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ABSTRACT: The objective of present study is to prepare conductive polyimide (PI)-carbon nanofibers (CNFs) composite at very low
percolation threshold. The combined advantage of in situ polymerization of PI in the presence of highly graphitized CNFs and con-
tinuous probe type sonication throughout the polymerization provide electrically conductive PI composites with a significantly lower
percolation threshold than previously reported. The electrical conductivity and electromagnetic interference shielding effectiveness
(EMI SE) of the nanocomposite with different weight percentages of CNFs (0.25-5 wt %) were investigated at room temperature.
The measurement of EMI SE was carried out using thin film of composites in a frequency range of 8.2-12.4 GHz (X-band). The
direct current conductivity of composites follows the percolation scaling law with a very low percolation threshold (CNE, 0.5 wt %).
The electrical conductivity of the PI composite increases by more than 10 decades of magnitude, from 5.8 X 10™'° to 2.03 X 10~°
mho cm™' owing to the addition of 0.5 wt % of CNE An increase in dielectric permittivity and decrease in alternating current
impedance with increasing concentration of CNF are observed. The conduction mechanism in composites is explained in the light of
power law-dependent current (I)-voltage (V) characteristics. The composite of 0.07-mm thickness shows EMI SE of above 12 decibel
(dB) at 5 wt % of CNF loading. The experimental data suggest that the prepared composites can be used for the dissipation of elec-
trostatic charge and EMI shielding purpose. © 2014 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2014, 131, 40914.
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INTRODUCTION heating and premature degradation of materials.” A very small

The development of new technology and its use in different amount of electric charge accumulating on polymer surfaces

adverse environments such as aerospace, high vacuum, and a0 damage electric circuits and causes multibillion-dollar loss

radiation has given a great focus on high-performance polymers ~ t0 electronic industries. Therefore, for certain applications there

having high thermal stability along with good chemical and cor-  is a need to increase the electrical conductivity of Pls.

rosion resistance. Among the high-performance polymers, aro- . .
Conductive carbon fillers such as conducting carbon black, car-

bon fiber (CF), carbon nanotubes (CNTs), carbon nanofibers
(CNFs), and graphene have been considered as effective fillers to
enhance the electrical conductivity of different polymers.*” Dif-
ferent from carbon black, other carbon fillers can impact high
conductivity at low filler loading.” Compared to CN'Ts and gra-

matic polyimides (PIs) have received a considerable scientific
and technological attention owing to their outstanding charac-
teristics such as excellent thermal and radiation stability, high
glass transition temperature, good flammability, and exceptional
tensile strength."? Because of their outstanding thermal and

mechanical properties, they have been widely used in the manu-
facture of integrated circuits, thermally stable films, adhesives,
coating, and components in spacecraft and electromotors. How-
ever, Pls are insulating in nature. When they are used in space
environment or in electronic equipment, electrostatic charge
(ESD) accumulates
unwanted electrical discharge leading to component failure also

on their surfaces, which may cause

© 2014 Wiley Periodicals, Inc.
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phenes, CNFs have attracted great attention for large-scale appli-
cations owing to their structural feature that facilitates better
dispersion during composite preparation® and also owing to their
availability in large quantities with consistent quality at a price
significantly less than CNTs and graphenes. For economic reasons
and to retain the intrinsic properties of the PI, it is desirable to
achieve high conductivity at low concentration of filler, that is, to

J. APPL. POLYM. SCI. 2014, DOI: 10.1002/APP.40914
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achieve significant increase in conductivity at very low percola-
tion threshold. The agglomerating nature of CNFs and their weak
interaction with polymers are main obstacles to achieve low per-
colation threshold. To reduce the agglomerating tendency and to
improve the polymer—CNF interaction, approaches such as the
preparation of composite through in situ polymerization of poly-
mer in the presence of CNF and chemical functionalization of
CNF to modify its surface have been carried out by different
researchers.”™'> However, during the chemical functionalization,
the ability of CNFs to impart conductivity to the composite
reduces because of the reduction in their aspect ratios (length/
diameter) and the adverse effect of chemical groups present on
their surfaces on conjugated 7 bonds leading to reduction in con-
ductivity. Chemical functionalization is both energy- and time-
consuming process, it is not always environmentally friendly, and
often provide inconsistent result in the performance of compo-
sites. The processing steps such as purification, oxidations, and
various functionalizations increase the wastage and also increase
cost of treated CNFs.

Although some investigations were carried out on CNEF-filled
composites prepared from different polymers, so far, too little
attention has been paid to PI/CNF nanocomposites. Further, very
P1314 are available on CNFE-filled PI composites.
Thermal and mechanical properties of PI filled with amine-
modified and PI-grafted CNF were studied by Wang et al.” where
a 13% enhancement in tensile strength and a very marginal
enhancement in onset degradation temperature were observed at
only 1 wt % of PI-grafted CNF concentration in PI. Arlen et al."?
developed PI-grafted CNF nanocomposites by in situ polymeriza-
tion process which exhibited percolation thresholds at 0.68 vol %.

few literatures

From the reports on PI/CNF composites, it is observed that the
achievement of very low electrical percolation threshold of CNF
in the PI matrix is a major concern without chemical modifica-
tion of the CNFs.

