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Abstract. Carbon nanotubes (CNTs), since their discovery by Lijima (S. Lijima, Nature, 354:56-58
(1991)), are considered a new generation of reinforcement. Their "nano" size structure makes them
potentially free of defects, which provides them with excellent physical properties. There are two main
nanotube types: single wall nanotubes (SWCNTs), which are made of a single wall tube; and multiwall
nanotubes (MWCNTSs), which consist in several concentric walls, one inside the other.

A key factor for the reinforcement efficiency in a composite it is the interface bonding between the
CNTs and the matrix. This work presents a new constitutive model to predict the mechanical performance
of composites made of a thermo-plastic matrix reinforced with CNTs. The model takes into account
explicitly the mechanical contribution of the interface between the matrix and the CNTs (F. Otero et. al.,
Comp Structures, 94:2920-2930 (2012)). The constitutive model is based in the mixing theory, which
obtains the composite performance from the response of each constituent component, each one simulated
with its own constitutive law. The model has been implemented into an in-house FEM code: PLCd.

As an application example, this code is used to predict the mechanical properties of a straight beam
with different material configurations. In this case, a viscoelastic constitutive model is proposed for the
polymeric matrix. The viscous response within the elastic range of the materials is studied. This response
shows a high capacity of energy dissipation in composites reinforced with MWCNTs.
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1 INTRODUCTION

Nanotubes obtained by arc-discharge (Cadek et al., 2002b) have Young modulus values in
the order of 1TPa. Recent measurements carried out in arc-MWCNTSs (multiwall nanotubes
made by arc-discharge) have provide Young modulus values with values varying from 0.27 to
0.95 TPa, ultimate strain values higher than 12%, and ultimate tensile stresses in the range of 11
to 63 GPa (Yu et al., 2000). In these measurements it was also obtained the stress-strain curve
of the MWCNT with help an electric microscope.

The properties obtained for CVD-MWCNT (multiwall carbon nanotubes obtained by Chem-
ical Vapor Deposition) are low due to the defects in the nanotubes surface. The firsts Young
modulus measurement known was made with an atomic force microscope (AFM) (Salvetat
et al., 1999) and the values obtained were in the range of 12 to 50 GPa. Later on, new measure-
ments have shown Young modulus values in order of 0.45 TPA, and ultimate tensile stresses of
3.6 GPa (Xie et al., 2000). The lower measured values were associated with defects in the nan-
otube and with the slipping of the inner tubes in MWCNTs. The difference in measured values
between CVD-MWCNT and arc-MWCNT shows the influence of defects on the properties of
these new materials.

It is not entirely clear which nanotube type performs better as a reinforcement. A recent study
made by Cadek et al. (2004) comparing the properties of a polyvinylalcohol (PVA) matrix re-
inforced with different types of CNTs nanotubes (double wall nanotubes (DWCNT), SWCNT,
arc-MWCNT and CVD-MWCNT) showed that the effectiveness of reinforcement is inversely
proportional to its diameter, except when using SWCNT. The study also proved that the com-
posite properties are proportional to the total interface area. The composite reinforced with
SWCNT had the lowest properties; this result is associated with slipping of SWCNT inside the
bundles. Finally, the study states that the best properties are obtained with the CVD-MWCNT
with smaller diameter.

When there are not covalent bonds, the interaction between matrix and nanotube is made
with Van der Waals forces. Several studies show that this union is weaker. Molecular Dynamics
simulations made by Frankland et al. (2002) predicted values of the interfacial shear strength
(IFSS) that do not exceed 2.8 MPa. Another study made by Liao and Li (2001) predicted values
up to 160 MPa. According to Lordi and Yao (2000), the differences in the results depend on
the polymer type and they can be in the range of 80 to 135 Mpa. The difference in the results,
and the good values of IFSS, were attributed to the morphology and the capacity of the matrix
to generate helical chains around the nanotube. On the other hand, nanotubes have a smoother
outer surface and therefore, the contribution of the frictional forces to the IFSS are an order of
magnitude lower (Barber et al., 2004).

