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Interface Dissipative Mechanisms in an
Elastomeric Matrix Reinforced with MWCNTs
Marco Aurilia,* Luigi Sorrentino, Salvatore Iannace
Dissipative mechanisms occurring at the interface between multiwall nanotubes (MWCNT)
and an elastomeric matrix are investigated and quantitatively predicted through analytical
equations derived from a micromechanical model. The effects of MWCNT aspect ratio on
dissipative properties of the reinforced system
are investigated at high strains (100–300%).
Cyclic tensile tests illustrate that the fraction
of dissipated strain energy increases with the
amount of MWCNT and varies with their aspect
ratio. Lower mean diameter MWCNT are able to
dissipate a higher amount of strain energy. The
model developed on the basis of the shear lag
theory correctly predicts the dissipated strain
energy at high strains, taking into account the
different contributions to the mechanical beha-
vior of nanotubes’ different aspect ratios.
1. Introduction

The exceptional properties of carbon nanotubes have

boosted research activities in several application fields,

evermore as their availability in different aspect ratios and

surface functionalizations at reduced costs increases.

Among all multiwall nanotubes (MWCNT) features, their

very highmechanical properties have drawn the attention

of researchers as reinforcement in polymeric materials. In

fact, nanotubes have axial Young’s modulus as high as

1 TPa, tensile strength ranging between 40 and 60GPa,

and strain at break of about 15%,[1] but their reinforcing
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efficiency crucially depends on both their dispersion and

orientation in the host matrix.

In order to exploit such high mechanical contribution as

polymer reinforcement, their geometry (in particular their

aspect ratio) and interface properties must be properly

designed to allow an effective reinforcement. For example,

a polymeric matrix reinforced with aligned carbon

nanotube 1mm long and 10nm in diameter, with an aspect

ratio (LNT/DNT)equal to100, shouldhavean interfacial shear

strength of�250MPa in order to bring to failure nanotubes

and deploy all their potential reinforcement, according to

the Kelly-Tyson relation:[2,3]
library.
ti ¼
sNTDNT

2LNT
(1)
where ti is the interfacial shear strength between

nanotube and polymeric matrix, sNT is the tensile strength

of the nanotube, DNT and LNT are nanotube’s diameter and

length, respectively. Such ti value (250MPa) is consider-

ably higher than polymer’s tensile and shear strengths
com DOI: 10.1002/mats.201200070



Interface Dissipative Mechanisms in an Elastomeric Matrix Reinforced . . .

www.mts-journal.de
(�60–120 and �10–30MPa, respectively[4]) and very

difficult to be achieved at nanotube/polymer interface.

A suitable strategy for effective reinforcement could be

the dispersion of nanotubes with very high aspect ratio,

e.g., 1 000, that could result in nanotube failure (not

interface failure) with ti values not higher than 25MPa, a

definitively more suitable value for conventional poly-

meric systems. In this case the homogeneous dispersion of

such high aspect ratio nanotubes is very challenging.[5,6]

Furthermore, proper tuning of interface properties is

consequently fundamental in carbon nanotube-reinforced

polymers toenhance thedesiredstructuralproperty, andby

ranging the interfacial shear strength from very high to

poor it is possible to influence the different aspects of the

mechanical response of the composite structure. Many

authors reported on polymeric systems reinforced with

nanotubes which exhibited a poor adhesion with hosting

matrix but presented both increased damping properties

and enhanced elastic characteristics.[7–14] This increase in

damping has been qualitatively attributed to the sliding

interface between nanotubes and matrix, but it was

investigated in small strain range (typically between 1

and 10%) because the reinforced matrices in most of these

studied systems were rigid glassy or highly crosslinked

polymers with low strain at break.[7–10,12,15]

Recent studies have shown that randomly oriented

nanotubes are able to reinforce elastomericmatrices either

in the elastic region (lowstrains) or at high strains (ultimate

properties) and the improved reinforcing effect has been

attributed to the increased orientation of nanotubes along

the strain direction.[16]

In the current work, a thermoplastic elastomeric matrix

filled withMWCNT have been produced and characterized.