This investigation reports an innovative, straightforward, and
industrially scalable process, which combines the advantage of
in situ polymerization of PI in the presence of highly graphitized
CNFs and continuous probe-type sonication throughout the
polymerization. This method is suitable for the preparation of
electrically conductive PI nanocomposites at an extremely low
loading of CNF without any modification. To avoid the agglomer-
ation of CNFs, during polymerization, probe-type sonication was
continued up to the attainment of high viscosity owing to the
increase in degree of polymerization. By the use of such polymer-
ization technique, very low electrical percolation threshold of
CNFs at 0.5 wt % could be achieved. The developed PI composite
films with good electrical conductivity at low concentration of
CNF can find potential uses in microelectronics and aerospace
industries.

The electromagnetic interference shielding effectiveness (EMI
SE) of PI/CNFs composites at different filler loadings have also
been reported in this study. Electromagnetic (EM) interference
is one kind of artificial environmental pollution, which causes
performance degradation of an electronic system by inducing
spurious voltage and current in the electronic circuits. The EM

Mnh\"‘lfu-'§ WWW.MATERIALSVIEWS.COM
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waves produced from one electronic instrument have an adverse
effect on the performance of other nearby electronic instru-
ments."? Shielding materials are used to reduce such pollutions.
Metals or metal-coated surfaces are most commonly used mate-
rials for EMI shielding purposes.'®'> The electron-rich surface
of metals acts as a barrier against unwanted EM interference.
However, metals cannot be used universally for all purposes
mainly because of their heavy weight, lack of flexibility, problem
of forming into intricate shape, further metals are often prone
to oxidation. For items such as EMI gaskets and seals, thin-film
EMI shielding material for packaging, curtain, metals cannot be
used. In such application, extrinsically conductive polymer com-
posites become the obvious choice. Such conductive composite
consists of suitable insulating polymer matrix (either plastic or
elastomer) filled with suitable conductive filler in appropriate
proportion. Such system has a wide range of flexibility (rigid to
highly flexible), light weight coupled with ease of forming into
intricate shape, and proto typing. Different polymers such as
natural rubber, silicone rubber, styrene—butadiene rubber, nitrile
rubber, polychloroprene rubber, EPDM rubber, acrylonitrile—
butadiene-styrene (ABS) filled with different conductive fillers
have been extensively discussed by different researchers.'®>°

Different types of carbon fillers are preferred over other conduc-
tive fillers to make extrinsically conductive composites for
shielding application. The type of conducting carbon fillers
strongly affects EMI SE, for example particle size, surface area,
and structure (aggregating tendency) of carbon black. However,
the effect of carbon filler structure is more important than
other factors.*® Recently, carbon nanofillers, such as multiwalled
carbon nanotube (MWCNT) and CNE have received great
attention to prepare EMI shielding materials owing to their
high intrinsic conductivity and high aspect ratio.’’™** Yang
et al.** studied the EMI SE of CNF and multiwalled nanotube
(MWNT)-filled PS composites and stated that at 7 wt % of fil-
ler and a frequency of 10 GHz, SE of PS/CNF and PS/MWCNT
composites were 8 and 26 dB, respectively. Kim et al.*® studied
the EMI SE of MWCNTs reinforced polymethyl methacrylate
composites. They found 13-dB SE for 1-mm thick sample made
of 10 wt % of MWCNT loading. Zhang et al.*® observed 16-dB
SE from 0.5-mm thick sample of the studied EMI SE of
VGCNF/polyesterpolyol shape memory polymer composites at
6.7 wt % of VGCNF loading, the K-band (8-26.5 GHz). Liu
et al.”’ studied EMI SE of 2-mm thick single-walled carbon
nanotube (SWCNT)-based polyurethane composite and
obtained SE of 16-17 dB at 20 wt % of SWCNT loading in the
frequency range of 8.2-12.4 GHz. However, much higher EMI
SE (20-30 dB) was achieved by Haung et al.*® at comparatively
lower loading (SWCNT, 15 wt %) in epoxy matrix. But to the
best of our knowledge, no study has been reported so far on
EMI shielding behavior of CNF-reinforced PI composites.
Hence, through this study, the EMI SE of PI/CNF composite
has been reported first time.

The percolation threshold of CNFs in PI composites was calcu-
lated by the fitting of experimental direct current (DC) conduc-
tivity data to the power law of percolation theory. The
conduction behavior of composites was also observed from

J. APPL. POLYM. SCI. 2014, DOI: 10.1002/APP.40914
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Figure 1. Schematic representation of setup used for the synthesis of PI
and its nanocomposites. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]

current-voltage (I-V) characteristics study. The effect of CNF
dispersion and hence the formation of interconnected conduct-
ing network on the impedance and dielectric properties of the
composites were also thoroughly investigated. How different
electrical properties of composites change when filler loading
goes beyond percolation limit and the underlying mechanism
have also been discussed.

