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Abstract

The damping characteristics of polymeric nanocomposites reinforced with carbon nanotubes is studied
using micromechanical modeling and experiments. Two damage dissipation mechanisms namely
interfacial and viscoelastic damping contribute to the damping properties of the polymeric
nanocomposites. Incorporation of stiff fillers in the structure of the polymeric materials leads to a
reduction of viscoelastic damping in the composites. However, inclusion of the nanotubes in the
polymeric matrix also introduces a new dissipation mechanism along the interface with the polymeric
phase. In order to study the dynamic behavior of the nanocomposites, normal and shear stress
distributions along the nanotubes as the function of their orientation to the loading were achieved based
on a shear-lag Cox model. Consequently, the slippage of the nanotube surrounded by polymeric phase
as function of external loading and orientation of fibers was determined. Contribution of the viscoelastic
damping to the nanocomposite behavior as the function of nanotube orientation and content was also
studied. The total damping property of the nanocomposites represent the combined action of the two
involved mechanisms. Nanocomposite specimens containing 0.5, 1.0, 3.0, 5.0, and 6.0 wt. % of the
nanotubes were prepared. The damping and energy dissipation in the produced specimens were studied
using dynamic mechanical experiments. Experimental results showed good agreement with the results
abstained from the modeling.

1. Introduction

Damping properties are critical in many industrial applications. In fact, minimizing undesired noise and
vibration in a variety of components such as machine elements, rotary-wing, sport and boating
equipment, etc. is vital for their performance [1]. Different methods have been used to reduce vibration
in the structures such as various types of viscoelastic polymeric damping tapes [2]. However, these
applied conventional methods lead to various design and performance issues regarding reliability, safety,
and maintenance. The increased weight and volume of the components particularly limits acquiring an
optimal final functional product.

Replacing many industrial components by polymeric composites have been so intriguing due to the
delivered advantages such as low-weights, high- processibility, flexibility to be shaped into complex
structures, and corrosion resistance. Moreover, significant improvements in the mechanical properties
of the polymeric composites such as stiffness, strength, and fracture behavior have already made them
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indispensable for many advanced applications [3]. Therefore, the interests in improving their properties
in different aspects are soaring sharply in industries such as automotive, defense, and aerospace.
Application of polymeric composites in structural components inherently provided enhanced damping
characteristics to the dynamic performance of the components. In fact, the damping properties of the
polymers are some orders of magnitude higher than the traditionally used materials such as different
metals. However, inclusion of traditional reinforcement agents such as glass fiber or carbon fiber in the
polymeric matrixes results in the significant reduction of their potential damping properties. Therefore,
the designers confronted with a trade-off between the static and dynamic performances.

The advent of nanofillers with their large interfacial areas and low densities provided a viable alternative
to improve the performance of the composites multi-functionally. Studies showed that the inclusion of
nanofillers such as carbon nanotubes (CNTs) could increase both loss modulus and stiffness of the
polymeric composites [4]-[6]. In fact, the energy dissipation arising from the interfacial friction lead to
the enhancement of damping properties, while preserving the structural integrity of the nanocomposites.
This paper investigates the influence of carbon nanotubes inclusion into a polymeric matrix on the
damping properties of the nanocomposites. The contributing damping mechanisms were modeled using
micromechanics and finite element methods. The influence of the content and orientation of the
nanofibers on the viscoelastic and interfacial damping properties of the nanocomposites was studied.
Moreover, Polyamide 66 (PA 66) based composites reinforced with the different contents of the multi
walled carbon nanotubes (MWCNTSs) were produced, and their dynamic properties were studied in
detail.

2. Experimental methods

The MWCNTs used in this study were catalytic chemical vapor deposition produced thin nanotubes
(NC 7000 ™) by Nanocyl SA, Belgium. A Polyamide (PA 66) from ALBIS Plastic GmbH, Germany
was used as the matrix. A conical counter rotating twin-screw extruder (HAAKE™ Rheomex CTW)
was used to compound the nanocomposites with the different contents of 0.5, 1.0, 3.0, 5.0, and 6.0 wt.
% of the nanotubes. Injection molding of the nanocomposite specimens was performed using a
Ferromatik, Milacron, USA following the instructions of ISO 294-1. Dynamic mechanical
characterization was also conducted on a MTS Acumen, USA [7].