Experimental results of pull-out tests show values of IFSS between 20-90 MPa (Barber et al.,
2003, 2004). Other experiments using the drag-out technique have shown values between 35-
376 MPa (Cooper et al., 2002). The disparity of the results suggests that is not always possible
to generate covalent bonds. The maximum values obtained experimentally are associated to
covalent bonds and consider that the interface zone has better properties than the rest of the
matrix.

The above description shows that the final properties of the composite depend on many
parameters. Together with these, there are others aspects that may also condition the final
properties of the composite, such as the ondulation and misalignment of the nanotubes inside
the matrix. All this variability can be considered the responsible of not having yet an accepted
theory capable of describing correctly the performance of nanotube-reinforced composites. It
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is also the reason because the existing theories fail in their predictions. Comparisons between
measured mechanical properties and theoretical results, show that the theoretical predictions are
generally three times higher than measured results (Sandler et al., 2002; Deng et al., 2007).

The constitutive model presented is based in the classical mixing theory. This theory obtains
the mechanical performance of the composite from the behaviour of the composite constituents,
each one simulated with its own constitutive law (Car et al., 2000). As it is written, the theory
can be understood as a constitutive equation manager. The constitutive model is formulated
with the same philosophy, which increases its versatility and simulation capability. The formu-
lation is capable of predicting the response of the composite fairly accurately, requiring only
the calibration of the mechanical properties of the interface.

2 DESCRIPTION OF CONSTITUTIVE MODEL

The model assumes that the composite is the combination of three different materials: ma-
trix, CNTs and an interface (Coleman et al., 2006). The interface corresponds to the matrix
that surrounds the CNTs. It is considered as an independent component, with its own constitu-
tive law. The interface is used to define the capacity of the matrix to transfer the loads to the
reinforcement.

Although the phenomenological performance of the composite already justifies the definition
of an interface material; images obtained with Scanning Electron Microscope (SEM) of CNTs
reinforced composites, such the ones shown in Figure 1, prove its actual existence. These
images reveal that the structures protruding from the fractured surface have larger diameters
than the original MWCNTs used in the sample preparation (Ding et al., 2003). The material
surrounding the CNTs corresponds to the interface. The presence of an interface, as a differ-
entiable material, is also proved by Differential Scanning Calorimetry (DSC) measurements
carried out in composites with a semi-crystalline polymer as matrix. These measurements show
a linear increase of crystalline matrix as the nanotube volume fraction increases, suggesting that
each nanotube has a crystalline coating (Cadek et al., 2002a).

Tube 5A%2 200 nm W Tube SA#31

Figure 1: SEM image of nanomanipulation and fracture surface of composites (Ding et al., 2003).

Finally, the procedure proposed is summarized in Figure 2. This figure shows that the com-
posite is divided in several layers, each one containing carbon nanotubes with a different ori-
entation. All layers are coupled together using the parallel mixing theory. This is, assuming
that all layers have the same deformation. The formulation developed provides the mechanical
performance of each layer by combining the response of the three coexisting materials: ma-
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trix, interface and CNTs. The layer response depends on the materials and on their volumetric
participation in the composite.

Composite Sty Sheets reinforced
P T T T T with CNTs.

New Parallel/Serial
Theory

Matrix

Interface Zone

Figure 2: Representation of formation for reinforced composite.

First, the composite is split into matrix and a new material that results of coupling the CNTs
with the interface. The relation between the matrix and the CNT-interface material is established
in terms of the parallel mixing theory (they are assumed to have an iso-strain behaviour). On
the other hand, CNTs and the interface are coupled together with a combination of parallel and
serial mixing theories. The serial mixing theory assumes that all components have the same
stresses.