EXPERIMENTAL

Materials

4,4'-Hexafluoroisopropylidiene ~ diphthalic anhydride (6FDA,
99%, Aldrich, India) was dried at a temperature of 180°C for 6
h under vacuum and 4,4'-oxydianiline (ODA, 99.5%, Himedia,
India) was recrystallized from ethanol and then dried at 45°C
for overnight prior to use. Solvent N-methyl-2-pyrrolidone
(NMP) (Merk India) was distilled over calcium hydride (CaH,)
under reduced pressure and stored over 4-A molecular sieves
prior to use. Highly graphitic vapor-grown CNFs (trade name
PR-24-XT-HHT, diameter: ~100 nm, length: 20-200 pm) were
procured from Applied Science, OH, USA.

In Situ Synthesis of PI Nanocomposites

PI nanocomposites filled with different concentrations of CNFs
were prepared by following in situ polymerization technique.
Here, polymerization was carried out during sonication by a
probe-type sonicator. Sonication was continued till polymer
solution becomes viscous to avoid the agglomeration of CNFs.
At first, CNFs were dispersed in NMP by sonication (horn
type) for 45 min in a four-necked round-bottomed flask fitted
with nitrogen inlet and outlet. Then, ODA was added to CNEF-
dispersed NMP solvent and the solution was stirred for 30 min.
When ODA was completely dissolved, an equimolar amount of
6FDA (6FDA : ODA =1 : 1) was added in batches into the
CNF-ODA suspension and the reaction was conducted in an ice
bath with continuous stirring for 6 h. Then, the viscous solu-
tions of CNF-filled polyamic acid (PAA) nanocomposites were
obtained. Sonication was continued up to the increase in viscos-
ity of the reaction mixture. The overall concentration of CNFs
and PAA in NMP was 12.5 wt %. These viscous solutions of
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Figure 2. FTIR spectra of PAA, PI, and PI nanocomposites filled with
1 wt % of CNF (PINFI1). [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]

PAA nanocomposites were casted onto glass disks and dried in
a vacuum oven at 70°C for 12 h. Then casted films were further
heated at 100 and 200°C, each for 1 h and at 250 and 300°C,
each for 30 min. under vacuum condition to get PI nanocom-
posites. Neat PAA and PI film were prepared by the similar pro-
cess using 6FDA and ODA in equimolar quantity in NMP.
Schematic representation of synthesis set for in situ polymeriza-
tion of PI nanocomposites is shown in Figure 1.

PI nanocomposites filled with 0.25, 0.5, 1, 1.5, 3, and 5 wt % of
CNFs are designated as PINF0.25, PINF0.5, PINF1, PINFL.5,
PINF3, and PINF5, respectively.

Characterization

To analyze the functional groups attached to oxidized CNFs,
Fourier transform infrared (FTIR) spectra were recorded using a
FTIR spectrophotometer (model-870, Thermo Nicolet, WI,
USA). To evaluate the interfacial interaction between oxidized
CNFs and PI matrix, FTIR spectrometer equipped with an atte-
nuated total reflectance (ATR) probe attachment along with an
internal reflectance element germanium was used. The distribu-
tion of CNFs into the PI matrix was studied using a high-
resolution transmission electron microscope (HRTEM, JEM
2100, JEOL, Tokyo, Japan) attached with charge couple device
camera (Gatan, CA, USA). The samples for HRTEM analysis
were prepared using an ultramicrotomy with a Leica Ultracut
UCT (Leica Microsystems GmbH, Vienna, Austria). The micro-
tomed samples (thickness, 200 nm) were supported on copper
meshes before observation under the microscope.

The DC resistivity of the nanocomposite having the resistivity
of >10° Q cm was measured using Agilent 4339B (High Resist-
ance Meter coupled with Agilent 16008B Resistivity Cell). DC
resistivity of the nanocomposites having the resistivity of <10°
Q cm was measured using DC milli-ohm meter (model
no.GOM-802, Goodwill Instek, Taiwan). The electrical data
reported in this article were the average value of five measure-
ments for each formulation. The percentage of error associated
with DC resistivity experiments was within 3%. The alternating

J. APPL. POLYM. SCI. 2014, DOI: 10.1002/APP.40914
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Figure 3. HRTEM image of PI nanocomposite filled with (a) 0.5 wt % of CNF (PINF0.5), (b) 1 wt % of CNF (PINFI), (c) 3 wt % of CNF (PINF3),

and (d) 5 wt % of CNF (PINF5).

current (AC) impedance and dielectric properties were investi-
gated using a LCR meter (Model 819, Goodwill Instek, Taiwan)
in the frequency range from 10 Hz to 1 MHz at an applied elec-
trical potential difference of 1 V. The percentage error in the
measurements of dielectric constant was <4%. The I-V charac-
teristics were measured by DC Multimeter (Keithley, Model
2182), where the current was varied over a specified range and
voltage was noted corresponding to the applied current.

The EMI SE of different samples was estimated using a Scalar
Network Analyzer (HP 8757C, Hewlett Packard) coupled with a
sweep oscillator (HP 8350B, Hewlett Packard) in the X-band
frequency range (8.2-12.4 GHz). Reported EMI SE data of each
composition were obtained from the mean value of three sam-
ples, whereas the standard deviation was <6%.

