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Non-universal behavior well above the percolation threshold and thermal
properties of core-shell-magnetite-polymer fibers
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Aligned nanocomposite electrospun fibers are investigated for electrical (dc, ac, and dielectric) and
thermal properties (10—40wt.%). This nanocomposite consists of poly(methylmethacrylate)
(PMMA) grafted core-shell magnetite (CSM) nanoparticles and PMMA. Electrical properties as a
function of tunnel gap (in between the CSM nanoparticles) are studied as the polymer shell stays
intact and the “cores” do not touch each other well above the percolation threshold. The depleted
improvement in dc conductivity (6 ,.,.9) With increasing wt.% (the improvement percentage: 4.0
t0 G20 = 100%; 64020 t0 G4e30 = 40% and 6 430 10 Gyeq0 = 1.2%) affirms the non-touching “cores”
of CSM. Interestingly, the observed ac conductive behavior (0.1—13 MHz) in the high end of the
frequency range is in clear contrast to that of a typical percolating system, in fact it does not explic-
itly follow the universal power law. Some of the obtained critical exponents are not accommodated
by the universal theory and significantly different from the present theoretical/experimental predic-
tions. Additionally, an improvement in thermal stability of ~30°C and an overall increase in glass
transition temperature are reported. © 2011 American Institute of Physics. [doi:10.1063/1.3668890]

. INTRODUCTION

The electrical conductivity and dielectric constant of
metal/metal oxide and insulator percolation systems are
widely investigated. These systems typically contain an insu-
lating phase such as a polymer and a conducting phase such
as carbon based materials,l’2 metal, and metal salt.>* Among
these potential fillers, core-shell structures are of recent in-
terest,” notably “magnetite.” It is an important industrial ma-
terial® that can be widely used in various applications’®
especially in biotechnology.” Such core-shell structured
magnetite is a fascinating magnetic material capable of pro-
ducing high magnetoresistance'® when combined with some
insulating barrier material. As previously mentioned, the
electrical conductivity and dielectric constant of these com-
posites are the most widely investigated properties; however,
above the percolation limit, one can expect interesting fea-
tures in ac conductivity and variation of the dielectric con-
stant as a function of frequency. In this manuscript, such
interesting features are explored. These nanocomposites
(NCs) are potentially useful in electromagnetic interference
(EMI) shielding'"'? and bio-related fields.">'* Also, nano-
composite electrospun fibers (NCFs) prove to have consider-
able application potential.'>®

Most of the previous studies®'’~' have investigated the
ac electrical conductivity (o,.) near and slightly above the
percolation threshold. In these studies with reference to o,
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the frequency independent part is observed (also referred as
de plateau®) followed by frequency dependent part. We
report, in contrast to previous studies, that the dc plateau is
not observed at filling rates as high as ~8 times
(1040 wt.%) to the percolation threshold. Such high filling
levels (well above percolation transition) are studied in liter-
ature, for example,21 teflon and carbon (diameter < 1 yum)
mixtures with a percolation threshold of ~0.290 * 0.005. Fur-
ther, a characteristic frequency is obtained, above which the
critical exponent changes significantly, i.e., after the crossover
frequency (ac-ac crossover), a new critical exponent is
required to explain the conduction process in the entire fre-
quency of present experimentation. Nevertheless, this data fit
with presently accepted models and yield unusual critical
exponents. Additionally, dielectric behavior as a function of
frequency is studied and quantified via obtaining relevant criti-
cal exponents. Thermal properties are addressed in due course
with regard to decomposition and glass transition temperature.

