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Abstract In this study, effect of processing method on
microstructure formation and related electrical conductiv-
ity and electromagnetic interference shielding effective-
ness of carbon nanofiber (CNF) filled thermoplastic
polyurethane (TPU) composites, prepared via three dif-
ferent processing techniques; (i) melt compounding (MC)
in a twin screw extruder, (ii) simple solution mixing
(SM) on a magnetic stirrer, and (iii) solution mixing with
sonication (SM-U) were investigated. It was found that
the electrical conductivity values of samples decreased in
the order of SM > SM-U > MC for a particular amount
of CNF. The electromagnetic test results showed that the
samples prepared with SM and SM-U methods yielded
higher total shielding effectiveness (SEt) values than
those prepared with MC. SEr values of samples includ-
ing of 20 phr of CNF prepared with MC, SM-U and SM
methods were varied in the range of 10-30 dB, 20—
60 dB and 20-80 dB, respectively within a frequency
range of 1-12 GHz.
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Introduction

Electromagnetic interference (EMI) is defined as the disrup-
tive electromagnetic radiation which can affect electrical
equipment and living spaces. In recent years, many studies
have been published on harmful and possible carcinogenic
effects of electromagnetic waves [1-3] for humans as well
as disruptive effects for sensitive electronic equipment in case
of long-term exposure [4—6]. The most commonly used tech-
nique to avoid disruptive effects of EMI is isolation of sensi-
tive circuits or living spaces simply by using of electromag-
netic shielding materials which do not allow propagation of
electromagnetic waves.

Although conductive materials such as metallic coatings,
foils or sheets have been used as traditional electromagnetic
shielding material, conductive polymer composites (CPCs)
filled with metal particles or various types of carbon materials
have attracted great interest due to their some manufacturing
and processing advantages [7, 8]. Utilization of carbon fillers
into a CPC composition has been particularly preferred in
scientific and industrial applications for last decades due to
several technical advantages such as requirement of low filler
amount, low filler cost, and ease of processing and preparation
of low density composites [9, 10]. Using of different carbon
forms; graphite and/or expanded graphite [11, 12], carbon
nanofiber (CNF) [9], single or multiwall carbon nanotubes
(SWCNT, MWCNT) [13, 14], and graphene nano sheets
[15] have been extensively studied for preparation of CPCs
for EMI shielding applications. Microstructural and physical
properties and shielding effectiveness of CPCs prepared with
different types of carbon fillers were characterized and com-
pared [9, 16]. Al-Saleh et al. prepared MWCNT, CNF, and
high structure carbon black (HS-CB) filled acrylonitrile-
butadiene-styrene (ABS) composites by solvent casting meth-
od and investigated dc- and ac- conductivity, complex
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permittivity, and shielding performances of ABS composites,
in detail [9]. They reported that the highest shielding effective-
ness, about 50 dB, was obtained with ABS-MWCNT compos-
ite having a MWCNT amount of 15 wt% and the thickness of
1.1 mm and the EMI shielding effectiveness, permittivity, and
electrical conductivity values of composites decreased in or-
der of MWCNT > CNF > CB for a particular amount of filler.
They also concluded that higher aspect ratio and electrical
conductivity values of MWCNT yielded higher shielding ef-
fectiveness for the ABS-MWCNT composites compared to
ABS-CNF and ABS-CB counterparts.

Shielding performance of CPCs mainly depends on the
amount and types of carbon fillers. But, some physical and
microstructural features of fillers such as surface nature, ge-
ometry, and aspect ratio of filler, dispersion level, and agglom-
eration and orientation issues are also important parameters
[17, 18]. Comparing of different processing techniques such
as injection molding vs. compression molding [19] and ultra-
sonic mixing vs. three roll milling [20] and the effects of these
techniques on the microstructure and physical properties of
CPCs have been studied. Arjmand et al. prepared polystyrene
(PS)-MWCNT composites by injection molding and compres-
sion molding techniques and determined filler orientation de-
pending on the processing method [19]. They reported that
injection molded composites showed lower SEr, electrical
conductivity values, and higher electrical percolation thresh-
old than the compression molded samples because injection
molding induced to form more oriented MWCNTs dispersion
into polymer matrix and thus reduce the number of physical
contact between conductive fillers. Yuen et al. prepared
PMMA-MWCNT composites by in-situ and ex-situ methods
and compared the electrical resistivity and shielding perfor-
mance of samples [21]. They reported that PMMA-MWCNT
samples prepared with in-situ method showed better adhesion
between polymer and fillers which lead to lower resistivity,

Fig. 1 Schematic representation
for different electromagnetic
wave shielding mechanisms

Reflected wave (E,)
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electrical percolation threshold, and higher SEt values than
the samples prepared with ex-situ process.

