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Abstract

Significant increases in the Young’s modulus of nanotube—polymer composites have been associated with the formation of an ordered poly-
mer layer coating the nanotubes. Polyvinyl alcohol (PVA) is known to display nanotube-induced ordering. It is used here as a model matrix to
investigate how the polymer coating influences the mechanical reinforcement of the composite material. Young’s modulus and calorimetry mea-
surements were carried out on films of PVA-based composites reinforced with different types of nanotubes. An unmistakable correlation between
polymer ordering and reinforcement was found. This is supported by the introduction of a model capable of establishing, on quantitative
grounds, how the ordered phase affects the increase in the Young’s modulus. Rather than acting as intrinsically stiffer reinforcing agents,
our results suggest that the major role played by the nanotubes in improving the mechanical properties of composites is to nucleate an ordered
polymer coating. It is the presence of this stiff ordered phase that dominates the reinforcement mechanism.

© 2006 Elsevier Ltd. All rights reserved.
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Carbon nanotubes are among the stiffest [1] and strongest
[2,3] materials known to mankind. For this reason and due
to their relatively low density and high aspect ratio, they
have been suggested as ideal fillers for the mechanical rein-
forcement of plastics. However, results have been somewhat
disappointing, as only few papers [30] have reported levels
of reinforcement matching those predicted by models such
as the rule of mixtures [4].

Paradoxically, some excellent results have been attained,
where the reinforcement exceeds the maximum predicted by
the rule of mixtures. These cases are connected by one com-
mon factor: the use of polyvinyl alcohol as the matrix material
[5—9]. Moreover, most of these papers report enhanced poly-
mer crystallinity in the composite relative to the pure polymer
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[5—8]. This is observed as a melt peak in differential scanning
calorimetry measurements. It has been suggested that polymer
crystallization is nucleated on the surface of nanotubes during
film drying. This is confirmed by microscopic investigations of
fractured film surfaces showing thick polymer coatings still
covering the nanotubes after fracture [8]. While it is unlikely
that this interfacial phase is a true polymer crystal, it is cer-
tainly ordered relative to the amorphous polymer phase.
Whereas the correlation between this ordered polymer
phase and mechanical reinforcement is evident, the actual role
played by an ordered interfacial phase on the reinforcement of
these composites is still unclear. On the one hand, such a layer
may improve stress transfer between the polymer and the
nanotube through a more ordered interface between these two
phases. On the other hand, the ordered phase is likely to be
intrinsically stiffer than its amorphous counterpart, leading
to some degree of reinforcement. The goal of this communica-
tion is to identify if and how these two mechanisms affect the
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reinforcement. Ideally, one would also wish to quantify their
respective contributions to the mechanical reinforcement,
thus determining the dominant mechanism and potentially
establishing the best procedures for further enhancement of
their mechanical properties.

With this motivation, in this work we fabricate composites
from polyvinyl alcohol and a range of nanotube types. Both
mechanical and thermal measurements have been carried out to
study the effect of the nanotubes on both Young’s modulus and
crystallinity. The nanotubes used were double walled nano-
tubes (DWNT) from Nanocyl S.A. (Belgium)l, arc grown
MWNT [10] produced in our own laboratory (Arc-MWNT),
two types of catalytic MWNT from Nanocyl S.A. (CVD-1,
CVD-2)!, and catalytic MWNT produced in Orléans (France)
[11] (CVD-3). In all cases except Arc-MWNT, the nanotubes
were pure when received. For Arc-MWNT the NT material
was purified during the composite formation process [5].

A range of composite dispersions was prepared for each
nanotube type by adding the nanotube material to 30 g/l solu-
tions of PVA in water. PVA (M, = (30K—70K) g/mol) used in
this investigation was purchased from Sigma—Aldrich [prod-
uct code: 9002-89-5] and used as supplied. In case of Arc-
MWNT a mass fraction of 25% soot relative to the polymer
content was added to the polymer solution. This solution
was mixed and purified as described previously [5] and the
true nanotube mass fraction was measured by thermal gravi-
metric analysis. For all other nanotube types, the maximum
mass fraction added to the polymer solution was 1 wt%. These
samples were sonicated for 5 min using a high power sonic tip
followed by a mild sonification for 2 h followed by further
high power sonification for additional 5 min.