Il. EXPERIMENTAL METHODS

Poly(methylmethacrylate) (PMMA) (Union Carbide,
USA) and the solvent tetrahydrofuran (THF) (Sisco Research
Laborites, India) were used as received. The synthesis of
core-shell magnetite (CSM) nanoparticles and electrospin-
ning is described elsewhere.'>** The process parameters are
set as follows: (a) distance between the syringe-needle and
the substrate was ~65mm, (b) the diameter of the needle
was 0.56 mm, (c) the rotating speed of collection screen was
~1500 rpm, (d) the solution flow rate ~0.65 pl/h. Initially, a
known amount of CSM nanoparticles were dispersed in THF
via sonication (ultrasonic agitation, 60 W) for 1 h. Required
amount of PMMA was added to this dispersion in order to
make 15wt.% solution (optimized for electrospinning) in

© 2011 American Institute of Physics
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PMMA and 10, 20, 30, and 40 wt.% of CSM. These solutions
were sonicated for 2h and subjected to overhead stirring for
12 h. This well stirred solution was sonicated again for 1/2 h
prior to electrospinning.

UV-visible spectra were recorded (Shanghai 756MC)
from a dispersion of CSM, pure magnetite, and PMMA in
THEF. Electrospun fibers were imaged with JEOL JSM 840 A
SEM from an Al foil. A drop of NCF’s dispersion in hexane
was collected on a holey carbon coated TEM grid and ana-
lyzed under JEOL JEM-2100 Electron Microscope. XRD
patterns were obtained (X’Pert PRO PANalytical x-ray dif-
fractometer, A =1.5418 10%) on pristine PMMA, electrospun
PMMA fibers as well as on NCF-mat.

The fibers were collected (~1500 rpm) on a set of gold
electrodes with a uniform separation of 1 mm for electrical
characterizations. Later ~200 nm of gold is evaporated again
with the same separation to ensure a reliable contact. Contact
leads were obtained from these electrodes using a conducting
silver dispersion. dc resistance was measured by employing
Keithley 617 programmable electrometer and ac electrical
properties were recorded with HP 4192 A Impedance Ana-
lyzer on the NCF-mat at room temperature (RT). The total
cross-section of NCF-mat is obtained from the number of
fibers and the average diameter (SEM images), henceforth the
conductivity was calculated. Thermogravimetric analysis
(TGA) was performed using Pyris 6, TGA (Perkin Elmer,
USA), and differential scanning calorimetry (DSC) is carried
out with Netzsch PC200 DSC on PMMA fibers and NCF-mat.

Ill. RESULTS AND DISCUSSION
A. Material characterization

UV-Vis spectra were recorded (Fig. 1) on Fe;0,4, CSM
and pristine PMMA to confirm the core-shell structure. In
contrast to the largely silent feature in the visible region for
magnetite nanoparticles, the CSM has shown clear bands at
270 and 320nm corresponding to pure PMMA.> Inset in
Fig. 1 shows a typical TEM image, depicting well dispersed
CSM nanoparticles (see supplementary information for more

Absorption (arb.unit)

300 400 500 600 70O 800 900 1000
Wavelength (nm)

FIG. 1. (Color online) UV-Vis absorption spectra comparing Fe;0, (magne-

tite) nanoparticles before and after grafting PMMA chains (i.e., CSM) com-

pared with pristine PMMA. Inset shows TEM image of core-shell magnetite
nanoparticles.
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TEM images (Fig. S1)**). The CSM nanoparticles have an
aspect ratio close to 1.

It is known that the aspect ratio is one of the main con-
cerns in determining the percolation threshold in dc electrical
conductivity,?* despite the fact that the absolute conductivity
of the fillers does matter. Presently determined average di-
ameter (~14nm) and standard deviation ( 4nm) are corro-
borated by an earlier report.”

Representative SEM images of NCF-mats are shown in
Fig. 2 (see supplementary information, Fig. S2 for 20 wt.%).
A close inspection of Fig. 2 reveals that 30 and 40 wt.% fill-
ing exhibited small clusters of CSM inside the fibers. Lower
collection speed in fact results in unaligned/random fibers
but definite improvement from Orpm. Inset in Fig. 2(c)
shows the aligned fibers of 40 wt.% (~1500rpm) which is
significant indeed.”> The average diameter of the fiber is
~3 um with a standard deviation of ~1.1 um (see supple-
mentary information Fig. S3 for diameter distribution). How-
ever, obtaining fibers with uniform diameters is one of the
challenges in electrospinning.”®

TEM images of NCFs are shown in Fig. 3. The obtained
images exhibit the distribution of CSM nanoparticles inside.
No clusters of CSM nanoparticles are observed for 10 wt.%;
however, small aggregations are observed in higher filling
levels beyond 20 wt.%. Nevertheless, a significant amount of
clustering occurred in 30 and 40 wt.%.