When an incident electromagnetic wave (E;) strike a
shielding material, two waves, reflected (Eg) and a transmitted
waves (Er), are formed as shown in Fig. 1. In negligible mag-
netic interaction conditions, total shielding effectiveness
(SET) can be defined as logarithmic power ratio of the trans-
mitted and incident waves [22]. SEt value can be calculated
with the Eq. 1 and expressed in decibel unit (dB) [22]. A SEt
value of 20 dB which corresponds to the 99% attenuation of
incident electromagnetic wave is generally accepted suffi-
ciently enough in many applications. SEt also can also be
quantified as sum of the contribution of three main shielding
mechanisms named “reflection (SEg)”, “absorption (SE,)”
and “multiple reflections (SEyr)” [8].

P.
SEr = 1010g< “‘) = SEa + SEr + SEmr (1)
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Reflection based shielding contribution (SEg) depends on
the impedance of domain in which wave is propagating and
shielding material. The SEy, is calculated with the Eq. 2 where
1o is the impedance of domain in which wave is propagating,
1 is the surface impedance, o is the electrical conductivity
(S/m in alternating current), L, is the magnetic permeability,
defined as 1t = po X 1 (Mo = 471 X 1077), € is the permittivity
of vacuum, €” is the imaginary part of permittivity of
shielding material and f is the frequency (Hz) of incident
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EM wave [23]. Reflection of EM wave is related to the inter-
action between conducting particles into shielding material
and electromagnetic wave. Therefore, reflection mechanism
is more pronounced in highly conductive materials such as
metals, metal coated and/or filled sheets or composites, bulky
carbon materials and/or composites, conductive polymers etc.

Equation 3 can be used to calculate the absorption based
shielding effectiveness (SE,) of a material where a is the
attenuation constant, t is the thickness (m) [23]. Absorption
mechanism is more efficient than reflection mechanism for
nano-sized carbon filled composites and magnetic materials
[24, 25]. Energy of an incident wave is absorbed by
shielding material and converted to heat due to interaction
between the electric or magnetic dipole within the shielding
materials and electromagnetic wave. Equations 2 and 3 re-
veal three important conclusions; (i) contributions of reflec-
tion and absorption increase with the increasing of conduc-
tivity, (ii) contribution of absorption increases while contri-
bution of reflection reduces with the increasing of frequen-
cy and (iii) absorption based shielding improves with the
increasing thickness of shielding material while reflection
based shielding is independent of thickness [26, 27].
Multiple reflections of electromagnetic wave inside a
shielding (SEMR) material can also be calculated with
Eq. 4 where 0 is the skin depth which is a function of
frequency. In many cases, the contribution of SEyr to the
SEr is relatively small compared to other shielding mecha-
nisms and thus generally ignored [25].

In this study, effect of three different composite preparation
routes on the morphological properties, electrical conductivity
and EMI shielding effectiveness of thermoplastic polyure-
thane (TPU)-CNF composites was investigated.

Materials and methods
Materials

A commercial grade TPU (Desmopan® 3380) kindly donated
from Bayer and CNF (Pyrograf® PR-24-XT-LHT) were used
in this study. An analytical grade tetrahydrofuran (THF) was
also used as solvent for TPU. Before composite preparation,
TPU and CNF were properly dried in an air-circulating oven
to remove moisture.

Composite preparation

Three different processing methods were used to prepare com-
posite samples (i) melt compounding (MC) in a twin screw
extruder followed by compression molding, (ii) simple solu-
tion mixing (SM) in a magnetic stirrer and (iii) solution
mixing with sonication (SM-U) followed by solvent evapora-
tion. Composite films were obtained by following these

different processing methods. CNF content into TPU matrix
varied between 5 - 20 phr (part of filler per hundred of poly-
mer). Sample notations and compositions are given in Table 1.

In solution mixing method, a proper amount of CNF was
dispersed into 30 ml of THF and vigorously stirred onto a
magnetic stirrer for 6 h. In another flask, 3 g TPU was also
dissolved into 30 ml of THF. Then the CNF suspension was
gradually mixed with the TPU solution and this mixture was
stirred for 24 h onto a magnetic stirrer with 600 rpm at room
condition. The mixture was poured into glass dishes and left at
room temperature for 24 h then at 80 °C in an oven for 48 h for
solvent evaporation.