To fabricate free-standing composite films, 1 ml of each
solution was pipetted onto a polished Teflon disk and placed
in a 60 °C heated oven to allow evaporation of the solvent.
This procedure was repeated four times on each disk in order
to obtain films with thicknesses of up to 0.3 mm. The films
were peeled off the substrates and cut into strips of ~10 mm x
4 mm X 0.3 mm to perform mechanical testing. Prior to test-
ing, all specimens underwent an additional drying procedure
for 1 h at 60 °C to evaporate any remaining water. It should
be pointed out that great care must be taken to ensure that all
films receive similar exposure to ambient conditions prior to
testing. Otherwise large variations in adsorbed water content
result in large variations in mechanical properties. The width
and thickness of each strip were measured using a low torque
digital micrometer. The volume fraction of NT in each film
was calculated from the mass fraction using the densities,
p=1300 kg/m’> for PVA, p=1500kg/m’ for DWNT and
p=2150 kg/m* for all MWNT.

In order to measure the average diameter and length of each
nanotube type, transmission electron microscopy was per-
formed (Hitachi H-7000). Formvar coated copper grids (mesh
size 300) were dipped into composite solutions and allowed to
dry in ambient conditions. The average diameter, D, and
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length, I, of each type of nanotube were found to be DWNT:
D=25nm, [ ~22pum; CVD-1: D=15nm, [/~ 1.8 um;
CVD-2: D=14nm, [~21pum; CVD-3: D=16nm,
[ ~ 3.8 um; Arc-MWNT: D=24nm, [ ~ 1 um.

Tensile testing was carried out using a Zwick Z100 tensile
tester. A 100 N load cell and a cross head speed of 0.5 mm/
min were used to obtain the Young’s modulus, Y. In all cases
four strips were measured and the mean and standard deviation
calculated. Furthermore, morphology and thermal properties
of the composites were studied by differential scanning calo-
rimetry (DSC) using a Perkin—Elmer Diamond DSC power
compensation instrument. Scanning rate was 40 K/min where
approximately 10 mg of each sample was measured and
analyzed.

Stress (¢)—strain (¢) measurements (not shown) were made
for all composite types and all volume fractions. In all cases
the curves were linear at low strain followed by plastic defor-
mation in the region of 3% strain. At higher strains the films
yield up to a breaking strain of 6% for the pure polymer. In
general the curves were similar in form to those depicted in
figure 5 of Ref. [8]. Values for Young’s modulus were mea-
sured from do/de at low strain. These are plotted as a function
of nanotube volume fraction for all composite types in Fig. 1.
The Young’s modulus for the pure polymer was ¥ =1.9+
0.3 GPa. In all cases the modulus increased linearly with
volume fraction at low volume fraction. In most cases this lin-
earity was observed over the entire volume fraction range.
However, in the case of CVD-3 and DWNT-based samples
the modulus tended to saturate and even decrease with volume
fraction at higher volume fractions. This is due to nanotube ag-
gregation effects that can occur even at low volume fraction,
especially in the case of catalytic MWNT [12] and both
SWNT [6] and DWNT [6]. Nanotube aggregation has previ-
ously been observed to cause a reduction in both modulus
and strength as volume fraction is increased [12]. In all cases
the modulus enhancement can be characterized by the slope
(dY/dVy) of the Y—V; curve measured at low V;. These values
are given in Table 1.
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Fig. 1. Young’s modulus as a function of nanotube volume fraction for all tube
types in PVA matrices.
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Table 1
Parameters obtained from mechanical and thermal analyses
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dY/dV; (GPa) Ygir (GPa) dy/dV; bIR D (nm) b (nm)
Arc-MWNT 123+ 15 329 4+ 40 2.26 +£0.06 0.81 +0.01 2545 10+2
CVD-3 230 &+ 154 610 £410 5.1+03 1.47 £0.04 165 12+£5
CVD-2 361 4 134 955 4355 9.74+0.9 22740.1 1445 16+6
CVD-1 794 £ 91 2094 + 240 13.7+£0.38 2.83+0.1 1545 2148
DWNT 1194 £+ 227 3147 £ 600 334411 487+08 2541 6+3

The effective nanotube stiffness is represented by Y, while b is the thickness of the crystalline coating. R and D are the nanotube radius and diameter, respec-

tively. Nanotube diameters were measured by TEM.