Fig. 4 depicts the XRD-patterns of pristine PMMA gran-
uals, electrospun fiber-mat, and NCF-mat. The spectrum for
granuals shows no significant peaks implying negligible
crystallinity. In contrast, the pattern recorded for the PMMA
fiber mat shows some peaks with a nominal intensity. Since
the peaks are not well defined, the assignment to lattice indi-
ces cannot be done in this case. This proves again that
the electrospinning in fact enhances the crystallinity of the
polymers.'®??’ The NCF-mat depicted various peaks cor-
responding to magnetite. These peaks match with the

100am

1 oojm"

FIG. 2. SEM images of core-shell magnetite filled PMMA electrospun
fibers: (a) 10 wt.% at ~800rpm, (b) 30 wt.% at ~1200 rpm, (c) 40 wt.% at
Orpm, inset at ~1500 rpm.
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(a)
400nm
‘ |

FIG. 3. TEM image of nanocomposite electrospun fibers of (a) 10, (b) 20,
(c) 30, (d) 40 wt.% of core-shell magnetite loadings in PMMA.

(b)

(d)

standard spectrum (JCPDS card No. 240081) and are anno-
tated in Fig. 4.

Using Scherrer’s equation, the mean crystallite diameter
is calculated for NCF-mat and found to be ~30 = 5nm,
where the x-ray wavelength = 1.5418 A and K is a shape
factor =0.9.%°

B. Electrical properties
1. dc conductivity well above percolation

Electrical properties of a composite containing conduc-
tive fillers and insulating polymer are often analyzed in terms
of the statistical percolation theory. At low concentration,
conducting fillers are dispersed within the polymeric matrix
as insulated clusters. Beyond a critical concentration (perco-
lation threshold®"), the conducting fillers connect to each
other to form a network in the composite. Consequently,
conductivity increases several orders of magnitude and also
the dielectric properties are altered accordingly. Close to per-
colation threshold, the electrical properties have been inves-
tigated in various previous studies."***> However, the
present study reveals the electrical properties of the NCF at
filling levels at least 2 to 5 times than the percolation thresh-
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FIG. 4. (Color online) XRD patterns of pure PMMA granuals, PMMA-fiber
mat, and nanocomposite fiber mat of filling levels 10-40 wt. %.

old. In Fig. 5(a), dc conductivity of NCF is plotted as a func-
tion of CSM wt.% and the percolation transition (¢.) is
around 7-8 wt.%.

As the CSM wt.% is increased from O to 10, the g, is
increased by ~6 orders of magnitude from pristine PMMA .*?
The obtained o, values are close to an earlier reportll which
deals with microwave hall mobility studies of same material.
In our earlier reportw on the core-shell structured Fe;Oy4
(referred to polymer grafted magnetite) of 5 wt.% filling, we
measured o, ~ 12 X 1077 S/m (G4c5), so the values reported
here represent an improvement of ~4 orders of magnitude.
However, g, is not improved with CSM wt.% as expected,
L.e., (04c2070ac10)/0acio = 100%, (Gac30-0ac20/0ac20 ~ 40%,
(6 uea0-0ac30)/0ac30 = 1.2%, in contrast to (6,4.70-0405)04cs
~ 2500%, which explicitly suggests some sort of saturation
in the conductivity with filling level. Well above the ¢, the
conductivity improvement beyond 20 wt.% is not substantial
due to the core-shell structure. As the concentration of the
CSM is increased, the interparticle distance is decreased (see
insets of Fig. 5(a) for various wt.% fillings) and an increase
of o, is observed.?® This can be easily understood as at
higher filling levels, the CSM nanoparticles are forming
numerous conducting networks assisted by tunneling conduc-
tion. It is important to note that the nanoparticles are freely
dispersed in the polymer matrix, in contrast to pelletized
polymer composites. To emphasize, in free dispersion there
are slim chances that the cores of CSM touch/connect each

