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ABSTRACT: Composites of polyethylene oxide (PEO)
filled with carbon nanofiber (CNF) were prepared using
solution mixing followed by melt mixing. The morpho-
logy and thermophysical properties of these composites
and of pristine polyethylene oxide were analyzed by
scanning electron microscopy, differential scanning calo-
rimetry, thermogravimetric analysis, and dynamical
mechanical analysis. Crystallization kinetic data were an-
alyzed within the Avrami approximation for the pri-
mary stage of crystallization. The influence of CNF on
the temperature dependence crystallization of PEO and
the tendency of forming three-dimensional crystallites at
higher crystallization temperature were observed. The
nucleation features of CNFs dispersed within PEO were

investigated by wusing Lauritzen-Hoffman nucleation
theory. Crystallization activation energies were also com-
puted; the results are in agreement with the Lauritzen-
Hoffman theory. Thermogravimetric analysis and dyna-
mical mechanical analysis showed a gradual increase of
the thermal stability and of the storage modulus of
the polymeric matrix due to the loading with CNFs
and formation of a polymer—carbon nanofiber interface.
© 2011 Wiley Periodicals, Inc. J Appl Polym Sci 120: 3574-
3580, 2011
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INTRODUCTION

The dispersion of nanometer-sized fillers within
polymeric matrices improves their physical proper-
ties (mechanical properties such as tensile strength
and Young modulus and the thermal stability) and
eventually adds new physical properties (such as
antistatic features, electrical conductivity, or thermal
conductivity). Various organic and inorganic fillers
have been studied for this purpose and have resulted
in composites with improved or new properties (con-
trolled electrical resistivity, better stiffness, enhanced
strength, and improved thermal stability).' Tradi-
tionally, reinforcement of polymers can be done with
fillers of any sizes (macro to nano). However, nano-
meter-sized fillers expose (at the same loading frac-
tion) a significantly larger surface and consequently
allow for an increased fraction of macromolecular
chains interacting with the filler and building the so-
called polymer-filler interface. The outcome is an
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outstanding enhancement of mechanical, thermal,
and electric features of the polymeric matrix due to
the intrinsic features of carbon nanofibers (CNFs).®
The high aspect ratio of these fillers triggered special
interest particularly in the area of structural enhan-
cement.”® However, the potential of significant struc-
tural enhancements using different nanomaterials has
remained elusive due to the technical difficulties
achieving a good dispersion of the nanofiller and
relatively weak and complex interactions between
macromolecular chains and fillers.

Polyethylene oxide (PEO) is a semicrystalline ther-
moplastic polymer (a member of polyepoxides). The
versatile nature of this polymer is that it is soluble in
both aqueous and organic solvents’ and has been
extensively studied both experimentally'®'" and
theoretically.'>'® The use of nanomaterials as rein-
forcement in PEO has shown promising applications.
Yang et al.'* studied the effects of phenoxy grafted
MWNTs on the mechanical behavior of PEO-MWNT
composites. They observed improvement in mecha-
nical behavior such as an increase in tensile
strength and Young modulus by 442 and 228%,
respectively, with the expense of toughness at an
optimum nanotube content of 1.5 wt %. Similarly,
Ratna et al.'” reported the thermomechanical proper-
ties of polyethylene oxide/clay nanocomposite. They



EFFECT OF CNF ON PEO

3575

Figure 1 SEM images of PEO-CNF composite with (a) 1 wt % CNF and (b) 10 wt % CNF.

demonstrated an increase in tensile properties for clay
contents up to 12.5 wt %. Crystallinity of the compo-
sites, however, decreased with the addition of clay.

The incorporation of nanomaterials into polymeric
matrices affects the local structure of the polymeric
system. Changes in crystal growth morphology and
crystallization kinetics are expected and these could
be highly dependent on processing methodologies
that could significantly alter the ultimate material
properties of semicrystalline polymers. In addition,
additives in polymers have shown effective to alter
the crystallization behavior. This article studies the
effects of carbon nanofiber on the crystallization
kinetics, mechanical behavior, and thermostability of
PEO-CNF composites.