The model most commonly used for the analysis of the
Young’s modulus of nanotube-reinforced composites is the rule
of mixtures (RM) as modified by Cox [13] and Krenchel [14]:

Y = (nYer — Yo) Vi + Yo (1)

where Y, Y and Yp, are the composite modulus, the effective
nanotube modulus and the polymer modulus. The volume
fraction is represented by Vi, while 7, is the fiber orientation
efficiency factor [14,15]. This has been shown to be close to
No = 0.38 for PVA-nanotube thin films [16]. While other
models are available [4], the RM is by far the simplest and
most intuitive. This is illustrated by its prediction that the
modulus enhancement is simply related to the nanotube
modulus by:

%Z NoYEre — Yo = 0o Vesr (2)

This shows that for thin films with 7, = 0.38, the maximum
possible modulus enhancement is dY/dV;=380 GPa (the
maximum possible nanotube modulus is ~ 1 TPa). We can use
this model in conjunction with the dY/dV; values presented in
Table 1 to calculate the effective nanotube moduli for the
nanotubes used in this study. These data are presented in Table
1. Values for the effective modulus range from 329 GPa for the
Arc-MWNT to 3147 GPa for the DWNT. The values for the
CVD tubes range from 610 GPa to 2094 GPa. With the excep-
tion of the Arc-MWNT samples, all these values are far too
high. CVD MWNT are expected to have moduli of much
less than 100 GPa [17]. While DWNT can be extremely stiff,
their effective modulus is expected to be <1 TPa. In general it
is clear that the rule of mixtures significantly underestimates
the data found in this study. This is unexpected as the rule of
mixtures as presented above is expected to represent an upper
bound for the modulus as calculated using the isostrain
approximation [18].

In addition, differential scanning calorimetry (DSC) mea-
surements were carried out for all films. For all composites
the DSC curves (not shown) were similar in form to those pre-
sented in figure 1 of Ref. [7]. A large melt peak was observed
at approximately 160—210 °C, indicating the presence of an
ordered polymer phase in all samples. This volume fraction
of ordered phase, x, was calculated for all composites and
was observed to increase with nanotube content as shown in
Fig. 2. This parameter is equivalent to the crystallinity in semi-
crystalline polymers. However, we will continue to refer to it

as an ordered phase as it is not clear that this phase is a true
crystal. This increase in the fraction of ordered polymer can
be characterized by the slope (dx/dVy) of the x—V; curve mea-
sured at low V;. These values are given in Table 1 with (dy/
dVp) ranging from 2.26 for the Arc-MWNT composites to
33.4 for the DWNT-based composites.

A linear increase of xy with volume fraction suggests that
each nanotube has an ordered polymer coating associated
with it in agreement with previous reports [6,8]. These coated
nanotubes are in turn embedded in an amorphous matrix. By
modeling the ordered coating as a cylindrical shell it can be
shown that x scales with the volume fraction as [8]:

2
- (P v, )
where b is the average thickness of the ordered polymer coat-
ing, R is the nanotube radius and ¥, is the contribution from
any crystalline/ordered regions not associated with the nano-
tubes. Fitting Eq. (3) to the data in Fig. 2 allows us to calculate
b/R for each nanotube type. These data are presented in Table 1
with b/R varying from 0.81 to 4.87 for the Arc-MWNT and
DWNT samples, respectively. The average nanotube diameters
as measured from TEM are also given in Table 1. Taking these
into account we can see that b varies from approximately
6.1 nm for the DWNT to 21 nm for the CVD-1 samples.
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Fig. 2. Polymer crystallinity as a function of nanotube volume fraction for all
tube types in PVA matrices.
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It should be pointed out that nucleation of crystallinity by
carbon nanotubes has been observed previously. In general, this
has been observed as nucleation of crystallinity in the presence
of nanotubes as composites are cooled from the melt [19—22].
However, microscopic studies on solution processed SWNT—
polypropylene composites have demonstrated fibrillar crystal-
lites in an otherwise uniform composite. This suggests the
nucleation of a crystalline polymer coating during film drying
[19]. Similar effects have been observed for carbon-nanofiber
filled polymer composites [21].