10" r(a) % ° ° . 800 _(b) b
10°F e g0 ... -
" L] °® .‘.0. S5 FIG. 5. (Color online) (a) Variation of dc conductivity
107 L .. . e ' ¥ I (04.) of nanocomposite fibers for various filling levels of
E 10'f L = core-shell magnetite at RT. (Jk) conductivity of pristine
9&_ 1w0°k o i, 400 v - PMMA,33 (O) dc conductivity for 5 wt.% of magnetite is
° b ' " obtained from literature.'® Inset: grey box at Owt.% indi-
0r 200 " o 10 wit% cates the pristine PMMA, density of magnetite nanopar-
10™ | v, v 20 wtte ticles are increasing with wt.%. (b) Nyquist plots for the
A 30wt p = .
w'h % il F Bt 1 nanocomposite fibers.
0 10 30 40 0 200 400 600 800
Z' (k1)
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other in contrast to a pelletized composite. The determined®*
polymer chain-graft density (~5.7 chains/nm?) disables the
cores of CSM touching each other, which results in a rather
high resistive path (high contact resistance) even while clus-
tered. In spite of this, the improvement in the conductivity is
a straight forward consequence of classical percolation theory
with non-universal conduction mechanism, which considers
the crucial influencing factors such as contact resistance and
tunneling resistance.*® Interparticle tunneling® causes the
improvement in the conductivity of such composites, in
which the conductive phase is lower than the ¢.. However, at
the present level of filling (>¢,), the conducting path is only
assisted via tunneling/hopping. In Sec. III.B.2, it is explained
that the hopping mechanism cannot support the observed ac
conductivity. Hence, an immediate option is tunneling mech-
anism, which is the case with 5wt.% CSM in PMMA (Ref.
10) and other filling levels as well.

2. ac conductivity

Well beyond the ¢, ac dispersive behavior is investi-
gated to reveal the ionic migration processes and also to find
the appropriate critical exponents for the experimental data. It
is evident from the TEM studies that CSM can be dispersed
inside the host matrix even in very high filling levels, forming
multiple CSM-CSM contacts that modify the electrical
response of the composite. ac electrical behavior of these
NCFs is investigated in the frequency regime 0.1-13 MHz
(Fig. 5(b)-Fig. 7).

To start with, the Nyquist diagram is plotted in Fig.
5(b). Due to capacitive contribution one can remark the ini-
tial part of the semicircles/depressed semicircles for
>20wt.%. Nevertheless, the results are similar to those
reported earlier for other polymer fibers.**® It can be seen
that the intercept of a typical curve on Z' axis is high for
lower concentration, i.e., lower filling level possesses higher
dc resistance, which is in agreement with earlier dc conduc-
tivity measurements.

Moving on to ac conductivity (g,.), in all compositions,
it is realized that there is no frequency independent conduc-
tion, which is generally attributed to resistive conduction
through the NC (Fig. 6). However, to point-out a peculiar
behavior, “ac-ac” crossovers or critical (characteristic) fre-
quencies (wy; and wyy) are observed. wy; and w,, separates
the three parts, namely (i), (ii), and (iii) (see Fig. 6(a) legend
for various parts and see Table I for different w,; and ;).
Parts (i) and (ii) explicitly follow a power law behavior of
the form o,.(®w) = 09 + aw® in contrast to part (iii), where
the conductivity starts to increase more rapidly, which is not
clearly a classical power law. Here “s” is the critical expo-
nent. It can be s; or s, depending on the region of interest
(part (1)/(i1)), whereas the coefficient “a” is independent of
temperature. Note that the oy =0 for all frequencies meas-
ured, i.e., there is no regime in which there is a frequency in-
dependent component of ¢,,.. The obtained fitting parameters
are tabulated in Table 1. @y; is chosen such that the error in
both the least square fittings for parts (i) and (ii) is minimal
in contrast to an earlier report'® in which authors dealt with a
“dc plateau” followed by a power law increase. It should be
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FIG. 6. (Color online) (a) ac conductivity (o,., vertically shifted for clarity)
of the nanocomposite fibers against frequency at RT. 0.1 MHz — wy; Hz —
part (i), wy; — wp; Hz — part (ii), and @y, — 80 MHz — part (iii). (b) Log-
log plot of ac conductivity versus frequency for the nanocomposite fibers of
various filling levels.