3. Modeling

Energy dissipation in carbon nanotube reinforced composites originates from two major mechanisms:
Interfacial slippage and matrix viscoelastic damping. The two major phenomena were modeled through
micromechanical models to investigate the influence of content and morphology on the damping
behavior of the composites.

3.1. Interfacial Slippage

The interfacial characteristics in a nanocomposite is controlled by covalent and Van der Waals (VdW)
attraction forces [4]. High strains lead to irreversible debonding within interfacial regions and the
consequent failure. In this condition, all bonds in the interfacial areas are broken and the damage is
permeant. However, the strain distribution arising from the dynamic loadings could initiate a partial
slippage affecting just the VAW bonds in the interface between carbon nanotubes and the polymeric
matrix. In other words, the strain levels and the shear forces are enough to overcome VdW interactions,
while the covalent bonds are intact. Therefore, as the loads are removed, the slipped portions of the
fibers retain their initial bonded positions. This sequential partial debonding and subsequent bonding
contribute to the energy dissipation in a cycle of dynamic loading and damping of a mechanical structure.
In order to study the influence of interfacial slippage contribution to the damping of a nanocomposite, a
micromechanical modeling based on a Cox shear-lag model for discontinuous fiber reinforcements was
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developed [8], [9]. Figure 1 illustrates the considered representative volume element of a nanocomposite
reinforced with carbon nanotubes.
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Figure 1. The representative volume element.

Some basic assumptions were also considered in the conducted modeling [10]:
i.  Prior to the interfacial slippage, the bonding within the interfacial area is perfect;
ii.  Along the nanofiber, the normal stress in the matrix is negligible compared to the normal stress
in the fiber;
iii.  The nanofibers are straight and do not buckle under loading;
iv.  Nanofibers are perfectly distributed and dispersed in the matrix, and the stress fields do not
interact.
From the equilibrium on an element of fibre with a length of dz (see Fig. 1(b)), the stresses are:

" a0+ v, Y7L = 0 !
f, w0+ mr =t M

where o is the normal stress in the nanotube along the fiber axis, independent of & and r. This

assumption, while the aspect ratio of the fillers are high and the reinforcement content is small becomes
viable. Considering the same shear forces in the element, from Fig. 1(c) (¥ = U, =L ):

or
U,-U,=7,(5,-1) (2)
where U, and U, are displacement of the composite and the nanotube along the fibre direction,
respectively. y, 1s also engineering shear modulus in the matrix. r,, and 7y are radius values of volume

element and nanofiller, respectively. Using the three-dimensional stress-strain relationships in

combination with the first derivative of the Eq. 2 respect to z (i.e. ? S (¢, —¢,)) results to:
zZ m Ty ’
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where 7 is the shear stress acting on the interface and G is the shear modulus of the matrix. Since o,

dt o
and o, are independent of z, = is not a function of z. From Eq. 1 and 3 ( =
’ Z
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and 7'(a,@,0) is attained from the boundary condition of the shear at the center of fiber. This term for
two dimensional case will be T = o, sinfsinacosa .

In order to study the achieved stress transfer relations, the analytical results were compared with the
conducted finite element (FE) simulation results on a similar representative volume element. The FE
simulations were conducted on a nanocomposites containing a single straight fiber using the commercial
FE code ABAQUS implicit. A perfectly bonded interface between the polymer and fiber was
implemented in the constructed models. The boundary conditions similar to dynamic mechanical
experiments were imposed on the model where tangential displacements on the RVE outer surface are
zero (Fig. 2(a)). Quadratic tetrahedral elements (C3D10) were also used to mesh the FE models. A
python code was also developed to orient the fibers to the desired angles (see Fig. 2).

Figure 2. (a) Boundary conditions (b) the meshed model.