While it is clear that the rule of mixtures cannot explain the
mechanical results, it appears that the mechanical reinforce-
ment as represented by dY/dV; scales with both dy/dVy and
b/R. This suggests that the enhancement in Young’s modulus
may be linked to the ordered polymer coating nucleated by
the nanotubes. Regions of ordered polymer are known to be
both stiffer and stronger than amorphous polymer [18] phases.
Thus the roughly cylindrical shell of crystalline polymer asso-
ciated with each nanotube may act as an extra reinforcing
component as suggested by Cadek et al. [5]. In what follows,
we modify the standard rule of mixtures to calculate the rein-
forcing contribution from both the nanotubes and the extra
crystalline region.

Besides the nanotube and ordered-polymer phases, an
additional region of amorphous polymer embeds the other two
in the composite material. When calculating the elastic
properties of these composites, one has to account for the con-
tributions from all those three phases. This calls for a general-
ization of the standard rule of mixtures usually expressed as
a weighted average of the elastic moduli of only two constit-
uents [13,14]. Such a generalization can be easily obtained
by considering a hybrid structure consisting of a nanotube of
radius R coated with an ordered polymer layer of thickness
b. This hybrid then enters the standard RM as a single phase
with its respective Young’s modulus Y. Assuming that
polymer strands from the amorphous phase are likely to be en-
tangled with others at the edge of the ordered region, we can
expect an efficient stress transfer across the interface formed
by these two phases. Therefore, for N such hybrid structures
of length ¢ dispersed in a volume V, we have for the composite
Young’s modulus:

N7 (R + b)*Q
v

_ Nw(R+b)*®
v

Yh + |1 Ya (4)

where Y, is the Young’s modulus of the amorphous phase.
As the hybrid is itself a composite structure, Yy, should also
be expressed as a weighted average, i.e.,

R? b* +2Rb
b= () ?

where Ygg and Y, are the effective Young’s moduli of the
nanotube and the crystalline polymer phase, respectively,
and the quantity 7, accounts for nanotube orientation effects
as described above. Substituting Eq. (5) into Eq. (4) we finally
write the composite Young’s modulus Y as a three-phase

weighted average, hereafter referred to as the double rule of
mixtures (DRM),

b*+2Rb

Y =V Yee + (1 — V) Yo+ ( R

Jutr-v)
The first two terms in the equation above give the standard RM
for nanotubes dispersed in an amorphous polymer matrix. The
last term in the equation describes the correction to the com-
posite Young’s modulus introduced by the presence of the
ordered polymer phase. It is clear that this expression recovers
the standard RM for the case in which there is no induced or-
dering. Whereas it is straightforward to generalize the RM to
deal with an arbitrary number of phases, it is worth mentioning
that in this case two of our phases have a particular geometry,
that is, they are coaxially aligned forming concentric cylindri-
cal layers.
Differentiating the expression above gives:

dY

b* +2Rb
dv;

=0 Yer — Yo+ ( 7 )(Yx ~Y.) (7)

By inspection of Eq. (3) we can see that

dx (b2 +2Rb>

v\ R?

giving

dy dy

— =Y, —Y.)— oYErr — Ya 9
v, (Yy )de+ (16 Yese ) 9)

This expression clearly shows that, within this framework, dY/
dVs scales linearly with dy/dV;. It is worth highlighting that
the expression above enables us, not only to calculate the
Young’s modulus of the composite but also to distinguish
between the contribution due to the stress transfer to the nano-
tube (through Ygg) and that coming from the crystalline phase.
To test this expression, these parameters have been plotted in
Fig. 3. A good fit has been found indicating the validity of Eq.
(9). We can use the fit parameters to calculate Y, and Ygg.
Assuming we can approximate Y, with the measured polymer
modulus (Yp=1.92+0.33 GPa) we find Y, =46 £5.5 GPa
and Ygg =71 £ 55 GPa (taking 1, = 0.38).