The influence of the nanotubes addition on stiffness,

strengthandonall dissipativephenomenaof the elastomer

havebeen investigated.Dissipativemechanismat interface

nanotube/matrix have been evaluated in the tensile strain

range 0–300% and interpreted with analytical equations

derived from the shear lag theory,[3,17] which have shown

that in a system reinforced by parallel discontinuous fibers

the interface fiber/matrix, as strain increases, starts to fail

at fibers ends, in turn contributing to dissipate part of the

strain work. The derived equations allowed to relate the

dissipative phenomena in the nanocomposites to both

nanoparticles features (dimensions, volume fraction, and

interfacial shear strength) and strain.
2. Experimental Section

A thermoplastic polyurethane – TPU (DesmopanDP 9370AU, shore

hardness¼70A,meltflowindex¼35–55cm3/10min), suppliedby

Bayer Gmbh (Leverkusen, Germany), has been used as elastomeric

matrix. Two types of multiwalled carbon nanotubes have been
www.MaterialsViews.com
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dispersed in the polymeric matrix: NANOCYLTM NC3150 (average

length <1.0mm, average diameter¼9.5 nm) purchased by

Nanocyl (Sambreville, Belgium) and Sigma–Aldrich 636509-2g

(outer diameter 10–30nm, inner diameter 5–10nm, length 0.5–

500mm)purchased fromSigma–Aldrich (SpruceSt. Louis,MO,USA).

In the following nanotubes purchased by Nanocyl and Sigma–

Aldrich will be referred to as NC-NT and SA-NT, respectively.

MWCNT were ultrasonicated by a dipping tip sonicator (Misonix

S3000, Farmingdale, NY, USA) for 60min at room temperature in

tetrahydrofuran–THF (0.1%volumetric solutionofnanotube)with

18W power. TPU pellets were then added to the ultrasonicated

solutionandmixedwithamagnetic stirrer for 6 h. Thesolutionwas

then poured in a Petri dish in order to allow THF evaporation at

room temperature for 12h and to obtain reinforced TPU films.

Such films were further dried in a vacuum oven at 90 8C for 24h.

The dried films were cut and stacked to prepare 0.5mm thick flat

samples by hot pressing through a heated plates hydraulic press

(model P 300P, Collin Gmbh, Ebersberg, Germany). TPU samples

reinforced with 0.5, 5.0, and 20.0% by volume of SA-NT and with

0.1 and 5.0% by volume of NC-NT were prepared and stored for

one month before testing.[16]

Scanning electron microscopy (SEM) analysis was performed

with a Leica S440 (Leica Microsystems, Wetzlar, Germany) on the

surface of TPU specimens in order to detect the orientation of

MWCNT after tensile test. All sample surfaces were coated with

gold layer before the observations to render conductive the

specimen surface. Transmission electron microscopy (TEM) was

carried out with a Philips EM 208 (Eindhoven, The Netherlands) at

an acceleration voltage of 100kV. The specimens for TEM analysis

were prepared by microtoming 70-nm thick films from the TPU

specimens with a LKB ultramicrotome. TEM images provided

information about MWCNT dispersion in TPU matrix.

Specimens 50mm long, 8mmwide, and 0.5mm thick were cut

from films for the mechanical characterization. Tensile tests were

performed by using an Instron 3310 universal testing machine

(Norwood, MA, USA) with a cross-head speed of 50mm �min�1 at

room temperature. Load–unload cycles were carried out on TPU

specimenat the same rateof tensile testswithprogressivelyhigher

nominal strains (0.05, 0.1, 0.5, 1.0, 1.5, 2.0, 2.5, and 3.0) without

dwell timewhen the straining changeddirection. The specificwork

input (energy given to the system by stretching the nanocompo-

site) and the dissipated strain energywere obtained by integrating

the load–unload stress–strain curves.[13,18] In particular, the

integration of the curve in the load segment (line from point A

to B of tensile test curve in Figure 1) returns the strain energy

provided to the system as function of the strain and its value in

correspondence of the maximum strain e0 before the unloading

cycle has been taken as the specific work input at that strain. The

specific work input to deform the material till the engineering

tensile strain e0, WTot, has been determined according to the

following equation:
2013, 2

H & Co
WTot "
0ð Þ ¼

Z"0
0

sd" (2)
where s is the engineering tensile stress. The value of WTot in

correspondence of the end point of unloading cycle e0 (pointC0 of

the selected cycle in Figure 1 on WTot curve) has been taken as
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Figure 1. Cyclic stress–strain curve and its correlated strain energy.
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dissipated strain energy at e0 strain, since it is the amount of the

unrecovered strain energy upon unloading assuming that the

contribution to dissipation in the stretch B–C is negligible.