noted that w,; and w, are almost invariant with CSM wt.%.
Also, the exponent for the parts (i) and (ii) vary from 0.82 to
1.85. The unusual high exponent does not agree with the uni-
versality hypothesis'® (04(w) o @*, where 0.8 <s<1),
which also indicates the non-dependency of the critical expo-
nents on the details of cluster structures or interactions. As
mentioned earlier, we investigate behavior in a regime 2 to 5
times higher than ¢.. At such high concentrations, it is
expected that there are numerous network connections
among the nanoparticles, in contrast to the regime which is
close to ¢.. These numerous connections did not possess
higher conductivity due to the intact polymer “shell” of
nanoparticles. Hence, we suggest that the conduction can
only be possible through the decrease in the tunneling dis-
tance between the particles.'’

Below, parts (i) and (ii) are individually addressed. Nota-
bly, part (iii) has not been observed in the literature previ-
ously, although the power law behavior in continuum
percolation systems is previously well studied. Since the clus-
ters are not fully percolating (due to the "shell" structure), and
the apparent change in the ac conductivity must be due to a
contribution from capacitance. At higher frequencies, the
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TABLE I. Various critical exponents obtained from fittings are tabulated.

J. Appl. Phys. 110, 113718 (2011)

Wt. % Part ()0,.(596 x 10> — cg;) = a; " Part (ii)aq. (o1 — 78.5 x 10°) = arc™ Loss tangenttan 6 oc o™~

o1 x 10%(rad/s) S oo x 10°(rad/s) S w:x 10%(rad/s) z
10 5.37 0.82 £0.01 25.12 1.26 = 0.03 4 2.25+0.03
20 3.89 1.85£0.01 12.59 1.55+0.03 4.5 3.56 £0.03
30 4.57 1.79 £0.03 21.38 0.85£0.02 3.5 3.56 +£0.02
40 NA NA 10 1.24 = 0.01 2 2.75+0.03

capacitance contribution is rapidly increasing and hence part
(iii) is noticed.

Part (i) can be explained by the power law of the form
64:(596 x 10* — wg;) = ajw*. Linearly increasing conduc-
tivity (log-log scale) has occupied immense space in litera-
ture and is thoroughly explained. The power law exponent s;
is expected to be between 0.8 and 1.0 for hopping mecha-
nism,>” which is the case with 10 wt.%. In contrast to this,
higher fillings have depicted much higher s; values suggest-
ing that the charge carriers do not follow the hopping mecha-
nism. In this regime, o,. appears to be proportional (log-log
scale) to frequency due to the capacitance of the host me-
dium between the conducting particles or aggregates for all
compositions. The increase in the o,. is attributed to the
decrease in the tunneling distance between the fillers. Also
the 6410 to 30 wi.%) are in the similar order with different
s values, whereas 7,.49 has higher value. This similarity in
0. suggests that the decreased tunnel distance is not sub-
stantial till 30 wt.% to increase the ac conduction. However,
in the context of g, the conduction is only assisted by tun-
neling of charge carriers, whereas a,. is supported by elec-
tronic as well as a contribution from ever decreasing
impedance of capacitive part (see Fig. 5(b) and its discus-
sion). In addition, the lower characteristic frequency, “wy;”
is not depicted by 40wt.%, due to the saturated contact
resistance.