Figure 3 shows scheme used to obtain the performance of the CNT-interface material. This
is based in the short-fiber model developed by Jayatilaka (1979). According to this model, the
load is transferred from the interface to the nanotube at the ends of the reinforcement, through
shear stresses. In this region normal stresses in the fiber increase from zero to their maximum
value, which is reached in the central part of the reinforcement. In this region there is not
load transfer and shear stresses are null. This whole stress transfer scheme can be simplified
assuming a CNT-interface performance defined by a serial mixing theory at the ends of the
reinforcement and a parallel mixing theory at the center of it.

A parallel factor named NP is defined to differentiate these two regions. This parameter,
multiplied by the nanotube length, provides the length of the nanotube-interface element with
a parallel behaviour. The length with a serial performance is defined by the complementary
factor.

3 FORMULATION OF THE CONSTITUTIVE MODEL

The Helmholtz free energy (Malvern, 1969) of a material point subjected to small defor-
mations can be described with the following thermodynamic formulation (Oller et al., 1996;
Lubliner et al., 1989),

U =0(e0,a) )

where ¢ is the deformation tensor, § a measure of temperature and o = {e?,d, s} a set of inner
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Figure 3: Different regions in the new material CNT-interface.

variables, for example: £” is the plastic deformation, d damage inner variable and s any other
material internal variables.

The model proposed to simulate the composite combines the different components using the
serial and parallel mixing theories. If this combination is performed according to what has been
described in previous section, the expression of the Helmholtz free energy may be written as:

v = kmlpm + (knt + kzz) NPT (Ent\pnt + Ezzlpzz> + (1 - Npar) (Entq’nt + Eiijiz) (2)

Vv Vv
prar Jser
ntiz ntiz

where V,,, ¥,; and V,, are the specific Helmoholtz free energy for the matrix, the nanotube
and the interface components, respectively; k,,, k,; and k;, are the volume fraction of each
component, NP is the parallel factor and,

N knt I kiz
kpyp=——"-— ki, = —— 3
! knt + kiz knt + kiz ( )
are the volume fractions of the carbon nanotubes and the interface in the new CNT-interface

material. These volume fractions must verify:

The relation among the strain tensors of the different components is:

_ __ ~par __ _ser
€=¢&m= gntiz - 6ntiz (5)

par

being € and ¢, the composite and matrix deformations, respectively; ¢,,,. the deformation the
new CNT-interface material with a parallel behavior; and €7, the deformation of the CNT-
interface material with a serial behavior.

The tangent constitutive tensor of the composite material may be derived from Eq. (2),

0w W, Ui, PV,
= = fm + - par par T ©)
Oe ® Oe Oem @ Og,, 0Py @ Oe 0eser @ Qeser

ntiz ntiz ntiz ntiz
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A parallel behavior means that all composite constituents have the same strain value. There-
fore:

PP _ _
PO — e =€y = W—"twpar — NPar [kntCm‘, + kizciz] _ parpar 7)

et .
ntiz 85 ® ag ntiz

ntiz ntiz

And a serial behavior means that all composite constituents have the same stress value. Thus:

ser __ o . —1 . ser . _ser . o -1 . ser ., _ser
Ontiz = Ont = Oiz = Ent = Cnt : Cntiz Ytz 5 Giz & Ciz : Cntiz " Entiz (8)
2]y ser
a \Ijntiz = (1 Npar E C—l E O—l -1 - (1 Npa’r‘ ser 9

Denti. ® Oeriy.
Replacing Eq. (7) and Eq. (9) in Eq. (6) it is possible to obtain a simplified expression of the

tangent constitutive tensor:
C = kpnChy + (kny + kiz) [NPCPL 4+ (1 — NP C26r ] (10)

ntiz ntiz

3.1 Definition of the parallel factor

The parallel factor is defined as,

lar
NPT — P . 0< NPT < (11)

lnt

where [,,; is the length of the nanotube and [,,, is function of geometry and mechanical prop-
erties of the nanotube and the interface. The value of this length can be obtained from the
equation of tension distribution in a reinforcement considering perfect bond with the matrix,
which is (Jayatilaka, 1979):

oot (1) = Euy |1 — cosh (5 (I — 2)) . 5= 2G;., (12)

cosh (Bln) " Epd?;In (1 + r%)

where x represents the longitudinal positions in the reinforcement, and the subscripts “nt” and
“iz” refers to the properties of nanotube and interface zone, respectively. F and G are the
Young’s modulus and the shear Modulus, and b is the thickness material arround of the CNTs
associated wiht the interface zone.