EXPERIMENTAL
Materials

The powder form of PEO ((—CH,CH,0O—),,) was pur-
chased from Sigma-Aldrich. Average molecular
weight of PEO is 100,000 with T, and T,, at —67°C
and 65°C, respectively. CNFs'® (Pyrograph III PR-19-
were kindly supplied by Applied Sciences) with
diameter ranging from 100 to 200 nm and length
from 30 to 100 um have been used. CNFs were puri-
fied as described elsewhere.!” Blends containing 1, 5,
and 10 wt % CNFs dispersed in PEO were prepared
using a two-step process, solution casting in chloro-
form followed by melt blending using a Haake Rheo-
mix Polylab from Thermo Electron Corp. The suspen-
sion of CNF and the solution of PEO in chloroform
were first prepared separately and then mixed. The
mixtures after 1 h of ultrasonication were kept in air
for 2 days to allow for solvent’s evaporation. The
resulted solid was then mixed in HAAKE minilab
from Thermoelectron Corp. in two connected steps.
The first at 90°C and 100 rotations per minute (rpm)
for 6 min, followed by a 9-min mixing at 100°C with
and 140 rpm. Finally, the mixtures were hot pressed
using 11 MT load via a hydraulic press from Carver
Inc. (Model No. 3912) at 100°C, for about 1 min. The
reference sample was also prepared using the same

procedure. The representative morphology of the
obtained composites is shown in Figure 1. This shows
that the dispersion of CNF in PEO is uniform.

Experimental techniques

Thermal analysis was carried out using TA instru-
ments (TGA Q500 and DSC Q100). Thermogravi-
metric analysis (TGA) was performed by heating the
sample (~ 10 mg) in a nitrogen atmosphere at a rate
of 10°C/min from 50 to 600°C. Crystallization proc-
esses were studied using differential scanning calo-
rimetry (DSC) under isothermal conditions. Indium
was used for temperature calibration (T,, = 156.6
8°C, AH,, = 28.4 J/g). The samples were first heated
to 120°C and held at this temperature for 30 min to
erase any thermal history, and then cooled at 25°C/
min to designated crystallization temperatures.
DMA equipment (TA instrument DMA Q800) was
used to study the mechanical behavior. Experiments
were performed in tension mode over a temperature
range of 40-90°C at a rate of 5°C/min and at a
frequency of 1 Hz. The strain amplitude was 0.1%
with a preload force of 0.01N. The data were ana-
lyzed for storage modulus. Surface images of the PEO
and PEO-CNF composites were generated using a
Hitachi S-3000N Scanning Electron Microscope (SEM).

RESULTS AND DISCUSSION
Crystallization

Isothermal crystallization analysis

Isothermal crystallization using DSC was carried out
at four different crystallization temperatures 50, 51,
52, and 53°C, respectively. Figure 2(a) plots the
isotherm of the first isothermal crystallization peaks
for PEO and PEO-CNF composites at 50°C. Similar
dependencies were noticed at 51, 52, and 53°C.
Isotherm indicates sharp peak shift towards longer
time at higher crystallization temperature. This
demonstrates the sensitive crystallization behavior of
PEO for a small change in crystallization tempera-
ture (Tc,). This characteristic is more pronounced for
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Figure 2 (a) Isothermal crystallization of PEO and PEO-CNF composites at 50°C (b). Effect of CNF on the crystallization
half-time (c). As measured heat of crystallization as a function of weight fraction of CNF in PEO.