3. Theoretical Model

An analytical model has been developed to calculate the

slipping at nanotube/elastomer interface as function of

strain starting from the shear lag theory for composites

reinforced with aligned discontinuous fibers. In such a

system, the applied tensile load is transferred to the

reinforcement through the fiber/matrix interface by a

shearing mechanism between fibers and matrix. The

polymeric matrix has lower modulus and strength than

the fibers, and, as a result, the longitudinal strain parallel to

thefibers ishigher in thematrixwith respect to theadjacent

fibers. The mismatch in longitudinal strains generates a

shear stress distribution across the fiber/matrix interface,

assuming a perfect bond between the two constituents. If

the stress transfer at the fiber tips (end cross sections) and

the interactionbetweentheneighboringfibersareassumed

negligible, thenormal stressdistribution inadiscontinuous

fiber by a force equilibrium analysis may be calculated.[3]

When thematrix is in the elastic state and the fiber/matrix

bond is still unbroken, the interfacial shear stress is not

constant and varies along the fiber axis. Assuming that the

matrix has the same strain as the composite it is possible to

derive shear stress at the fiber/matrix interface along the

length of a discontinuous fiber:[3,17]
Figure 2. Shear stress at nanotube/matrix interface along nano-
tube axis in reinforced systems with different nanotube content
at several strains.
t ¼ 1

2
Ef"1bRf

sinhb
lf
2
� x

� �

coshb
lf
2

(3)
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ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2Gm

EfR
2
f ln

R

Rf

� �
vuuut (4)
where Ef is the elastic modulus of fibers, e1 is the

longitudinal engineering strain in the composite (defined

as e1¼ (L� L0)/L0, where L and L0 the actual elongation and

initial length of the composite, respectively), and Gm is the

matrix shear modulus, x is the abscissa (coincident with

nanotube axis with the origin in the left end), Rf the fiber

radius and R is the center-to-center distance from a fiber to

its nearest neighbor.

In elastomeric systems reinforced with MWCNT the

huge difference between the elastic moduli of matrix and

MWCNT results in a steep increase in the shear stress at

TPU/MWCNT interface as the composite strain increases. In

the caseof theTPU, therearepoints along thenanotubeaxis

where the shear stress start to exceed typical interfacial

shear strength (ranging between 0.5 and 14.0 MPa[16])

already at 0.05 strain, as illustrated in Figure 2.

The graph in Figure 2 allows to define the distance from

the nanotube end at which the shear stress equals the

interface strength. This point is the intersection between

the horizontal line, representing the TPU interface strength

(two very different interfacial shear strength values were

usedas references), and the curvederived fromEquation (2),

which calculates the theoretical shear stress at the

nanotube/TPU interface as function of the distance from

the nanotube end. Slipping can occur along the stretches

from the nanotube end to the intersection point, if present.

Curves inFigure2werecalculated for twoMWCNTcontents

(0.1 and 5.0 vol.-%), at two strains (0.05% and 1.0%) by

setting the nanotubes length to 1 000nm and their radius

equal to 4.75 nm, the modulus of the matrix Em equal to

6.57MPa (evaluated from the stress–strain curve of the
, 22, 198–206
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investigated TPU),Gm¼ Em/2(1þ n) with the Poisson’s ratio

n equal to 0.4 (due to the low strains considered).

In Equation (2) the fiber/matrix bond is supposed to

be perfect, but it drastically reduces or fails when the

interfacial shear stress exceeds, with the increasing of the

strain, either shear yield stress of the matrix or bonding

strength of the fiber/matrix interface.[19] By inverting

Equation (2), it is possible to derive the nanotube/matrix

interface length lNT as function of e1 (as the distance from

the nanotube center) along which the stress does not

exceed the interfacial shear strength (see Figure 3), taking

into account that the shear stress is highest at nanotube

ends (x¼ 0)[3]:
lNT

dLy

Fig
com

www.M
¼ 2

b
tanh�1 2ty

ENT"1bRNT

� �
for 0 <

2ty
ENTbRNT

< "1 (5)
Lyð"1Þ¼
where ENT and RNT are the elastic modulus and radius of

MWCNT, respectively.