In solution mixing assisted with ultrasound method, the
same procedure was applied but an ultrasonic horn
(Bandelin Sonopuls, HD 2200) was used in both the prepara-
tion of CNF suspension for 30 min and the mixing of TPU
solution and CNF suspension steps for 120 min.

Melt compounding method was performed in a lab-scale
co-rotating twin screw extruder (Rondol Micro Lab., D:
10 mm, L/D: 20) configured with intermeshing screws includ-
ing of 3D of 4 x 60° followed by 2D of 4 x 90° kneading
segments. Solid mixture of TPU granules and CNF powder
was loaded into extruder. Temperature profile throughout the
barrel from feeding zone to die and screw speed were applied
as 185-200-200-220-220 °C and 80 rpm, respectively.
Extrudates was cooled down to room temperature by passing
throughout a water bath then granulated by a chopper.
Composite granules then compression molded between
Teflon® sheets in a hot press to obtain film and sheet speci-
mens for conductivity measurements and EMI shielding tests.
Compression force was applied as 5 tones for 2 min at 200 °C.

Characterization studies

Morphological properties of CNF and composite samples
were investigated by a field emission scanning electron mi-
croscope (FE-SEM, FEI Quanta FEG 450) operated at 30 kV.
Cryo-fractured surfaces of the film samples were directly

Table 1  Sample notation and compositions

Sample Amount of filler (phr) Processing method

SM-5 5 Solution mixing without sonication
SM-10 10

SM-20 20

SM-U-5 5 Solution mixing with sonication
SM-U-10 10

SM-U-20 20

MC-5 5 Melt compounding

MC-10 10

MC-20 20
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imaged in the electron microscope after a proper sample
preparation.

Electrical conductivity of samples were determined by the
testing direct current (dc) and alternating current (ac) condi-
tions. The dc-conductivity measurements were carried out ac-
cording to two probe method by using a multimeter (Keithley
2100/120, 6,,,-Digit USB Digital Multimeter). The surfaces
of specimens directly contacted with electrodes were coated
with a conductive silver paste to provide better surface con-
tact. In this system, bulk resistances of samples were measured
at room conditions and the corresponding dc-conductivity
values were determined with the following relationship;

L

Udc:m (

(%]
~

where L is the sample length (m), A is the cross-sectional area
(m?) and R is the bulk resistivity of sample (ohm). Resistance
measurements were performed several times by using three
samples for each compositions. It was observed that there
was no significant variation in resistance values of samples
for a particular composition. Thus, the conductivity values are
reported as the average value of five measurements at least.
Equation 6 was employed to determine the ac-conductivity
values of samples;

Oac = 27T €0 (6)

where f1is the frequency in Hz, € is the permittivity of vacuum
(8.854 x 107'%) and £” is the imaginary part of permittivity.
The €” values of samples were measured by a vector network
analyzer (VNA) as described below.

Scattering parameters (S1;, Sya, Sp; and Sj,) of samples
were determined with the measurements according to the co-
axial line method for plane-wave condition. Schematic repre-
sentation of measurement configuration is seen in Fig. 2,
consisting of Keysight Fieldfox N9926A Vector Network
Analyzer (VNA), N1500-001 material measurement software
and coaxial airline (85055AR03) with the inner and outer
diameter of 3 mm and 7 mm, respectively. Full two-port cal-
ibration was performed to neglect any loss due to sample
holder and other equipment’s by Keysight type N mechanical
calibration kits (85518A and 85519A). Three different sam-
ples were tested, at least for each composition within the

Fig. 2 Schematic representation
for the measurement and

calculation method of
electromagnetic parameters
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frequency range of 1-12 GHz with an interference bandwidth
(IFBW) of 1000 Hz. Complex permittivity (€*) values of
samples have been calculated by using the experimental scat-
tering parameters according to the Nicolson—Ross—Weir
(NRW) algorithm. Outer and inner diameters and thickness
values of an o-ring shape test specimen were about 7 mm,
3 mm, and 1 mm, respectively. Correction function of material
measurement software was also used to correct errors arising
from air gap between the sample and co-axial airline.

Results and discussion
Microstructure and morphology

Figure 3a and b show a cocoon-like CNF bundle and nano
fibers, respectively. It can be seen that the average size of CNF
bundle is in the range of 35-60 um while an average fiber
diameter is about 120 nm. Although the fiber length cannot be
precisely determined from Fig. 3b, it was declared as 50—
200 um by the manufacturer.