composites with higher filler loadings. The relative
crystallization degree for crystalline fraction of PEO
at any time during this process can be calculated by
dividing the area at time (f) to the total area under
crystallization. The crystallization degree for PEO
has been obtained by dividing the total (integrated)
area to the mass of the sample and to 194 J/g, which
is the heat enthalpy for pure, 100% crystalline PEO.
In the case of PEO-CNF composites, the mass of the
sample has been corrected to reflect that solely the
polymer undergoes crystallization. However, taking
into account that the density of CNF is close to the
density of the polymeric matrix, no density correc-
tions were included in the calculation of the poly-
merization degree. The inset plot [Fig. 2(a)] shows
the relative degree of crystallinity at a given time
(defined for each sample as the ratio between the
area calculated from the beginning of the crystalli-
zation up to that instant and the total area of the
crystallization curve) as a function of crystallization
time, for all samples. The total area under the crys-
tallization curve, i.e., the heat enthalpy of the crysta-
llization process has been carefully estimated. For
pristine PEO a degree of crystallinity of 80% * 5%
has been obtained. The calculated heat enthalpy for
PEO-CNF showed a weak decrease as the polymeric
matrix is loaded with CNF. However, after correct-
ing the data for the presence of CNFs we have
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concluded that within the experimental errors the
degree of crystallinity of PEO is not affected by the
presence of the filler (CNF). The changes observed in
Figure 2(b) reflect just the fact that solely the poly-
mer is subjected to crystallization and not the filler.
Consequently, up to a multiplicative factor of about
0.8, the relative degree of crystallinity coincides to
the actual degree of crystallinity for all samples.
Another parameter characteristic to the crystalliza-
tion process is the half-time of crystallization (t1,2)
that can be extracted from these thermograms [Fig.
2(c)]. For all samples, t;,5 increases with T¢,. Shorter
t1/2 corresponds to higher crystallization rates. From
Figure 2(f), it is observed that t;,, increases as the
weight fraction of CNFs dispersed within PEO is
increased. Such an increase is noticed even for the
composite with 1 wt % CNF. This indicates that CNF
leads to slower crystallization of PEO at all loadings.

Analysis based on Avrami equation

The isothermal crystallization process is described
by the Avrami’s theory'®:

1 — X (t) = exp(—Kt") (1)

where X(t) is the weight fraction of crystallized
material at time ¢, K is a crystallization rate constant,
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Figure 3 Avrami plot of log[—log(1 — X;)] versus log t for PEO-CNF composites at different crystallization temperatures
(a) 50°C, (b) 51°C, (c) 52°C, and (d) 53°C. Note: Shown plots consist of 1-50% crystallinity of which 1-30% was fitted for

kinetic parameters.

t is the crystallization time, and n is the Avrami
exponent. The value of K and n depends on the
crystalline morphology, growth rate, and the
nature of nucleation process.'” Double logarithm
of eq. (1) gives,

log[—log(1 — X,(#))] = logK + nlogt (2)

The value of K and n can be extracted from the
slope and intercept of resulting straight line when
plotted log[—log(1 — X;)] versus log f. In general,
crystallization proceeds with primary crystallization
followed by combined primary and secondary crys-
tallization processes; the secondary crystallization is
due to the impingement of spherulites and occurs
in the later stage of crystallization.”® Similar de-
viations at long crystallization times—indicating
the presence of secondary crystallization—were
observed in both pristine PEO and PEO-CNF
composites. This study focuses on the analysis of
the early stage of crystallization (with degree of
crystallinity < 30%). Figure 3 shows the Avrami
plots for various PEO-CNF composites at different
crystallization temperatures. The least square fit
using eq. (2) in this crystallization step provides the
value of kinetic parameters, K and .