The difference between LNT and lNT (e1) is the stretch of

nanotube along which the shear stress at the interface

exceeds interfacial shear strength ty, as shown in Figure 3.

Assuming that this interface portion is not able to transfer

the stress from the matrix to the nanotube it is possible to

determine the elementary work performed to create this

‘‘loose’’ interface as:
¼ 2pRNTtyj
0dx (6)
�

where j0 is the width of matrix surrounding the nanotube

(Figure 3) at which the shear stress is constantly equal

to interfacial shear strength ty and dx is the infinitesimal

increment of ‘‘loose’’ interface along nanotube axis due

to infinitesimal increment of the strain de1. The latter

can be determined by differentiation of the difference

between the half of nanotube length LNT/2 and the
ure 3. Interfacial shear stress at nanotube/matrix interface as
posite strain increases.
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ENTbRNT
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The work Ly performed at nanotube interface to yield

the whole ‘‘loose’’ interface can be evaluated as integral

of the combined Equation (6) and (7b), as function of the

composite’s strain e1, from the strain value "01, at which

lNT is equal to LNT, to the final strain value "f1:
Z "f1

"01

2dL ¼
Z "f1

"01

4pRNTtyj
0 2ty

ENTb
2RNT

1

"21 �
2ty

ENTbRNT

� �2 d"1

¼
Z "f1

"01

8pt2yj
0

ENTb
2

1
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ENTbRNT
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� ENTbRNT
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 !" #"f1
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b
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 !" #"f1
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2ty

ENTbRNT

(8a)
or
ptyj
0RNT

b
coth�1 "1ENTbRNT

2ty

� ��"f1
"01

when "1 >
2ty

ENTbRNT

(8b)

2ty

NTbRf
coth b

LNT

2

� �
(8c)

yj
0RNTLNT �

4ptyj
0RNT

b
coth�1 "f1ENTbRNT

2ty

� �
(8d)
Equation (8a–8d) allow to calculate the work performed

to create a loose interface between matrix and nanotube

as the axial strain in aligned nanotube direction increases.

It is worth to point out that the first term of Equation (8d)

is the work for the complete slipping of a single MWCNT

from the surrounding matrix; the total work is calculated

starting from the strain value ("01) at which shear stress at

nanotube endings is equal to interfacial shear strength.
2, 198–206
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4. Results and Discussion

In this section experimental evidences of the capability to

dissipate mechanical energy at large strains through the

nanotubes addition into TPU will be presented and

the theoretical model derived in the previous section will

be adapted to estimate the increment of dissipative

phenomena at high strains when two types of nanotubes,

differing for their aspect ratio distribution, are used as

reinforcing phase. TEM images of TPU reinforced with

both SA-NT and NC-NT show that MWCNT are singularly

dispersed into the matrix (Figure 4).

The dispersion of MWCNT into the elastomeric matrix

led to an increase of both modulus and strength with

a negligible reduction in the ductility at low nanotubes

content,[16,20,21] as confirmed by tensile test curves of

prepared samples (Figure5Aand5B). The sample reinforced

with 5.0% NC-NT presented the highest increase in

mechanical properties with respect to the neat TPU. The

elasticmodulus of the sample reinforcedwith20%of SA-NT

is comparable to that of 5.0%NC-NT sample, but its strain to

failure was definitively reduced.

The fraction of strain energy dissipated has been

measured through tensile cyclic tests. The comparison of

cyclic load/unload tests with standard tensile tests has

shown that the envelope of the loading portion of cyclic

tests quite overlap with the non-cyclic one, indicating that

in the investigated strain range either neat TPU or

reinforced TPU samples are not affected by load/unload

cycles at higher progressive strains (Figure 5C). This

behavior permits to assume that dissipated strain energy

calculated as the un-recovered energy in the load/unload

cycle is a fraction of the specific work input measured in

plain (non-cyclic) tensile test.[13,19] The fraction of dis-

sipated strain energy in neat TPU and TPUþ 0.1% NC-NT

samples is almost similar and a slight increase in the

reinforced sample is detected at high specific work input

values (Figure 6). The sample reinforcedwith 5.0%ofNC-NT

presents a substantial increase of dissipated strain energy

withrespect to thatofneat sample (ranging from18to44%).