Figure 3 shows the obtained stress distributions from the performed FE simulations and
micromechanical modeling. As it can be seen from the diagrams, both methods are leading to similar
stress distributions along the included fiber. Acquiring a proper stress distribution was emphasized since
the acquired stress fields in the interface essentially predict the initiation and extent of slippage.
Therefore, the energy dissipation is determined by the attained stress fields. However, at the fiber tips,
the FE modeling results diverged from the micromechanical modeling ones. This contrast in the results
can be attributed to two differing parameters. First, in the analytical models, the stress transfer in the
interfacial region is solely controlled by shear forces. Moreover, the major jump in the properties of the
adjacent elements in the finite element model lead to some mathematical errors in the calculations.

Acquiring the interfacial stress fields allows calculation of energy dissipation and damping due to
slippage in the interface. Interfacial slippage initiates when the shear stress in the interfacial region is
higher than the critical shear stress (7, ). Therefore, the shear stress at the slipped areas remains constant

and equal to the critical shear stress. In other words, the slipped portion does not contribute to the load
transfer following the slippage.
As slippage initiates, critical shear stress defines the stress at the tips of the fiber. Therefore, the critical
input stress causing the initiation of the slippage process is attained as:

T

C

Taze =7 Al ’ 7
?*A*S*tanh7+T(a,¢,6)

2Zc =

where o,  is the critical input stress that initiate slippage from the tips of included nanofibers.
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Figure 3. The (a) normal, and (b) shear distributions along the incorporated nanotube acquired from
FE simulations and analytical modeling.

The length of slippage under the applied external loads higher than the critical input stress is achieved:
Al, 5 Al,
T, >"coshT o, *T(a,d, 9)*cosh7‘

B’ : (8)
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where z, is slippage length along the fiber, and o, is the applied stress on the nanocomposite.

Moreover, 7, is the critical shear stress determined by the interfacial properties and the bonding strength

between the polymeric matrix and the nanofiller. A range of different values 2-15 MPa has been
considered for this parameter in the literature [6]. Figure 4 illustrates the influence of critical shear stress
on the stress distribution and slippage along the fiber. As it is expected, the higher critical shear stresses
i.e. firm interface lead to lower slippage portion along the tubes. In other words, the composites are
stiffer and higher input loads are required to trigger slippage damping contribution.
The loss factor is equal to ratio of dissipated energy to maximum strain energy per cycle. The maximum
strain energy per cycle is achieved by:
* 2
RS AL )
2 E 2 Vf f Storage

Storage

where E

siorage 18 the storage modulus of the composite in a cycle of loading:

preslip % %o postslip
E storage O-ZZ . + J‘ E Storage (O-ZZ )dO-ZZ
O . (10)

_ 72,
storage
o,

The dissipated energy in a cycle is also attained by:
o, 2
5U:J- ‘J-() ”rfz-f,c*Zslipz(o-zz)*dUZZ . (11)

Figure 5 presents the loss factor values arising from the interfacial slippage. As it can be noticed, while
the damping remains nearly constant in lower nanofiller misalignments, it reduces significantly in
orientations higher than 50 degrees. Moreover, the rate of enhancement in damping because of higher
content of the nanotubes strictly depends on nanofiller orientation. For instance, while the fillers are
misaligned 45 degrees, increasing the content of the nanotubes do not contribute to the interfacial
damping effectively.

O77.c
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Figure 4. (a) Shear stress distribution along the fiber and (b) the extent of slippage as a function of
interfacial strength and input stress.