Part (ii) can be described by power law (g, (wo; — 78.5
x 10%) = a,™) with a different exponent (see Table I for
s»). Nevertheless, this linear dependency of the conductivity
with frequency can be attributed to the electronic conduction
with non-universal critical exponents.

In Part (iii), the sharp rise is explicitly observed for other
samples except 40 wt.%. Rapid rise in the conductivity at
high frequency attributed to the contribution from the capaci-
tance. The Nyquist plot indicates a higher capacitance contri-
bution in higher filling levels. In fact, all the samples possess
some amount of capacitance contribution, but it is increasing
with the CSM wt.%. The entire regime of conductivity is due
to polarization (restricted moment) of permanent dipoles/
induced dipoles/accumulated interfacial charges.

3. Dielectric characteristics

Figure 7(a) shows the frequency dependence of dielectric
behavior of NCF at RT in the frequency range 0.1-13 MHz.
Initially the capacitance was recorded and dielectric constant
(¢,(w)) was extracted using the following formula:* & ()
[C(w)l]/e,A, where C(w) is the frequency dependent ca-
pacitance, ¢ is the free space dielectric constant, A is the total

cross sectional area, and [ is the distance between the electro-
des. ¢,(w) has shown weak frequency dependence from 0.1 to
1.8 MHz, after which it decreases rapidly.

This decrease can be attributed to the fact that in the
higher frequencies, the heavier dipoles may not be able to
align with the rapidly varying electric field.*

The dielectric constant is increasing with the filling rate
in the entire frequency regime; however, a close overlap
between 30 and 40 wt.% is observed in the high frequency
end. Figure 7(a) inset is normalized capacitance (normalized
individually, considering the maximum of each curve) versus
frequency. The clustering/overlap of curves exhibit the simi-
larity in the dielectric behavior, which is simply the scaling
of universal behavior. Figure 7(b) depicts a plot between loss
tangent (tan J) and log frequency. The behavior is fitted
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FIG. 7. (Color online) Dielectric properties of nanocomposite fibers. (a)
Log-log plot of dielectric constant (¢,()) versus frequency (rad/s). Inset is a
plot of normalized (independently) capacitance versus frequency (Hz) on
log scale, (b) variation of fan ¢ against frequency at RT. w,. stands for criti-
cal frequency at which tan ¢ is the minimum.
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to the following power-law equation tan 6 o ™ ° and the
obtained parameters are tabulated in Table I. The fitting devi-
ates from the data if the frequency is above ®;92030
(~9.3 x 10°rad/s) for 10-30 wt. % and w9 (~5.6 x 10°rad/
s) for 40 wt.%. After crossing a critical frequency o, (the
minimum in fan 0) tan o starts to increase more rapidly. In
the case of 40 wt.%, the raise has appeared little earlier than
the other concentrations (see Table I for w,.). Behavior similar
to this is observed in the literature in a Fe;O, and polymer
system,1 in which the authors have noticed a minimum in tan
0. They have also noticed for a filling level below ¢,., tan 9 is
reasonably well frequency dependent, in agreement with
intercluster polarization predictions. Further, the authors'
found no explanation for the rise after w., which is a small
tail in their observation. In the present filling levels (>¢.),
the tan ¢ is less frequency dependent below w,.. Nevertheless,
here the rise in fan 6 can be observed explicitly, and unfortu-
nately no explanation has been found in literature.

C. Thermal properties
1. Thermal stability

The thermograms of pure PMMA fibers and the NCFs
were plotted for comparison in Fig. 8(a). In the case of pure
PMMA, only one degradation step between 360 to 370 °C can
be observed, corresponding to a number of reactions leading to
monomer units until the PMMA is volatilized completely.*®
The decomposition temperature (Ty) associated with this degra-
dation step is affected by the presence of CSM. It is clear from
the TGA graphs that the thermal stability of the NCF is
increased when compared with pristine PMMA fibers, presum-
ably due to the restriction of mobility of oxide particles. How-
ever, the increase is not varying much with the CSM wt.%,
which suggests a saturation in thermal stability with filler con-
tent (see Fig. 8(b) inset). The increase in the thermal stability
~30°C is indeed a significant result,”® which may be attributed
to the enhanced compatibility of filler with the host matrix***!
due to the surface modification of magnetite.