Plain and cyclic tensile tests of elastomeric samples
Figure 4. TEM images of TPU 5%NC-NT (A) and of TPU 5%SA-NT (B).
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reinforced with SA-NT presented a trend analogous to that

exhibited by NC-NT nanocomposites but with lower

increments with respect to the neat polymer.

In order to estimate the contribution to strain energy of

each component it is convenient to express the specificwork

input done to deform the TPU reinforcedwithMWCNT in the

tensile test as sum of the strain energy contribution of each

component, namely matrix, MWCNT and their interface:
l. 2013

bH & C
WTotð"1Þ ¼ Wmð"1Þ þWMWCNTð"1Þ þWIð"1Þ (9)
whereWm,WMWCNT, andWI are strain energies stored and/

or dissipated in the matrix, nanotubes, and the work

performed at interface, respectively. To further elaborate

Equation (9) and estimated its dissipative components,

some assumptions have been done:
(1) T
he strain energy stored by nanotubes is prevalently

due to elastic strain and its dissipative componentmay

be neglected at high strain. In fact, the stress transfer

from thematrix to the nanotubes is limited by the high

mismatch between matrix and nanotube moduli as

well as by the interfacial shear strength value.
(2) T
he dissipative strain energy component of the matrix

is not affected by the nanotubes. This assumptionmay

lead to a very small accuracy in the evaluation of

dissipated strain energy within elastic region (lower

than 100%). Nevertheless recent studies have shown

that the addition of rigid rods such as nanotubes in an

incompressible matrix (Poisson’s ratio¼ 0.5) does not

result in a Poisson’s ratio variation, hence upon

yielding of neat and reinforced TPUs (100% strain

and Poisson’s ratio approached the 0.5 value) the

tensional states in the matrices of both reinforced and

unreinforced systems should be comparable.[22] The

implications of such assumptions will be further

verified on the base of model fitting results.
Taking into account the assumptions (1) and (2), the

dissipative strain energy components of Equation (9) may

be written as:
WD
To

, 22, 198–206
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tð"1Þ ¼ ð1� fMWCNÞWD�neat TPU
m ð"1Þ

þWD
I ð"1Þ

(10)

[16,20]
As stated by other authors, and

illustratedbySEMimageofTPU5%SA-NT

surface after tensile test (Figure 7), in

elastomeric systems reinforced with

MWNCT, nanotubes result to be signifi-

cantly aligned in the strain direction as

strain exceed 100% value (a sketch of

the alignment mechanism is reported in
www.MaterialsViews.com
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Figure 5. (A) Tensile test curves of neat TPU, TPUþ0.1% NC-NT,
and TPUþ 5.0% NC-NT; (B) tensile test curves of neat TPU,
TPUþ0.5% SA-NT, TPUþ 5.0% SA-NT, and TPUþ 20.0% SA-NT;
(C) load–unload test curves of neat TPU and TPUþ 5.0% NC-NT.

Figure 6. Dissipated strain energy as function of tensile strain of
samples TPU, TPUþ0.1% NC-NT, and TPUþ 5.0% NC-NT.

Figure 7. SEM image of TPU 5% SA-NT surface after tensile test
(the arrow indicates the strain direction). It is evident the nano-
tube is straight and has slipped within the matrix creating a track.
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Figure 8); this implies that Equation (8) can be used to

determine the strain energy dissipated at the TPU/MWCNT

interface starting from 100% strain.

