. If E, isthe Young's modulus
of the composite, then wecanwrites . =Ee .

FE mode

To evduate the mechanicd behavior
of compogtes, the unit cell is modeled as 2wk e rew Son
an axi-symmetric problem. The CNT is - ~Ix ﬂ————————fAnawcasduum
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modded as a hollow tube with a length of
200 A, outer radius of 698 A and

thickness of 04 ,& The CNT tube was
discretized with 1596 axisymmetric  4-
node eements and 11379 axisymmetric 4-
node eements to modd the matrix.
Duplicste nodes ae created a the
interface on the fiber and matrix sdes. 399
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direction norma to the interface are used Positio dlong the lergth (m)

to modd the inteface behavior. Fg.6 Vaiationonlongitudind stressin the
Symmetric boundary conditions were used  fiber at different gpplied srain levelsin the
composite, for Tmax=5000M pa.

dong the axis of symmery. The

cohesve dement modd is input as a
; user-defined  dement  subroutine
/ UEL into genera-purpose
commerciad code ABAQUS to cary
out the andyss. The modd was
smulated by  aplying tendle
displacement on the top edge of unit
modd. Cohesve zone properties
were gpplied to interface eements
with Tmnax  Vvarying between 50 to
5000 MPa. Interface bonding aong
the curved cap of CNT is ignored by
reducing the interface strength.
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Results and discussions

T2E09 509 6509 8209 Variation of Longitudinal stress and
Rosition dong Length (M) shear stressin the fiber:
Fig. 7 Variation on Sheer stressin the fiber Fgure 6 shows the varidion of
near theinterface at different applied strain longitudind  stress  and  figure 7

shows the variation of shear fressin

levelsin the composite, for Tmax=5000M Pa. the fiber for irterface SrEngh Tome=
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5000 MPa. Plots with solid lines are obtained from FEM smulaions and plots with
dashed lines are obtained from andyticd solution (Eq. 2). There is a good comparison for
longitudind dresses between numericd modd  and andyticd modd for interface
strengths of 5000 as shown in figure 6 The shear stress digtribution from the two models
deviate from one ancther. However the maximum intengty of shear dress predicted by
the two modds compare with in a close range, for eg. the maximum shear dtress
predicted for the drain level of 0.0022 is 68 MPa and 74 MPa by numericd and
andyticad models respectivdy  for

the interface strength of 5000 MPa. 400
350 (=0.05)
Effect of interface strength on 300 -
stiffness and strength: ] mposite  (Vf=0.03)
. 250 =0.02)
I_t has been obsen/gd in the 2 2004
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Fig. 8. Stress gtrain curve for E-glass-composite

for different volume fraction of fiver and for

diffress dso
interface strength. For example for
Epoxy matrix (E=35 GPa) the

diffness in  the dadic range interface strength of 500 MPa
increases by a factor 11 when the
interface strength is 5000 MPa and 4000

volume fraction is 0.05%, on the
other hand with weak interface
drength of 50 MPa the iffness
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=10.96

increases by a factor 05. In
addition to diffness the drength
aso increases consderably. For
exanple for compodte  with
volume fraction of 0.05%, the yidd
drength (when matrix reeches a
yiedd drain of 0.0216) are of the
order 107, 340, and 809 MPA for
interface drength of 50, 500 and
5000 MPa respectively.
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Fig. 9 Stress strain curve for CNT based-
composite for different interface strength and

volume fraction of 0.05

Effect of interface strength on Hardening modulus:

Higher interface drength dso tends to increase hardening modulus of compodtes. Table
3 bdow shows the different range of hardening modulus atained with different interface
drength. In case of conventional composite conssting of Eglass (E=76 GPA) and Epoxy
matrix there is margind increese of hardening modulus. This is because the diffness of
the fiber is very low. In such cases the matrix materid governs the mechanical behavior
once composite reaches its yidd vaue In case of CNT based composites with low
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|mafa:e Srmgth thae Volume Interface CNT/Epoxy Composite E glass/Epoxy Composite
i y fraction strength
:fle no incorlllsa”d(iﬁg of fiber Tmax Ec(elastic)/Er,  |Eq(Hardening)/Ey, | E(elastic)/Ep, | Eq(Hardening)/Ep,

e (inMPa)

modulus  Even though 0 118 0.2 111 0.16
the fiber is consderably 002 500 2.46 149 13 034
stronger, matrix 5000 4.98 4.02 138 042
COIT[I’O_|S the composite 50 1.28 032 1.17 022
behavior. On the other e — — —
hand  with  sronger | °% > ' ' ' '
interface there is 5000 6.99 6.02 157 0.74
condderable increase in 50 146 053 129 0.3
hardening modulus &s 005 500 461 368 175 0.93
shown in table 3 and 10.96 10.02 195 123

5000

Figures 13,14 and 15.
In cae of inteface Tablel: Variaion of Young'smodulusand hardening

strength of 5000 MPa, modulus of the composite with metrix young's modulus,

with 005 % volume volumefraction and interface strength

fraction of fiber, the

hardening modulus is 90% of that of dadtic siffness. With sronger interface and stronger
fiber diffness, mechanicd behavior is controlled by fiber where as in composites with
low interface strength or low fiber gtiffness matrix governs the composite behavior.
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