The high modulus of the ordered component is not so sur-
prising. It is well known that while low density polyethylene
(PE) has modulus in the 0.1—1 GPa range [18], highly crystal-
line ultra-high molecular weight PE fibers can have moduli as
high as 117 GPa [18]. Thus the presence of ordered polymer
regions with modulus of ~46 GPa is reasonable and would
be expected to have a significant reinforcing effect.

However, the low value of the effective nanotube modulus,
Ygg =71 £55 GPa, is very surprising. In all cases the nano-
tubes used in this study are of the order of microns long.
This should be long enough to ensure that the effective mod-
ulus approaches the true nanotube modulus [4,13,23]. More
importantly, while DWNT and Arc-MWNT might be expected
to display moduli of the order of 1 TPa [1,24], catalytic nano-
tubes are expected to have much lower moduli, in the 100 GPa
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Fig. 3. Rate of increase of modulus with volume fraction plotted against rate of
increase of crystallinity with volume fraction for all tube types studied. The
solid line is a fit to Eq. (9).

range [17]. Given this large expected variation in moduli, we
should not expect to see a straight line at all in Fig. 3. At the
very least we might expect the Arc-MWNT and DWNT to sit
on a line with a slope defined by the modulus of crystalline
polymer but with an intercept appropriate for high modulus
nanotubes. Similarly the CVD nanotubes should sit on a line
with similar slope but with a much lower intercept, appropriate
to their lower moduli.

The fact that we see all the nanotube types on the same line
with an intercept appropriate for extremely low modulus nano-
tubes can only mean that the intrinsic stiffness of the nano-
tubes plays very little role in the reinforcement mechanism.
The primary cause of the reinforcement is the presence of
a reasonably stiff ordered polymer phase nucleated at the
nanotube surface. This phase is clearly well bound to the
amorphous matrix resulting in significant load transfer from
amorphous to ordered phase. However, if the nanotubes do
not play as large a role as expected, this suggests poor load
transfer from ordered phase to nanotube. It is not totally clear
why this should be so. One possibility is that, contrary to pre-
vious claims by us and others [5,6,8,25,26], an ordered inter-
face does not necessarily lead to good stress transfer. While
this is possible, the evidence for high stress transfer in the
presence of a crystalline interface is compelling [8,25,26].
In addition this is known to be the case in some polymer—
nanofiber composites [27]. More research is required to answer
this question. It is possible that some variation on the pull-out
experiments carried out by Wagner and co-workers can shed
light on this issue [28,29]. Measurements of the polymer—
nanotube interfacial shear strength in the presence and absence
of thermally nucleated crystallinity would provide a conclusive
answer to this problem. However, whatever may be the effect of
this ordered polymer/induced crystallinity on interfacial stress
transfer, it is clear that the presence of extra nanotube-nucle-
ated polymer ordering can have a significant positive effect
on composite mechanical properties.

In conclusion, both Young’s modulus and polymer crystal-
linity were observed to increase linearly with nanotube volume
fraction for a range of nanotube types embedded in polyvinyl
alcohol. It has been suggested that this increase in crystallinity
is due to nucleation of an ordered polymer phase at the nano-
tube surface. In order to ascertain the effect of this crystallinity
on the composite Young’s modulus, a simple model based on
the rule of mixtures has been developed. This model predicts
a linear relationship between dY/dV; and dx/dV; for polymer—
nanotube composites. This relationship has been observed for
the samples measured in this study. Fitting the model to the
experimental data yields a value for the modulus of the
ordered polymer phase of Y, =46 4 5.5 GPa. More surpris-
ingly it gives a value for the nanotube effective modulus of
Ygsr =71 £ 55 GPa. This unexpectedly low value suggests
poor polymer—nanotube stress transfer. As a result most of the
reinforcement is due to the nucleation of polymer crystallinity
by the nanotubes.
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