2. Glass transition

The glass transition temperature (T,) was determined
from the DSC profiles (Fig. 8(b)) by the location of the

Residual weight %
=y
(=]

DSC (mW/mg)

—— 0 wit%
|—— 10 wt%
20 wt%
30 wit% |
P 40 wi% b 1020 30
T il TP TP 1.1 .. WP P W
200 300 400 500 60 80 100 120 140 180 180
Temperature (°C)

[
(=]

o

FIG. 8. (Color online) Thermal properties of pristine PMMA fibers and
nanocomposite fibers. (a) TGA curves recorded under nitrogen atmosphere.
(b) DSC profiles, inset shows decomposition and glass transition tempera-
tures (T4 and T,, respectively) for various filling levels. Connecting lines are
only for the guidance to the eye.
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midpoint of the AC,, (the heat capacity change in the vicinity
of T,) function and the width assigned by the end points of
the AC,, function, i.e., the T, is estimated by the midpoint of
the jump in heat capacity. The DSC profiles show an endo-
thermic transition, starting at ~80 °C and centered at ~90°C
which indicates the evaporation of water molecules from the
polymer matrix. In the region of 100 to 130°C, there is no
substantial deviation of the base line. Also the T, is depend-
ent on the molecular weight as well as the degree of crystal-
linity of the polymer. When the temperature crosses 140 °C,
one can observe the exothermic regime, which may be
because of crystallization of the polymer. Inset in Fig. 8(b)
emphasizes that there is a slight overall improvement in the
T,, which is corroborated with XRD results depicting
improved crystallinity.

The presence of CSM lowered the mobility of the
chains, and as a result, the T4 and T, increased for NCFs. In
addition, the increase in the concentration of nanoparticles
makes the nanocomposite more brittle, leaving even less
“free” space for the polymer macromolecules to move.**

IV. SUMMARY AND CONCLUSIONS

The main aspect of this paper is to understand the electri-
cal (dc, ac, and dielectric) properties in the nearly extreme
limits of filling ratios, such as 40 wt.% where the cores of
CSM nanoparticles do not touch each other. It is demon-
strated that the electrospun fibers with improved crystallinity
(corroborated with XRD and DSC) at higher loadings of mag-
netic fillers might possess unusual and interesting electrical
characteristics, which may find potential applications in vari-
ous fields. Such a nanocomposite could be employed as both
high-dielectric constant material and conductive polymer.

Improvement in the dc conductivity with filling level is
not as high as expected due to the polymer “shell” of the mag-
netite. In higher concentrations even if the adjacent particles
are touching, the conduction might happen only through the
tunneling between the particles which results in a high contact
resistance. The enhanced conductivity of ~6 orders of magni-
tude with filling rate is due to the decreased tunneling distance
as well as an increased number of tunneling pathways. Since
the og,. did not follow universal phenomenon, a theoretical
model is required to fully explain this peculiar conduction
behavior. However, it is attempted to explain the perceived
conduction behavior with the existing models. A least square
fit is undertaken to the data with an equation of the following
form ¢,.(w) = a@j®" + dy»™ to realize the inherent depend-
ency of the exponents. But curve fitting was not very success-
ful indicating the non-dependency of the exponents.
Dielectric response in fact followed the universal scaling
behavior in contrast to ¢, in which no scaling is observed.

It can be expected that further filling levels may also be
dielectric in nature, rather than highly conductive, which
may be a very significant finding. Further increase in the fill-
ing level (>40wt.%) has lead to unsuccessful electrospin-
ning. Study on thermal properties suggests an enhancement
of 30°C in decomposition temperature and slight improve-
ment in the glass transition temperature due to improved
compatibility of the filler.
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