Figure 4 represents SEM micrographs of SM-20 [(a) and
(b)], SM-U-20 [(c) and (d)], and MC-20 [(e) and (f)] samples
at different magnifications. Figures given on the left show the
cross-sectional and topological appearances and thicknesses
of composite films while the other images demonstrate the
microstructural features of composites, more precisely. It
was found that the thicknesses of composite films were about
220 um for SM-20 and SM-U-20 and 100 um for MC-20
samples. It can be easily noticed that the SM-20 sample ex-
hibits very rough topology on both cross-sectional and planar
surfaces of film. On the other hand, compression molded film
yielded relatively smooth planar surface, due to the processing
conditions, as expected. Roughness on the top surfaces of
films increases in the order of MC-20 < SM-U-20 < SM-20.
It can also be seen that the SM-20 and SM-U-20 samples
showed highly porous structure compared to the MC-20.
This was possibly due to the effect of solvent evaporation on
the microstructure formation. Large holes or voids are not
observed around the fibers as seen in Fig. 4b, d and f which
indicate that the interfacial interaction between polymer phase
and fibers was sufficiently strong because of the highly polar
nature of TPU.

Material Measurement Software
(Keysight N1500A-001)

g, &
> SE, , SE,, SE,
Equation 1 -4

S parameters
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Fig. 3 SEM images of CNF

— 10 ym —

Fig. 4 SEM images of TPU-
CNF composite films containing
20 phr of filler prepared with dif-
ferent processing methods

(a and b) SM, (¢ and d) SM-U,
and (e and f) MC

10 m
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Fig. 5 Dependence of dc-conductivity values of samples on the amount
of CNF and processing method

On the other hand, dispersion of nano fibers and micro-
structural properties of samples changes significantly depend-
ing on the processing methods. By comparing the microstruc-
tural images given in Fig. 4b, d, and f; it can be seen that the
CNF bundles were dispersed more homogenously into TPU
structure by melt compounding and solution mixing with son-
ication methods than the simple solution mixing one. On the
other hand, it can be concluded that extrusion and ultrasonic
mixing methods were not only disentangled CNF bundles and
dispersed more uniformly but also broke nano fibers and
caused to form shorter fibers having lower aspect ratio
(Af = L/d) which can be defined as the ratio of fiber length
(L) to its thickness or diameter (d) and generally considered as
the most important parameter for electrical conductivity and
mechanical properties of composites. SEM observations also
implied that both dispersion and fiber breaking were more
pronounced in melt compounded composites than SM-U
counterparts. Based on the microstructural observations, it
can be concluded that the aspect ratio (Ay) values of CNFs
were varied significantly depending on the processing tech-
nique. It could be assumed that the A¢ values of sample series
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prepared with different methods decreased in the order of
SM > SM-U > MC.

Electrical conductivity

Dependence of dc-conductivity values of samples on the
amount of CNF and processing method are given in Fig. 5.
In this figure, de-conductivity of neat TPU was accepted as the
theoretical value declared by the manufacturer due to bulk
resistance of TPU was much higher than the measurement
limits of multimeter. It can be seen in this figure that the dc-
conductivity of TPU-CNF composites readily increased with
the increasing amount of filler, as expected. Semi-log
“conductivity (o)-amount of filler (¢)” relationship of CPC
generally yields characteristic sigmoidal curves. The transition
zone from low conductivity (<10 ' S/m) plateau to high con-
ductivity one in these curves is generally accepted as percola-
tion threshold which can be defined as the minimum amount
of filler to form a continuous and conductive pathway
throughout the sample. In Fig. 5, it is difficult to distinguish
the effect of processing method on the percolation. But, it
could also be obviously inferred that all series of samples
showed a percolation threshold below 5 phr of CNF.
Samples prepared with various processing methods exhibited
different dc-conductivity values at the CNF amount of 5 phr. It
was also found that dc-conductivity of samples prepared with
different methods decreased in the order of SM > SM-U > MC
at a particular loading amount of CNF. This relationship can
be explained by variation in Ay, filler dispersion, number of
conductive pathways and related microstructural features of
samples depending on the processing method as mentioned in
the previous part. It can be concluded that higher dc-conduc-
tivity values of samples prepared with SM method originated
from higher A; values of these samples. It can be as-
sumed that the longer fibers form more connection
points and conductive pathway throughout the bulk
structure of composite.