RESULTS AND DISCUSSION

FTIR Study

The successful synthesis of PAA, PI, and PI nanocomposites has
been confirmed from FTIR spectra analysis (Figure 2). The
peaks at 1547, 1665, and 1702 cm ™' correspond to N—H bend-
ing, C=O vibrational band (amide group), and C=O vibra-
tional band (carboxylic group) of PAA, respectively. After
thermal imidization (high temperature treatment), the above-
mentioned peaks of PAA totally disappear, which implies that
PAA is converted to PI with the appearance of some new peaks
at 722 cm~ ' (>C=O0 bending of the cyclic imide ring), 1728
cm™ ' (>C=O0 symmetric stretching in PI), 1784 cm™ ' (>C=0
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asymmetric stretching in PI), and 1378 cm™' (aromatic imide
C—N stretching). The synthesis of PI/CNF composite has been
confirmed from FTIR spectrometer equipped with an ATR
probe attachment. Similar to neat PI, the peaks at 722, 1728,
1784, and 1378 cm™ ' were appeared in FTIR spectra for PI
composite, confirming its successful synthesis.

HRTEM Study

Different properties of a filled composite are governed by the
state of dispersion of incorporated fillers. The low electrical per-
colation threshold for a composite depends on the ease of inter-
connected network formation through preferential distribution
of filler particles. The state of dispersion and the formation
interconnected conductive networks by CNFs in the PI matrix
can be visualized from HRTEM images (Figure 3). It is clearly
seen that CNFs at each concentration are dispersed preferen-
tially in the PI matrix with the formation of interconnected
conductive networks. The density of these interconnected con-
ductive networks increases with the increase in the concentra-
tion of CNF. The agglomerating tendency of CNFs is also found
to increase with increasing concentration in PI matrix. In fact,
at 5 wt % of CNF concentration, high agglomeration of CNFs
is observed with the formation of relatively densely packed
interconnected conductive networks. These agglomerates may be
owing to high interparticle van der Waals attraction because of
high surface area of CNF particles especially at high concentra-
tion. The good dispersion of CNFs in PI matrix at lower filler
concentration (CNE, <3 wt %) may be owing to the following
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Figure 4. DC conductivity of PI/CNF nanocomposites as a function of
weight percent of CNE. The inset figure shows the best fit of the conduc-
tivity data to eq. (1). [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]

factors: (i) m—= interaction between the aromatic rings present
in PI and CNF and (ii) in situ polymerization technique used
to prepare composites. In addition, CNF particles have rough
surface, which can cause better mechanical anchoring with poly-
mer chains and this leads to better dispersion of CNF particles
at low filler loading. But at higher CNE loading dispersion
becomes less efficient owing to strong interparticle interaction
in CNE causing improper dispersion and particle
agglomeration.

DC Conductivity

An insulating polymer matrix can be converted into a conduc-
tive composite through the incorporation of appropriate
amount of conductive filler. The conductivity of such composite
depends on type of filler, its conductivity, concentration, and its
dispersion in matrix polymer. The effect of the concentration of
CNF on the conductivity of PI is shown in Figure 4. It can be
seen that neat PI is insulating in nature having the conductivity
as low as 5.8 X 10 '® mho cm ™', but its conductivity increases
significantly up to 1.11 X 107> mho cm™' at 5 wt % of CNF
loading. In fact, with the increase in filler loading from 0 to
0.5 wt % of CNE initially the conductivity of PI increases
sharply up to 2.03 X 107° mho cm™' (CNE 0.5 wt %), and
this value is more than the required conductivity for ESD appli-
cation. Further increase in CNF concentration beyond 0.5 wt %
provides very marginal enhancement in conductivity of compo-
sites. With the increase in filler concentration, the average inter-
particle (filler—filler) gap decreases in the composite, but at a
particular filler concentration, a continuous conductive network
of filler particles is formed and the conductivity of composite
increases sharply changing the system from insulating to semi-
conducting (conducting). This concentration of filler is called
percolation threshold. The filler concentration beyond the per-
colation threshold does not have significant effect on the incre-
ment in the conductivity of the composite.
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versus frequency for PI/CNF nanocomposites. [Color figure can be viewed
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To determine the exact percolation threshold of PI/CNF nano-
composites, the experimental conductivity data were applied to
the following power law equation of percolation theory.”

0 X ((p_(pc)t fOl‘([) > ¢, (1)

where ¢ is the conductivity of nanocomposite, ¢, is the critical
filler volume fraction at which percolation takes place, and ¢ is
the critical exponent of conductivity. As shown in the inset of
Figure 4 for the log (o) versus log (¢ — ¢,.) plot, the conductiv-
ity of PI nanocomposite agrees very well with the percolation
behavior predicted by eq. (1). The best linear fit of the conduc-
tivity data to the log-log plot of power law gives ¢.= 0.0049
vol. fraction (0.5 wt %) and = 1.9. The obtained value of “¢’
is found to be in good agreement with the theoretical value
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(t=1.6-2) for a three-dimensional system.’® This very low per-
colation threshold in CNF-filled PI composites is owing to the
preferential distribution and arrangement of CNF in the PI
matrix and also owing to their high aspect ratio (/D).