For large strains, the mean distance between nanotubes

and the matrix modulus vary, consequently the term b of

Equation (3) is not constant during deformation, but it can

be intended as an averaged value in the strain range and

selected as a fitting parameter. Combining Equation (8)
www.MaterialsViews.com
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and 10, the dissipative fraction of the specific total work

follows as (for the sake of simplicity Equation (8d) was

utilized to develop the expression):
2013, 2

H & Co
"1Þ ¼ ð1� fMWCNÞWD�neat TPU
m ð"1Þ þ

fMWCNT

VMWCNT

tyj
0RNTLNT �

4ptyj
0RNT

b
coth�1 "f1ENTbRNT

2ty

� �� (11)
Thismodifiedequationhasbeenused tofit themodelwith

experimental data according to the following equivalences:
1Þ ¼
fMWCNT

VMWCNT

"
2ptyj

0RNTLNT

� 4ptyj
0RNT

b
coth�1 "f1ENTbRNT

2ty

� �#

¼ WD
Totð"1Þ � ð1� fMWCNÞWD�neatTPU

m ð"1Þ

(12)
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Figure 8. Alignment of nanotubes and loose interface formation
and increase at different strains; the blue shows the direction and
the intensity of the strain.
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The second term of Equation (12) has been fitted to

the difference of dissipative component of specific total

work of reinforced system and the dissipative component

specific total work of neat TPU samples (third term of the

equation) as shown in Figure 9. The analytical curves
Figure 9. Experimental values of dissipated strain energy at
interface nanotube/matrix (symbols) at different MWCNT con-
tents as function of strain, and their fitting curves through
Equation (11) (solid lines). The fitting parameters used in the
model are reported in Table 1.
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approach experimental values at strains higher than 150%.

This behavior derives from the assumptions on which

the model has been developed: (a) that the interface

between nanotube and polymeric matrix starts to fail at

"01 (as reported in Table 1) and (b) that the dissipative

contribution of the matrix is not influenced by the

presence of nanotubes in the matrix. The latter yields

higher error at low strain in the evaluation of last term of

Equation (12), leading to neglect the complex tensional

state that may establish in the matrix’ region surrounding

nanotubes, which in turn also induces local three dimen-

sional strains values and results in higher strain energy

dissipation.[23,24] This relevant issue has been tackled by

other authors.[25,26]

The parameters b, ty, j
0, and LNT, selected as fitting

variables, in addition to the values of the other model’s

parameters (taken from datasheets) are reported in

Table 1. The values of b obtained by data fitting are

higher in NC-NT samples, in agreement with their lower

nanotube diameter with respect to SA-NT. The reduction

of LNT for NC-NT samples with the increase of their

fraction is consistent with either experimental evidence

that has shown the mean nanotubes length reduces as

a consequence of processing,[27] or theoretical estimation

of nanotube free length (LNT
0 � 2RNT/wNT) in a random

3D network of rigid rods.[28] The fitting value of the

interfacial shear strength ty is considerably higher than

either the values reported in literature (0.5–14.0 MPa[16])

or the shear yielding of TPU itself (0.33MPa � tensile

yielding/30.5, from the Tresca criterion). This parameter

must be considered as mean value over the investigated

strain range and its value may increase over the

yielding point (�100% tensile strain) due to isostatic

pressure around aligned nanotubes. Furthermore the

assumptions that the dissipative component of the

work performed to align nanotube in strain direction is

negligible and that upon yielding the strain dissipated by

the matrix is not affected by the nanotubes may lead to

overestimate ty.

The developed system of equations accurately predicted

the amount of the dissipated strain energy in the prepared

nanocomposites at elevated deformations. It further high-

lighted that dissipated energy increases with nanotubes

content and with the parameters ty (interfacial shear

strength) and j0 (stretch of the matrix/nanotube interface

along which the shear stress is constantly equal to the

interfacial shear strength), as well as with the decrease in

nanotube diameter. Evidently, j0 and ty are influenced by

chemical and physical properties of both nanotube and

hostingmatrix. Inaddition, thefittingprocedurehas shown

that the developed model is able to well fit experimental

results and to predict the different effects that geometrical

features of nanotubes, namely diameter and length, have

on dissipated strain energy.
l. 2013, 22, 198–206
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Table 1. Parameters and fitting parameters (fit. param.) used for fitting data with Equation (11).

MWCNT

(vol.-%)

MWCNT

type

ENT

(TPa)

RNT

(nm)

ty
(MPa)

fit. param.

j0

(nm)

fit. param.

LNT

(nm)

fit. param.

b

(nm�1)

fit. param.