Defining l,,, = [+ — 2, its value can be obtained by finding the position “x” for which the
effective modulus obtained from the integration of the tension distribution becomes:

l ar ar l ar
Eepp = 7B + (1= 7 | EVii. (13)
lnt lnt
This procedure provides a value of the parallel length of:
bpar = 5 cosh™" | < cosh (1) (14)
ar = — COS = COs n
p 5 3 t
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3.2 Constitutive model for a single material

The formulation developed require all composite components to fulfill equation 1. Therefore,
it is possible to use any constitutive law to describe the mechanical performance of the different
components. However, for the sake of simplicity, in the following are defined the three specific
models that will be used for each composite component.

3.2.1 Constitutive model for matrix material
Matrix material is defined with an elastoplastic law. The specific Helmholtz free energy for
this material, considering uncoupled elasticity is:
1
V(% p,0) = Ve (%) + WP (p) + U (0) = 556 1 C e+ WP (p) + U (0) (15)

where W¢ is the specific elastic free energy, W” is the specific plastic free energy, U’ is the
specific temperature free energy, p is a internal variable tensor associated with plastic behaviour.
The total deformation of the material tensor is split into its elastic, € and plastic, €? parts. This
is:

e=¢g°+4¢f (16)

The local form of the Clausius-Duhem inequality for this material can be expressed as:

.1 06
S—oié—nh—W— ¢ >
og:e—nb -V anx_o (17)
. [0U° owr ovt . 1 06
(e°4€P) —no — et —p+ —0| ——q— >
o:(e°4¢€P)—nb [856 e+ p P+ 50 7 8x—0 (18)
ove ot owr 1 06
— DE¢ — — el —p— —q.=— >
(a 866) £ (?7+ 89)0—1—0 5 p P eqax_O (19)

being o the stress tensor, 7) the entropy, and ¢ the vector field of heat flow. To ensure compliance
with the second thermodynamic law it must be defined,
ove o' owr
= = —— P=——- 20
gec 1T o0 ap 20)
where P is the thermodynamic tensor associated with the internal variable tensor p. Finally, the
mechanical dissipation for a material point is,

o

Em=S,=0:e"+Pp>0 1)

3.2.2 Constitutive model for interface material

The interface region is simulated with a damage material. In this case, the expression of the
Helmholtz free energy is,

U (e, d,0) = U° (c,d) + W' () = (1 — d) U (¢) + V' (0) :(1—d)%s:0:e+\1ﬂ(e) (22)
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where d is a internal variable associated with the damage. The local form of the Clausius-
Duhem inequality Eq.17 for this material can be expressed as,

: ove ove . vt 1 00
re—nb — D€ — g >

og:—nb {85 €+ add+ 899] anx_o (23)

ove vty . 9ve. 1 96
— (€ — — | 0 — - —q.— > 24
(“ as) c (“89)9 o0 5%z 2" (24)

To ensure compliance with the second thermodynamic law it must be defined:
ove ovt owve
= = — D= — 2

T 1T o0 ad 2>

being D the thermodynamic scalar associated with the internal scalar variable d. And, the
mechanical dissipation for a material point is:

—_
—

—m

(1]

s=D.d>0 (26)

3.2.3 Constitutive model for nanotubes

Nanotubes are considered elastic. In this case the Helmholtz free energy can be written as,

\11(6,9):\116(5)+\Ift(9):%S:C:e—i—\lft(@) @7)