AC Impedance

In LCR circuit, the impedance represents the net resistance of
the AC field system which consists of mainly resistive compo-
nent (DC resistance) and capacitive component (capacitive
resistance). The DC resistance is frequency independent,
whereas the capacitive resistance is frequency dependent when
applied to AC electric field. To understand the impedance
response of PI/CNF nanocomposites under variable frequency
of applied AC field, the complex impendence analysis has been
carried out. The complex impedance of a system can be repre-
sented as>':

Z*ZZ/_jZ// )

where 7' is the real part and Z” is the imaginary part of the
complex impedance. The real (Z) and imaginary (Z’) part of
complex impedance as a function of frequency for neat PI and
its nanocomposites filled with different concentrations of CNF
are shown in Figure 5. It is clearly seen that Z'-value of PI
matrix sharply decreases with the increase in frequency, which
is the characteristic of an insulating material. However, when
CNFs are incorporated in the PI matrix, the Z' value becomes
independent of frequency at the lower frequency of measure-
ment, but above a certain frequency called critical frequency
(f.), the Z'-value decreases with increasing frequency. The fre-
quency region of constant Z'-value extends to higher frequen-
cies with increasing concentration of CNE.

It is also observed that the value of imaginary part of imped-
ance Z' increases with the applied frequency and attains the
maximum value (Z”,.) at certain frequency (peak frequency)
and then decreases with the further increase in frequency. The
peak frequency of each curve corresponds to the frequency of
transition from DC to AC conductivity for the composite. With
increase in the concentration of CNEF, the value of 7/«
decreases and the maximum relaxation frequency shifts toward
higher value.

The plots of real (Z) and imaginary (Z’) part of complex
impedance for different PI/CNF nanocomposites are shown in
Figure 6, and these are of semicircular nature. The intercept of
the curve with the x-axis (real part of the impedance) at high
frequency provides the estimation of bulk resistance of the com-
posite. It is noticed that with increasing the concentration of
CNF in composite, the diameter of semicircle gradually
decreases, which shows a decrease in resistance of composite
with the increase in the concentration of CNE The frequency
corresponding to the maximum peak position of the semicircle
in the Z versus Z" plot is termed as the maximum angular fre-
quency (®may) from which the relaxation time () of the electri-
cal transition can be calculated using the following equation.*

= = — Wmax (3)

where v, is the relaxation frequency of material. Using eq. (3),
the obtained values of relaxation frequency and relaxation time
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be viewed in the online issue, which is available at wileyonlinelibrary.com.]

for PI/CNF nanocomposites are listed in Table I. It is noted that
the relaxation time decreases and relaxation frequency increases
with the increase in the concentration of CNF in PI matrix. This
can be correlated with transition from AC to DC conductivity in
the system. The system with higher filler loading exhibits AC to
DC transition at higher frequency. The relationship between AC
and DC conductivity can be written as in eq. (4):

OAC —=0DC +U)8”:O'DC +2T[f8// (4)

As the frequency is reduced, the contribution of second part is
reduced, and hence at low frequency region AC conductivity is
more close to DC conductivity. As the concentration of con-
ducting filler increases, the conducting network is gradually
formed in the insulating matrix; when the networks become
continuous, the system abruptly changes from insulating-semi-
conducting/conducting and at such situation AC conductivity is
equals to DC conductivity and becomes totally frequency
independent.

Dielectric Properties

Dielectric Constant. The dielectric constant (¢') shows the abil-
ity of a material to store the electrical energy under the influ-
ence of an electric field. For a polymer or polymer composite,
the ¢ depends on the net polarization arising out of different
polarization mechanisms such as electronic polarization, atomic
or molecular polarization, and interfacial polarization. For a
heterogeneous material such as polymer composite filled with
different conductive fillers, the & is strongly owing to the

Table I. Relaxation Frequency and Time of PI/CNF Nanocomposites

Relaxation Relaxation
Sample frequency (v in Hz) time (z in s)
PINF 0.25 813 0.00019
PINF 0.5 3421 0.000046
PINF 1 23,393 0.0000068
PINF 1.5 60,948 0.0000026

J. APPL. POLYM. SCI. 2014, DOI: 10.1002/APP.40914


http://wileyonlinelibrary.com
http://onlinelibrary.wiley.com/
http://www.materialsviews.com/

ARTICLE
-~ 10 m Pl
£10 >>** e PINF0.25
a8 > o* A PINF0.5
=101 * v PINF1
= 9 > % < PINF1.5
E 17, % »Xx > PINF3
[ Ay B
210 v >34 * PINF5
Ty A
= A
4
Q
.
o
(=]
10" 10° _10° 10* 10° 10
Frequency (Hz)