The values of K and n showed apparent depend-
ency on crystallization temperature and weight con-
tent of CNF (see Fig. 4). The addition of CNF
decreases the K values for all composites in all

studied crystallization temperatures. The decrease is
sharp at lower crystallization temperatures. These
results substantiate f;,, results [Fig. 2(f)] and dem-
onstrate the slower crystallization process. Further,
the Avrami exponent showed sensitivity to the crys-
tallization temperature. This is a typical nucleation
controlled crystallization mechanism.”** The Avrami
parameter ranges from 1.5 to 3 depending on the
crystallization temperature and the CNF content. At
Tcr = 50°C, n value for neat PEO is nearly equal to
1.5. This could be the average value of type and
dimension of crystal growth. According to Avrami
theory, this is considered a heterogeneous athermal
nucleation resulting in one-dimensional crystal
growth. This value slowly increases to about 2
resulting in 2D lamellar crystal growth and subse-
quently to about 3 when crystallized at T. = 53°C,
indicating the formation of spherulites. This shows
that the crystallization is strongly dependent on
crystallization temperature and changes from is
one-dimensional needle-like, to two-dimensional
circular, and to three-dimensional spherulites as
crystallization temperature increases. The addition
of CNF increases the n values even with 1 wt %
CNF. Higher weight fractions of CNF have shown
mixed influence with crystallization temperature. In
other words, at lower T, (50 and 51°C) n increases
slowly with the CNF content, whereas n increases
and levels off for all CNF contents at higher T. (52
and 53°C).

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 4 Plot of kinetic parameters during primary crystallization; rate constant (a) and Avrami exponent (b) as a func-
tion of weight fraction of CNF in PEO at different crystallization temperature.

Crystal growth rate

Crystal nucleation activity during isothermal crysta-
llization is described by Lauritzen-Hoffman (LH)
nucleation theory.”’ According to this theory, the
dependence of crystal growth rate (G) with the crys-
tallization temperature (T,) is given by the following
equation:

Kl B | I

G = Goexp {—

m
where, G, is a pre-exponential factor, U* and
T.. are the Vogel-Fulcher-Tamman-Hesse (VFTH)
parameters that describe the transport of poly-
mer across liquid/crystal interface, R is the gas
constant, AT = (TY, — T,) is the degree of super-
cooling, T, is the melting temperature, and K, is a
nucleation constant. The values of U* and T.. remain
constant when crystallized at a temperature well
above the glass transition temperature (Tg) of the
polymer. The commonly used values of VFTH are
values reported by Suzuki and Kovaces™ (U* = 1500
Cal/mol and T, = T, — 30 K and were used in
this work) and Wllhams et al.?® values (U* = 4120
Cal/mol and T, — 51.6 K). Based on eq. (3),
the value of K, can be extracted from the plot of InG
+ U*/R(T. — T..) versus 1/T. AT using an approxi-
mation®®: G ~ 1/ s2. It can be seen that a straight-
line fit is the best fit for all samples [Fig. 5(a)], indi-
cating similar crystallization regime. Figure 5(b)
plots the value of K, obtained as a function of CNF
content. Addition of CNF shows a clear increase of
K;. This shows that addition of CNF increases the
work needed to create a new surface required for
the crystallization.

Journal of Applied Polymer Science DOI 10.1002/app

Crystallization activation energy (AE)

Arrhenius equation describes the isothermal crysta-
llization behavior as the process is thermally acti-
vated. Crystallization rate parameter (K) based on
Arrhenius equation is given by;

AE
= koexp (— RT > 4)
c
logK AE
82 _ logky — _— )

where k, is the temperature independent pre-ex-
ponential factor, R is gas constant, and AE is activa-
tion energy. AE can be obtained from the slope of
straight line resulting from eq. (5). The obtained acti-
vation energy of neat PEO and PEO-CNF composites
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Figure 5 (a) Lauritzen-Hoffman plot for crystallization of
PEO-CNF composites and (b) the variation of K, with
CNF content in PEO.
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is plotted in Figure 6. The system has to release
energy while going to ordered state from the molten
state, thus the AE values are negative. In this study,
AE increased for all CNF content in correlation with
the value of nucleation constant based on LH theory,
the value of t;,, and the rate constant.