And the local form of the Clausius-Duhem inequality Eq.17 can be expressed in this case as,

. ove ovt . 1 00
1€ —nb — D € 0 2

g [ag ”ae} 7705 =" (%)

ove ovty . 1 00

— 5 —)O— g —>
(a 9% > ( + 20 ) 0 705, 0 (29)
To ensure compliance with the second thermodynamic law,
. o0V .ot

=% """ G0

Equivalent properties for MWCNTs

MWCNTs consist of concentric SWCNTs joined together with relatively weak van der Waals
forces. For this reason, the capacity to transfer the load from the external wall to the internal
walls is low. Some papers Thostenson and Chou (2003); Zhou et al. (2004) propose to simulate
the CNTs like a solid cylinder with same exterior diameter and length, but with effective prop-
erties. The effective properties are obtained assuming that the outer wall takes the total load. In
this approach it is assumed that the properties of the outer wall correspond to those of a graphite
sheet. The effective stiffness of the MWCNTs is calculated by imposing that for a same applied
force, the deformation must be the same:

= Aow
Ent = Ent = Ent = A Eg (31)

nt
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where E,; and E, are the Young’s modulus of the effective solid nanotube and graphite sheet,
respectively, and A,; and A,, are the areas of the effective solid nanotube and outer wall,
respectively. Equation 31 can be also read as,

2t \ 2
1—(1—-—
( dnt>

being ¢ the thickness of one wall in the MWCNTSs and d,,; is the external diameter of the
MWCNTs.

Using the same procedure it is possible to obtain the shear modulus of the solid cylinder, by
forcing the same twist when applying the same torque (T).

E. = E, , <0.5 (32)

t
dnt

— TZTLt Tlnt ~ JOU]

nt = On — = = = Gu=—-—20G 33
gb ! gb ' GntJnt ngow ' Jnt 7 ( )
where G, and G, are the shear modulus of the effective solid CNTs and graphite sheet, respec-
tively, and J,,; and J,,, are the polar moment of inertia of the effective solid CNTs and outer

wall, respectively.

4
— wd,,

B 7o — (dnt — 2t)4)
nt — 39 ’ ow — 39
Replacing the expressions of Eq. 34 in Eq. 33, the equivalent shear modulus can be written

as,
2t \*

1—(1-=

( dnt)

Finally, it is necessary to obtain the new density of the effective solid CNTs, as the total
weight of the MWCNTSs can not change in the composite when they are considered a solid

s (d4

nt

(34)

G = Gy (35)

cylinder.
Ant dz ?
77’1 = —_— i 77’1 pum— ]_ —_— — 36
Pnt Ampg Pt [ <dnt) ] Pg (36)
being p, the density of the graphite sheet (p, = 2.25 [g em™*]) and d; the internal diameter of
the MWCNTs.

The most common parameter used to define the amount of CNTs added to a composite is
their weight fraction. However, the numerical model developed requires knowing the volume
fraction. The volumen fraction of CNTs in the composite is the volume that occupies a solid
cilinder with the same external diameter. This parameter can be calculated with the following
expresion (Thostenson and Chou, 2003).

Wny

ke = - (37)

Pnt __ Pnt
Wny + Pm Pm Wi

where w,,; is the weight fraction and p,, is the density of the matrix.
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4 MATERIAL NON-LINEARITY OF THE PROPOSED MODEL

If a constituent (i.e. the interface) is simulated with a non-linear law, the whole composite
will become non-linear. As it has been already explained, with the present model it is possi-
ble to use any non-linear formulation to simulate the constituents, such as plasticity, damage,
viscosity, etc.

Besides the non-linear performance provided by each constituent, the load transfer capacity
of the interface region is also affected if the interface is damaged. This effect must be included
in the formulation.