Figure 7. Dielectric constant of PI/CNF nanocomposites as a function of
frequency. [Color figure can be viewed in the online issue, which is avail-
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interfacial polarization originated at the interface of conducting
particles and polymer matrix.*>** The effect of interfacial polar-
ization becomes more and more intense as frequency decreases.
The variation of ¢ as a function of frequency for neat PI matrix
and its nanocomposites is shown in Figure 7. It is observed that
the ¢ of PI composite at a particular frequency increases with
the increase in the concentration of CNF. This increase in &'-
value may be owing to the following factor. In the composite,
CNFs act as parallel plate electrode and PI thin layers between
them act as dielectrics. Hence, the composite possesses a num-
ber of microparallel plate capacitors. With the increase in the
concentration of CNEF the number of such microcapacitor
increases and interparticle average gap decreases, which lead to
an increase in the value of interfacial polarization as well as the
value of ¢.
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Figure 8. Dielectric loss of PI/CNF nanocomposites as a function of fre-
quency. [Color figure can be viewed in the online issue, which is available
at wileyonlinelibrary.com.]
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Another important observation factor observed from Figure 7 is
that the ¢ of PI matrix is weakly frequency dependent, but for
composites, ¢ decreases progressively with the increase in fre-
quency. The high value of ¢ at low frequency is mainly owing
to the increased contribution of interfacial polarization gener-
ated in the interface of PI and CNF to the net polarization. At
low frequencies, the dipoles present in the composite get suffi-
cient time to orient themselves in the direction of applied elec-
tric field as well as interfacial polarization is also high at low
frequency. With the increase in frequency, the dipolar groups
present in the system cannot follow the reversal of AC electric
field, and as a result there is an increase in time lag between the
movement of polar groups and the AC field frequency. The con-
tribution of interfacial polarization also decreases with the
increase in frequency and the value of ¢ decreases with increas-
ing frequency.

Dielectric Loss. When an AC electrical field is applied to a
dielectric system, a fraction of electrical energy is lost, rather
converted into heat in each cycle which is termed as dielectric
loss. The dielectric loss is directly related to polarization at low
frequency region where situation is closer to DC flow. There are
mainly two types of losses, one is conduction loss and other is
interfacial polarization loss. The conduction loss represents the
loss owing to the flow of available mobile charges through the
dielectric material, whereas the dipolar and interfacial polariza-
tion losses represent the loss owing to the restricted movement
of dipolar and interfacial bound charges under the applied AC
field. The change in dielectric loss of PI/CNF nanocomposites
with respect to frequency is shown in Figure 8. It is observed
that dielectric loss increases with the increase in the concentra-
tion of CNE This is owing to the increased contribution of con-
duction loss and interfacial polarization loss. The system
becomes more and more lossy dielectric with the increase in
conductive filler loading. Any loss in dielectric may be
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considered as a combination of perfect capacitor which can
store the energy and a resistor/conductor which provides pas-
sage of energy leading to loss. Microcapacitors mentioned ear-
lier are nothing but lossy dielectrics where the number of such
capacitors increases with increase in filler loading. It is also
observed that the dielectric loss of different PI composites is fre-
quency dependent and the loss decreases with the increase in
frequency. It is because of decrease in net polarization (owing
to the decrease in conduction loss, dipolar loss, and interfacial
loss) with the increase in frequency.

I-V Characteristics

The I versus V characteristics of PI nanocomposites filled with
different concentrations of CNF are shown in Figure 9. It is
observed that the linear I-V relationship for nanocomposite
having the filler concentration at (CNFE 0.5 wt %) and above
(CNF, 1-5 wt %) the percolation threshold shows ohmic con-
duction over the entire range of applied voltage. The nanocom-
posite having filler concentration below the percolation
threshold (CNE, 0.25 wt %) shows nonlinear I-V relationship
(nonohmic conduction), which may be owing to the absence of
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continuous conductive networks of CNFs throughout the nano-
composite system.

-V characteristics of nanocomposites having the concentration
of CNF at and below the percolation threshold have been fitted
to the following power law.*®

[=AV"™ (5)

where A is a constant and m is an exponent, which can be
determined from the slope of the I-V semi-log plots. In ohmic
region, m =1 and in the nonohmic region, m# 1. Figure 10(a)
shows the power law fit to the -V curve of PI nanocomposite
filled with 0.5 wt % of CNFE. It is observed that power law is
well applied for the I-V semi-log plots of the nanocomposites
with the corelation factor of >0.999. The exponent obtained
from the power law fitting is 1.075. As this exponent is very
close to unity, the conduction in nanocomposite filled with 0.5
wt % of CNF is almost ohmic in nature.

Figure 10(b) shows the power law fit for the PI nanocomposite
filled with 0.25 wt % of CNF. It is observed that the power law
can be applicable for the I-V curve of system but with two slopes.
This nonlinear curve with different slopes indicates the existence
of different mechanisms of conduction process over the entire
range of applied voltage. At low voltage region, the value of expo-
nent is 0.9898. This exponent is also quite close to unity and the
conduction process is governed by Ohm’s law. But at higher volt-
age region, the value of exponent is 1.329, which is significantly
greater than unity. Hence, it can be concluded that the conduc-
tion process at high voltage region is nonohmic in nature. The
voltage at which the I-V characteristics transit from ohmic to
nonohmic nature may be referred as critical voltage (V). The
value of V, for 0.25 CNF-filled composites is 3.62 V. Above this
critical voltage, the conduction process is governed by space-
charge-limited conduction mechanism, whereas below the critical
voltage, conduction process follows Ohm’s law.**?”