TGA analysis

Figure 7 illustrates the TGA thermogram of the as
received PEO in nitrogen ambient. PEO is thermally
stable up to 200°C and begins to lose weight gradu-
ally reaching maximum rate of degradation at a tem-
perature (Tmax) of 394°C. Similar decomposition
kinetics was monitored for PEO composites with
various amounts of CNF. As shown in Figure 7
inset, the addition of 1 wt % CNF increases the ther-
mal stability of PEO value as observed by the
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Figure 7 TGA (solid line) and DTA (dotted line) curves
of as received polyethylene oxide in nitrogen environment.
Inset Figure corresponds to the change of Tp.x with vari-
ous weight fraction of CNF in PEO.
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increase of Tpax by about 3°C. The thermal stability
is further increased as the loading with CNFs
increases. This reflects the interactions between
PEO’s chains and CNFs revealing the formation of a
more stable interface.

DMA analysis

The result from the dynamical mechanical analyses
can be utilized to mirror the thermal stability beha-
vior of the composites. Figure 8 shows the tempera-
ture dependence of storage modulus taken from 40
to 90°C. The results show significant increases in
mechanical behavior as a function of CNF loadings.
For comparison, the storage modulus of 1, 5, and
10% PEO/CNF composites at room temperature
increases by 42, 85, and 183% respectively, as com-
pared to neat PEO. This behavior can be explained
as follows. The polymer composites consist of two
regions, one corresponds to pure polymer and the
other is the interface region formed between filler
and polymer. The types of interaction (chemical or
physical) in the interphase depend upon the types
of filler and polymer matrix. With the increase of
CNF content, more and more surface area is avai-
lable to interact with nearby polymer. This increases
the interaction and the volume of interphase region.
The increase of the storage modulus of PEO-CNF
can be considered as due to larger interphase and
stronger interaction between CNF and PEO with the
increase of CNF content. From the DSC analysis, it
is observed that crystallization behavior is strongly
temperature dependent.

CONCLUSIONS

PEO-CNF composites have been prepared using a
combined process of solution mixing and melt

Journal of Applied Polymer Science DOI 10.1002/app
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mixing. SEM micrograph shows uniformly distri-
buted CNF within the polymer. Although the final
degree of crystallization of the polymeric component
in PEO-CNF nanocomposites is not affected by the
addiction of CNF, the nanofiller has an important
effect on the crystallization kinetics and mechanism.
Crystallization data in the primary stage were
accurately fitted with the Avrami equation. The
Avrami exponent of the neat PEO (at crystallization
temperature 50°C) is about 1.5 indicating an 1D
crystal growth. The crystallization mechanism of
PEO geared towards 3D at higher crystallization
temperature. This trend is observed for all compo-
sites. The exponential decrease of nucleation rate
constant and decrease of nuclear activity based on
LH theory with the CNF weight fraction demon-
strates the slower crystallization process of PEO
with the addition of CNF. This observation is corro-
borated from the observed higher activation energy
for the transport of the polymer with the content of
CNF. These results suggest that the crystallization
process is not ignited at the interface PEO-CNF
but rather within the core of the polymeric phase.
Crystallites are growing towards the filler and even-
tually nucleating within the interface. The collisions
between macromolecular chains and nanofiller does
not allow the macromolecular chains to reach the
equilibrium positions, and consequently to fold into
crystalline domains. Detailed studies are necessary
to determine the role of the interface in the crystalli-
zation process.

Small deviation in temperature (1°C) values has
significantly changed the values of t;,, and kinetic
parameters (n and K). This demonstrates the impact
that the processing parameter (temperature in this
case) could have on the nano-micro structure of
PEO-CNF composites and ultimately on the result-
ing macro-properties. Processing parameters effects
need to be well understood before these nano-
reinforced composites are brought to practical
applications. Thermal stability of PEO was
enhanced with the addition of CNFs due to the

Journal of Applied Polymer Science DOI 10.1002/app
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formation of a polymer—filler interface. Thermal
stability behavior was corroborated with DMA
results. These results demonstrate that CNF could
effectively reinforce PEO.
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