According to Figure 3, the load is transferred from the interface to the CNTs reinforcements
at their ends. Interface damage is expected to occur at the ends of the reinforcement, where
there is larger stress concentrations. Assuming that the damaged region is unable to transfer
loads and that the length required to transfer loads must remain constant, interface damage ends
up affecting the parallel length of the nanotube, which can be calculated as:

lpar = 12, (1= d) (38)

par

where [7 . is the initial length of the nanotube working in parallel and d is the interface
damage.

The dependence of the parallel length on the interface material damage provides a non-linear
response of the composite, even when matrix and the carbon nantotube reinforcement are in
their linear range.

S NUMERICAL IMPLEMENTATION

The proposed model has been implemented in PLCd , a finite element code that works with
3D solid geometries (PLCd-Manual, 1991-to present). PLCd has already implemented the con-
stitutive laws that will be used to predict the performance of the composite components (elasto-
plastic, elasto-damage and elastic). The formulation has been written so that the constitutive
laws of the constituents are seen as “black boxes”, following the recommendations of Martinez
et al. (2008) and Rastellini et al. (2008).

6 VALIDATION

This section presents the simulation of a four points bending beam made of three different
PEEK materials. Two of them with different proportions of CNTs reinforcements and the third
one without any reinforcement. This example is used to describe the numerical performance of
the formulation proposed in this work.

6.1 Material Propierties

The material used in current simulation is a PEEK matrix reinforced with multiwall carbon
nanotubes. In the following are described the properties of each constituent material.

6.1.1 Properties of Nanotubes

The MWCNTSs (NC 7000) are provided by Nanocyl S.A. The geometric features are obtained
from paper of Jiang et al. (2012), who defines as average diameter and length of 10.4 nm and
0.7 pm, respectively. The nanotube is considered an orthotropic material so its mechanical
properties are different along the directions of each of the axes. These equivalent properties can
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be estimated according to subsection 3.2.3, assuming £, = 1.05 4= 0.05 [TPa] and ¢ = 0.34 nm
and G, = 0.4 £ 0.05 [TPa] (Li and Chou, 2003):

E1 = Ent = 131 GPa G12 = G13 = Gnt = 104 GPa

V12 = V13 = U3 = Uy = 0.2

The transversal properties of the nanotubes are assumed to be equal to the properties of the
interface zone:

6.1.2 Properties of PEEK Matrix

For PEEK matrix we are using the following values. These have been taken from the
M_RECT Project and from the information provided by the manufacturer (http://www.victrex.
com):

E,=39GPa G, =19GPa v, =04

6.1.3 Properties of Interface Zone

The interface zone is associated with the crystalline matrix around of MWCNTs. The prop-
erties of this material are better than those of the amorphous matrix. The volume fraction of the
interface zone has been estimated with data of M_RECT Project. The mechanical properties
of the interface are obtained with the same procedure described in Coleman et al. (2006) and
Otero et al. (2012) but using the data of Diez-Pascual et al. (2010a,b):

E,=505GPa G;,=246GPa v, =04

6.2 Composites Data

The composites have been made with the PEEK matrix reinforced with different weight
fractions (0.0, 0.5,2.0%) of MWCNTSs . Table 1 shows the volumetric participations of each
material in the composites simulated.

| Composite | K% | K% | Ki.% |
PEEK 100 - -

PEEK-0.5%CNT | 84.95 | 0.35 14.7
PEEK-2.0%CNT | 91.89 | 1.41 6.70

Table 1: Composites data.

The MWCNTs orientation has been defined assuming that the composite is formed with
different layers, each one with a specific angle and volume fraction. The particular MWCNTs
distribution is the one presented in the Figure 4. The volume fractions shown in the figure are
relative to the MWCNTs volume fraction used in the composite.
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Figure 4: Nanotubes distribution in the composite.

6.3 Geometry of the analysed structure and FEM model

The structure selected for the numerical simulations is a simple supported beam. Two con-
centrated loads are applied at 1/3 of both ends.

6.3.1 Geometry of the structurel

Figure 5 shows the geometry and the scheme of boundary conditions and applied loads of
the analysed beam.