Mechanism of EMI SE

When EM waves are incident on a shielding material, they are
split into four parts: one part is surface-reflected portion, second
part is absorbed portion, third part is internally reflected portion,
and fourth part is transmitted portion of the wave as shown in
Figure 11. Thus, the intensity of incident wave is attenuated by
the shielding material by three major mechanisms, namely: reflec-
tion, absorption, and multiple internal reflections. SE owing to
the reflection of EM wave from the surface of shielding material is
called reflection loss (SEg), SE owing to the absorption of EM
wave within the shielding material is called absorption loss (SE,),
and SE owing to internal reflection of the EM wave within the
shielding material is called internal reflection loss (SE;;). When
SE, > 10 dB, most of the re-reflected waves are absorbed within
the shield.”®*° Hence, SE,; can be ignored for practical purposes
and the total SE can be expressed as the sum of SE,4 and SEy in
most shielding environments.*® Thus, a shielding material may be
considered as a conductive mesh consisting of more or less con-
tinuous conducting network with perforations within its matrix.

In a two-port network analysis system, SEp and SE, of the
shielding material are determined from the scattering parame-
ters (S), that is Sy, (S,,) and Sy, (S,1) using egs. (6) and (7).*
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SE g=—10 log (1—|Sy,|*) (6)
Sl
SE 4= —log——— (7)
INE

where 1Sijl* represents the power transmitted from port i to port j.

EMI Shielding Effectiveness as a Function of Frequency. The
SE of a composite depends on many factors such as filler char-
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acteristics and its concentration in composite, the frequency of
radiation, and the thickness of the composite. SE of composites
was measured from thin film samples of ~70 pm thickness. The
SEg, SE4, and total SE of composites as a function of frequency
are shown in Figure 12. A slight increase in SEp [Figure 12(a)]
from 0.14 to 0.67 dB is observed with the increase in CNFs
content from 1 to 5 wt %. The SEy of a material is conductivity
dependent. The enhancement in SEr may be owing to the
increase in conductivity of composite material. Increase in con-
ductivity increases the interaction between conducting particles
in the conducting material (free electron or vacancy) and EM
field which leads to the increase in SEg. Figure 12(b) shows the
SE, as a function of frequency. The SE, for each composition
of composite is nearly linear in nature in the entire frequency
range of measurement. The SE4 is caused by the heat loss under
the action between electric and magnetic dipole in the shielding
material and the EM field. The SE, increases from 5.5 to 12 dB
with increasing CNFs loading from 1 to 5 wt %. It is also evi-
dent that the total SE [Figure 12(c)] of all composites is nearly
linear with respect to frequency in the entire range of measure-
ment frequency. However, the SE increases progressively with
the increase in filler loading at all measurement frequencies. An
insulating polymer matrix is as such transparent to the EM
radiation. After the addition of conductive fillers in polymer
matrix, conductive networks are formed, which interact with
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Figure 12. (a) Eg as a function of frequency, (b) E4 as a function of frequency, and (c) total SE as a function of frequency. [Color figure can be viewed

in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 13. EMI SE as a function of sample thickness for composites filled

with 5 wt % of filler at a frequency of 9. GHz. [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com.]

the incident EM radiation and intercept the incident radiation
on which accounts for EMI shielding. At high filler loading, a
relatively close conductive network is formed in an insulating
matrix. The meshes (openings in the conductive networks) of
electrical networks become finer and finer owing to more elec-
trical networks being formed within the composite. The finer
the mesh size of conducting networks, higher is the ability to
intercept (absorb) EM radiation. This is the reason why the
composite with higher filler loading shows higher EMI SE. The
thin-film EMI SE of PI/CNFs composite is found to be around
12-13 dB at 5 wt % of CNF loading. Owing to incident EM
radiation, EM field is generated. Under the EM field, different
types of bound charges (dipoles, interfacial charge, and also
some free charges) are subjected to polarization (restricted
movement of bound charges) which lead to the absorption of
electrical energy by the system. This absorption of electrical
energy by the conductive system is the main cause of EMI SE
of composites. From the experimental results, it is clearly evi-
dent that absorption is the primary shielding mechanism,
whereas reflection is the secondary shielding mechanism in the
CNF-filled polymer composite.

Thickness is an extrinsic parameter for influencing EMI SE of a
shielding material. A comparative statement on the effect of
sample thickness on EMI SE of PI/CNF composites under inves-
tigation with the published data for different polymer compo-
sites filled with different conductive fillers of 5 wt % is shown
in Figure 13. It is observed that SE of composite increases with
the increase in the thickness of composite.

Nayak et al.*' studied EMI SE of CNF-filled polysulfone (PSU)
composite and stated that at 5 wt % of SE was increased from 2
tol5 dB with increasing thickness from 0.07 to 0.5 mm. Gupta
and Choudhary*' observed 1.5-8 dB increasing thickness from
0.07 to 0.5 mm for polytrimethylene terephthalate/ MWCNT
composite. Similarly, Al-Saleh et al** studied the EMI SE of
VGCNEF- and MWNT-filled ABS composites and stated that at 5
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Table II. Slope Values of Different Nanocomposites at 5 wt % of Loading