3.2. Viscoelastic damping

Using the equivalent continuum model based on the Eshelby—Mori—Tanaka approach enables us to attain
the homogenized stiffness matrix of the nanocomposites [11], [12]. The transversely isotropic stiffness
matrix of the nanofillers and the isotropic elastic properties of the neat polymer is used as input in the
micromechanical model to estimate the bulk elastic modulus of the nanocomposites including uniformly
dispersed and straight carbon nanotubes. While the damping properties of the carbonic
Nanoreinforcements are negligible, substituting the elastic modulus of the polymeric matrix by the
complex modulus using elastic-viscoelastic correspondence principle leads to a real storage modulus
and a complex loss modulus for the composites [13], [14]. Therefore, the damping properties arising
from the viscoelastic properties of the composites can be attained as the ratio of achieved storage and
loss moduli. The effective stiffness tensor [C] of the two-phase nanocomposites can be estimated as
[15]:

Coompier =+, {(C = Cp o) A, YT +,(4,)) (6)

C

m,complex

where C

complex > are nanocomposite and matrix complex stiffness tensors, respectively. In
addition, C, is the reinforcement stiffness tensor. ¢, and c, are also matrix and reinforcement volume

fractions, and / is the identity tensor. A4, represents the dilute mechanical strain concentration tensor

[16]. Acquiring the global stiffness matrix in the defined principal direction, global stiffness matrix of
the nanocomposites comprising the carbon nanotubes that are oriented in other directions can also be
obtained using transformation matrixes.
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Figure 5. (a) Loss factors arising from the interfacial slippage as a function of nanotubes (a)
orientations and (b) volume contents.
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Figure 6 (a) presents the influence of fiber orientation on the viscoelastic damping of the composites.
While the fillers are oriented in the direction of the applied loading axis, the composite is in its most
stiff state, and it delivers the least viso-damping behavior. However, in contrast to interfacial damping,
increase in the misalignment of fillers enhances the damping. In fact, in orientations higher than 60
degrees a similar viscoelastic behavior to the polymeric matrix could be expected. Figure 6 (b) illustrates
the total damping behavior of the composites as the summation of the two counteracting phenomena of
viscoelastic and interfacial damping. Results showed that in misalignment angles higher than 60 degrees
a similar damping behavior as the polymeric matrix could be expected. However, an optimal nanofiller
orientation is achieved where the inclusion of the nanofillers maximizes the damping of a nanocomposite
plates. Such finding can be influential where the orientation of the nanofillers can be controlled by the
methods such as hot-drawing or defining a proper gate position in microinjection molding.
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Figure 6. (2) Viscoelastic and (b) total damping of a nanocomposite plate as a function of fiber
orientation.

Figure 7 illustrates the conducted dynamic-mechanical experimental results. As it can be noticed,
increasing the content and input stress on the composites increased the energy dissipation in a cycle of
loading. While loss moduli values of the neat polymer are nearly constant as the applied load increased,
the nanocomposite loss moduli increased constantly. Fig. 7(b) shows the influence of the nanotube
content on the interfacial slippage energy dissipation in the nanocomposites. As a random microstructure
includes the produced nanocomposite morphologies, a similar trend to the modeling results can be
observed. In fact, imposing 0.6 % strain (frequency = 1 Hz) on the composite systems increases
interfacial loss factor up to 0.012 in nanocomposite containing 6.0 wt. % MWCNTs.
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Figure 7. Influence of the applied (a) dynamic strain and (b) nanotube content on the loss properties of
the composites.

S. Doagou-Rad, J. S. Jensen, A. Islam



ECCM18 - 18" European Conference on Composite Materials
Athens, Greece, 24-28™ June 2018 8

4. Conclusions

The energy dissipation mechanisms in the nanocomposites reinforced with carbon nanotubes were
studied. The damping properties arising from interfacial and viscoelastic properties were investigated
and the influence of nanotube orientation and content on the dissipation mechanisms were studied.
Results showed that the contribution of interfacial slippage to energy dissipation in the nanocomposite
is significant. However, the acquired damping strictly depended on the fiber orientations. In fact, the
influence of this mechanism decayed at misalignment angles more than 50 degrees. In addition, the
influence of fiber orientation on the viscoelastic damping was studied and an optimal fiber orientation
was attained for nanocomposite plates. Moreover, the produced nanocomposites were characterized
experimentally. The results showed a multifunctional improvement in both stiffness and loss properties.
The experimental results clearly confirmed the beneficial influence of nanotubes on the energy
dissipation of the nanocomposites.
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