30 mm

$ g o %7

N
Vg |:
l—»
18 mm

18 mm 90 mm

Figure 5: Geometry, boundary conditions and loading.

6.3.2 FEM model

The symmetry of the geometry, loading and boundary conditions of the beam to analyse
allows a reduced FEM model (1/4 of the real geometry). In Table 2, it is shown the most
relevant information concerning the mesh of the FEM model.

In order to obtain the real behaviour of the structure with the reduced FEM model it is nec-
essary to impose the restrictions for symmetry. There are two symmetry planes: The symmetry
plane that has X-axis as its normal (longitudinal axis) restricts displacement to zero in X direc-
tion over their nodes. The other symmetry plane has the Y-axis as its normal and imposes null
displacements in Y direction over their nodes.
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’ Item \ Nodes \ Elements \ Type Elem. \ Order ‘
’ Quantity/Type \ 1953 \ 1200 \ Hexahedron \ Quadratic ‘

Table 2: Mesh information.

O A
T

bil bil
Figure 6: FEM model.

The orientation angles in the definition of the composite are referred to the X-axis.

6.4 Elastic Results

The numerical results obtained in the analysis are presented here in comparative form, taken
the result obtained for the non-reinforced matrix as reference.

In all cases, the applied load for elastic analysis is a fixed displacement: —0.001 mm in Z
direction at P position (see the figure of geometry). The result considered for comparison is the
force reaction in Z direction in the support location. As the imposed displacement is the same
for all analysis, the reaction force increases when the matrix is reinforced. Table 3 shows this
variation in the maximum load applied, normalized by the maximum load in the non-reinforced
matrix.

| PEEK | PEEK-0.5%CNT | PEEK-2.0%CNT |
1] 1.20 \ 1.52 |

Table 3: Limit elastic load obtained for each model, normalized by the limit load obtained for the non-reinforced
PEEK model.

In the central section of the beam, between imposed loads, there is a pure bending situation.
At both ends of the beam there are bending and shear loads. In Table 4, it is possible to see the
longitudinal (X direction) and Shear (XZ direction) stresses for all models.

6.5 Non-linear analysis

In order to obtain the non-linear response of the structure it is necessary to simulate accu-
rately the non-linear behaviour of the composite used in it. As it has been described in the theory
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Table 4: Stress distribution for elastic results.

presented in previous section, the composite mechanical performance is determined by the be-
haviour of each constituent material. Each of these materials is characterized with a constitutive
model that needs calibration.

6.5.1 PEEK Matrix

An elasto-plastic constitutive model with hardening is applied to typify the PEEK matrix.
The model is calibrated with an initial yielding stress of 32 MPa and a ultimate strength of
90 MPa. With these values, Figure 7 compares experimental and numerical results.

6.5.2 Interface zone

An elasto-damage constitutive model with exponential softening is applied to characterize
the PEEK interface zone. The model is calibrated to reproduce the experimental test of the
composite (See Figure 8). The damge starts when the interface stress reachs to 28 MPa.

6.5.3 Nanotubes

The Nanotubes are considered to have a linear elastic behaviour.
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Figure 7: Behaviour of the PEEK constitutive model.
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Figure 8: Behaviour of the interface zone constitutive model.

6.5.4 Global structural response

The structure is loaded as shown in Figure 5. The imposed displacement at position “P” is
gradually increased while Z-reaction at the support assesses the vertical force that the structure
is able to take. The total force is four times that Z-reaction due to FEM model symmetric
considerations. The vertical (Z) displacement at the middle of the beam is measured as the
loading increase.