Composites Slope (B)  Error (v)
Our result (PI/CNF) 117 0.53
Nayak et al.2* (PSU/CNF) 30 0.2
Al-Saleh et al.*? (ABS/CNF) 15 0.13
Gupta and Choudhary** (PTT/MWCNT) 16 0.04
Al-Saleh et al.*2 (ABS/MWCNT) 28 0.29

wt % of filler and a frequency of 10 GHz, SE of PT/CNF, and
PTT/MWCNT composites of 0.5 mm were 8 and 14 dB, respec-
tively. But PI/CNF composites of 0.07 mm thickness under
investigation show SE of 12.6 dB at 10 GHz, whereas SE of
same composite of 0.1 mm thickness shows 19.2 dB. These
higher SE of PI/CNF composites may be owing to the forma-
tion of densely packed conductive networks by the in situ poly-
merization technique. SE of a composite material is owing to
the interception of interconnecting conductive networks with
incident EM radiation. Increase in thickness increases conduct-
ing networks inside the shielding composite. These conductive
networks consist of randomly distributed conductive particles
having meshes of different sizes. In a thick sample, a number of
shielding layers (conducting networks) are placed one after
another. When these networks are placed one after another, the
average mesh size decreases significantly. Decrease in mesh size
increases the EMI SE. In fact, the openings in these meshes are
the passage for EM radiations. EM radiations incidenting on a
thick shielding material face a number of shielding layers. The
radiations those are not intercepted by first layer and transmit-
ted through it are intercepted partly by each of the subsequent
layers. Thus, at the end, the major portion of the radiation is
intercepted by thick shielding material and EMI SE is increased.

The abovementioned linear relationship between SE and com-
posite thickness can be represented by the equation of a straight
line.

Y= A + Bx (8)

where x is independent variable which represents the thickness
of shielding material. Y is shielding effectiveness, and B is the
slope of straight line which represents the rate of increment of
SE. As summarized in Table II, it is clear that the slope of PI/
CNF composite is higher than that of other composites, that is
the rate of increase in EMI SE with thickness in PI/CNF com-
posite is faster than that of other composites considered for
comparison.

EMI SE as a Function of Filler Loading. The EMI SE as a
function of nanofiller loading for PI/CNF composites of 0.07
mm thickness at a fixed frequency of 9 GHz is shown in Figure
14. A progressive increase in SE with the increase in filler load-
ing is observed. The SE of PI/CNF composite is found to
increase from 5.8 to 12.6 dB with the increase in CNF loading
from 1 to 5 wt %.

The SE of a composite material is owing to the interception of
interconnecting conductive networks with incident EM

J. APPL. POLYM. SCI. 2014, DOI: 10.1002/APP.40914
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Figure 14. EMI SE of PI/CNF nanocomposites as a function of filler load-
ing. [Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

radiation and it mainly depends on the conductivity of network
and the mesh size of the conducting networks formed by the fil-
ler particles in composite. The increase in filler loading increases
the density of conductive network, which interacts with the

Mesh Size

|—b EM Radiation

Decrease in mess size

Increase in filler loading

Figure 15. Schematic representation of EM radiation absorption with the
increase in filler loading in composite material. [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com.]
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incident EM wave and provides more EMI SE. Thus, the
increase in filler loading also reduces the mesh size of conduc-
tive networks formed in the shielding material by which the
incident EM radiation is more efficiently intercepted by the
conductive networks, leading to an increase in SE through
absorption mechanism.

The interparticle average gap in conductive mesh is the way to
pass EM radiation through composites. Hence, the average gap
size in conductive mesh is an important factor for the determi-
nation of SE of a shielding material. The densely packed con-
ductive networks with finer mesh size provide better EMI
SE.**** The effect of filler loading on SE can be clearly
explained using a schematic representation shown in Figure 15.
A continuous increase in the degree of interception of incident
EM radiation with the increase in filler loading is shown in Fig-
ure 15(a—c). At low filler loading [Figure 15(a)], the average gap
size of conducting mesh is relatively bigger, which allows more
radiations to pass through the matrix and accounts for lower
magnitude of EMI SE. The mesh of conducting fillers becomes
more and more dense [Figure 15(c)] with the increasing filler
loading and closed pack structure of networks are formed which
intercept the passage of EM radiation and accounts for higher
degree of EMI SE.

CONCLUSIONS

In conclusion, we have demonstrated herein a simple and
industrial scalable process for the synthesis of PI films filled
with CNFs which exhibited the following important findings.

i. DC conductivity of nanocomposites obeys the power law of
percolation theory with a very low percolation threshold at
0.5 wt %. Conductivity of PI matrix is increased by 10
orders of magnitude at only 0.5 wt % of CNFs. The com-
posites with CNF loading of >0.5 wt % shows enough con-
ductivity to become effective material.

ii. Dielectric constant and loss of PI increase significantly with
increasing CNF concentration, but decrease with increasing
frequency, mainly because of strong interfacial polarization
at low frequency range and higher filler loading.

iii. [-V characteristics of nanocomposites show that electrical
conduction is ohmic at and above the percolation threshold
and the conduction deviates from Ohm’s law at the filler
loading below the percolation threshold.

iv. EMI SE of thin film of composite is found to increase pro-
gressively from 5.8 to 12.6 dB with the increase in CNF
concentration from 1 to 5 wt %.

The significant increase in electrical conductivity, dielectric con-
stant, and dissipation factor of composites is favorable for its
use in electrostatic discharge and EM interference shielding
applications.
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