"01

0.1 Nanocyl 0.6 4.75 50 50 750 2.1� 10�4 1.2921

5.0 Nanocyl 0.6 4.75 50 50 700 2.8� 10�4 1.3011

0.5 Sigma–Aldrich 0.6 16.75 60 50 3500 0.7� 10�4 1.4301

5.0 Sigma–Aldrich 0.6 16.75 60 50 3500 0.7� 10�4 1.4301

20.0 Sigma–Aldrich 0.6 16.75 60 50 3500 0.7� 10�4 1.4301

Interface Dissipative Mechanisms in an Elastomeric Matrix Reinforced . . .

www.mts-journal.de
It is worth to highlight that the nanoube diameters

(9.5 nm inMWCNT fromNanocyl, 10–30nm for those from

Sigma–Aldrich) is of the same order of magnitude of TPU

hard domains average distance (10–15nm)[29] as well as

of the gyration radius of typical thermoplastic macro-

molecules. At such length scale it is questionable if

consider the matter as continuous. However, since this

aspect isverydifficult tobeestimated, theauthorspreferred

to start with the hypothesis that continuum mechanics

would be an acceptable assumption, relying the

verification of this assumption on the parameter j0 (the

width of matrix surrounding the nanotube at which

the shear stress may be considered constantly equal to

the interfacial shear strength). The fitting procedure has

provided a value for j0 of 50nm that is about two to five

times grater than hard domains distance. This value is

high enough to ensure that over such range the interaction

matrix/nanotubes can be considered equal to a mean

constant value, even if it could be locally variable within it.

As a result, these considerations supported the choice to

develop a system of equations based on the assumption

that the interaction between TPU and MWCNT can be

regarded within the framework of continuum mechanics.

In addition, the equations system can provide further

insights into the toughening mechanism that nanotubes

and/or graphene nanoplatelets induce in their nano-

composites, and can be used to quantify the different

contributions to the dissipated energy in such systems. As

an example, semicrystalline matrices have been reinforced

with about 60% by volume of carbon nanotubes or

graphene.[30–32] The measured toughness of those investi-

gated systems (ranging from 570 to 970 J � g�1) was the

sum of inelastic (dissipated) strain energy and elastic

strain energy fraction released during materials failure.

Equation (7) can account for the energy dissipated by the

polymer/nanoparticle interface andby thematrix, estimat-

ing a value equal to 283.5 J � g�1 (ty¼ 30MPa, j0¼ 30nm) at

300% strain, close to the strain to failure for those systems.

The energy dissipated by nanotubes failure should also

be considered since the higher matrix modulus (lower
www.MaterialsViews.com
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matrix/nanotubes modulus mismatch), and a rough

estimation, from the equation 1/2 � ENTe
2
RupturewNT normal-

ized by the nanotube density, leads to a value of

1764.70 J � g�1. This estimation is in excess and such value

is based on the assumption that all available nanotubes

in the matrix fail, but in real systems probably just a

fraction of them reach the rupture but no quantification

is available to be more precise. The three dissipative

mechanisms (slip at interface matrix/filled, filler strain

and rupture, matrix strain energy dissipation) can be

estimated to predict the toughness enhancement of

reinforced systems, and additionally they can be properly

designed to create ad hoc high performance materials.
5. Conclusion

MWCNT dispersion in a polymeric matrix strongly

increases the capability to dissipate mechanical energy

at large strains through the nanotube/matrix interface

slip due to the stiffness mismatch between the matrix

itself and the reinforcement. Remarkably, an increase in

the strain energy dissipation increase was measured

in addition to typical mechanical properties improve-

ments, namely Young’s modulus and yield strength, they

were obtained with a negligible decrease in strain to

failure (except for very high nanotube content systems

�20 vol.-%).

A theoretical model for the prediction of the energy

dissipation at the MWCNT/TPU interface has been pro-

posed. In particular, starting from assumptions made on

dissipated strain energy in thematrix andon thealignment

of nanotubes at high strains, a set of equations was

derived. The analytical expressions successfully predicted

the dissipated strain energy in nanocomposite systems

as function of progressive strain in good agreement with

experimental data. Furthermore, the model was also able

to estimate the different contributions to the strain energy

function of two types of MWCNT, differing for their

geometry (length and diameter).
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