The imposed displacement is applied in 100 load steps of 0.1 mm. Figure 9 shows the results
obtained. When the vertical displacement is around 1.5 mm the curves show the first loss of
stiffness, this is due to plasticity in the matrix at the middle of the beam. Then, when the vertical
deformation is between 3 mm to 6 mm there is the second loss of stiffness, in this case, due to
damage on the interface zone. Subsequently, it is possible to see that the structures with MWC-
NTs has less stiffness that the non-reinforced ones. This response is obtained because at this
point interface zone is completely damaged and, therefore, the contribution of the MWCNTs to
the global stiffness is null. The stiffness obtained is equivalent to the stiffness of plain PEEK
matrix with some holes. This effect is observed clearly in Figure 10. This Figure shows the
same curves that the Figure 9 extended up to a vertical displacement of 50 mm.

Figure 10 shows a new loss of stiffness that takes place from 30 mm to 40 mm of vertical
displacement. This last loss of stiffness is due to matrix reaching its ultimate strength a the
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Figure 9: Structural response for PEEK-CNT.

middle of the beam.

6000

5000

4000

3000

/ —PEEK

2000 ——PEEK-0.5CNT
K PEEK-2.0CNT

1000

0 + T T T T T
0 -10 -20 -30 -40 -50

Total Vertical Force [N]

Vertical Displacement [mm]
Figure 10: Structural response for PEEK-CNT up to 50 mm of vertical displacement.

Figure 11 shows the distribution of the longitudinal and the shear stresses for the composite
reinforced with MWCNTs. The longitudinal plastic deformation and the equivalent stress for
the composite are shown in Figure 12.

6.6 Visco-elastic analysis

In order to obtain a viscous response of the composite it is necessary to use a visco-elastic
model to characterize its components. The visco-elastic model used for the matrix and the
interface zone is the generalized Maxwell model. Figure 13 shows a scheme of the viscous
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Figure 12: Longitudinal plastic deformation and equivalent stress in the composite.

model implemented in PLCd code. To conduct the visco-elastic analysis, the MWCNTSs are
considered to have a linear elastic behaviour.
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Figure 13: Generalized Maxwell model implemented.

The response obtained, after calibrating the model, is shown in Figure 14. This figure shows
the stress-strain curve of a point inside of the structure in a complete load-unload cycle. The
simulation has been conducted with the three different composites previously defined. This
figure shows that the area enclosed in the load-unload cycle in the composites reinforced with
carbon nanotubes is larger than if the matrix is not reinforced. In other words, the dissipation
capacity of a composite with MWCNTs is better than when the matrix alone. The composite
reinforced with 0.5% (weight fraction) of MWCNTs has higher dissipative capacity than the
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other composite. This is because the volume fraction of the interface zone is higher than in the
other composite, as it is shown in Table 1. This phenomenon occurs because when the volume
fraction of the CNTs in the composite is low, their distribution in the composite improves,
incresing the interface volume.

50 |
40
&
= 30 ¢
[
(%]
Q
& 20
0 PEEK —— ]|
PEEK-0.5%CNT ——
0 . : ‘ . . PEEK-2.0%CNT ——
0 0.001 0.002 0.003 0.004 0.005 0.006 0.007 0.008 0.009
Axial Strain

Figure 14: Structural response at 1 Hz.

7 CONCLUSIONS

The present work has presented a formulation based on the mixing theory, capable of predict-
ing the mechanical performance of composites reinforced with carbon nanotubes. The model
presented relates the CNTs and the matrix in which they are embedded, using an interface
material. This approach makes possible to consider non-linear phenomenons, such as CNT
debounding, by using non-linear constitutive laws to characterize the interface material. The
formulation is written in a way in which all materials can be defined with their own constitutive
law, improving the versatility of the model.

The formulation has used to predict and compare the mechanical properties of a straight
beam subjected to four-point bending, with different material configurations. The non-linear
analysis for the same structure has also been made. The non-linear response of the structure
presents different points where there is a loss of stiffness, result of reaching the linear threshold
of the different component materials.

A visco-elastic constitutive model is proposed for the polymeric matrix and the interface
zone. The viscous response within the elastic range of the materials has been studied. The good
capacity of energy dissipation in composites reinforced with MWCNTSs has been proved with
the simulations performed.
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