Figure 6 shows dependence of ac-conductivity values of
samples on the frequency and compositional parameters. It

SM Series

“v%vvﬁv:;:v‘:‘sm-s —a-sm10

200 4
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—&—SM-5

—%—SM-U-20 —7—SM-20

1 2 3 4 5 6 7 8 9 10 11 12

Frequency (GHz)

Frequency (GHz)

Frequency (GHz)

Fig. 6 Dependence of ac-conductivity values of samples on the composition and processing method within the frequency range of 1-12 GHz
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was obtained that the ac-conductivity increased with the in-
creasing amount of CNF, as expected and almost all samples
showed higher ac-conductivity values at high frequency re-
gion. This can be explained by improving of hoping capability
of electrons depending on frequency increase. Electrons are
generally more excited and can easily hop or transfer from a
fiber to another one which are get in contact or located suffi-
ciently close to each other, in high frequency region.
Relationship between compositional parameters and ac-con-
ductivity values of samples are very consistent with the dc-
conductivity result mentioned before. In Fig. 6, another note-
worthy point is a huge gap between the ac- and dc-conductiv-
ity results of neat TPU. It is a well-known fact that the con-
duction mechanism in a CPC structure is quite different from
that occurs in a polymer phase. In dc-conductivity conditions
(frequency of few Hz), a solid-polymeric material normally
shows very high bulk resistance that corresponds to very low
conductivity value. But, a doping effect may decrease bulk
resistance or increase conductivity of such a polymeric sam-
ple. High frequency VNA measurements in ac-conductivity
tests (scaled in GHz) may act as a physical doping effect on
the conductivity of TPU.

By evaluating the ac- and dc-conductivity values of series
of samples, it could be concluded that the relatively high elec-
trical conductivity values (10'-10? S/m) were obtained for the
magnetically stirred samples which can also be considered as
sufficiently high for EMI shielding applications.

Dielectric properties

Complex permittivity (€*) and permeability (i*) values of
materials must be investigated to quantify interactions be-
tween sample structure and electromagnetic wave. Complex
permittivity (€*) value reflects the interactions between sam-
ple and electrical component of EM wave while the complex
permeability (1*) refers to such relationship between samples
and magnetic component of EM wave. Due to complex mag-
nitudes of both parameters, these interactions are generally
analyzed by considering the real (€°, p’) and imaginary parts
(€7, 1”) of parameters. The 1 and p1” values of all samples
were supposed to be 1 and 0, respectively because both poly-
mer (TPU) and filler (CNF) phases show no magnetic
property.

Figure 7 illustrates dielectric parameters (€’ and €”) of
sample series as a function of frequency and amount of filler.
It was found that the € and € values of samples increased
with the increasing amount of CNF into composition within
the entire frequency range employed. This effect is more pro-
nounced for the SM-U and SM samples. Dielectric parameters
also showed a frequency dependent behavior for the samples
especially including of relatively higher amount of CNF (15
and 20 phr). It has been reported that the €’ indicates storaged
energy within the materials and it is related to polarization

10° g
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Cuc (S/m)

Cuc (S/m)
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L e s S e B L E s B s S S|
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Fig. 7 Dependence of dielectric parameters of samples on the
composition and processing method within a frequency range of 1—
12 GHz

centers and micro-capacitor like structures in CPCs.
Polarization centers are formed due to the defects in conduc-
tive nano fillers while micro-capacitors like structures are
formed as a result of the fact that the CNF and TPU act as
electrode and dielectric insulator material in the composite
structure, respectively [19]. In the micro-capacitor like struc-
tures, increasing amount of CNF and SM method led to de-
crease the thickness of insulating polymer layer between
electrode-like CNFs thus electronic polarization of polymer
phase can be carried out easily. As seen in Fig. 7, it was
obtained that the increasing amount of CNF into composition
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or employing of SM method yielded higher € values for all ~ frequency regions to develop effective electromagnetic

series of samples. By regarding of the imaginary part of per-  shielding materials. By considering the microstructural obser-
mittivity (€”) which is a measure of dissipated energy within ~ vations and electrical conductivity results of samples, it was
materials and it is mainly related to conductivity, higher €”  found that highly conductive composites prepared with SM
values with the increasing amount of CNF was obviously due ~ method showed higher EMI shielding performance than com-
to the formation of more conductive pathways into sample. positional counterparts due to their higher A¢ values and for-
mation of multiple conduction pathways.
EMI shielding performance Some compositional and electromagnetic properties of var-
ious kinds of thermoplastic composites prepared by using dif-
Frequency dependence of calculated reflection (SEg) and ab-  ferent type carbon fillers and processing methods are listed in

sorption (SE,) shielding effectiveness parameters of samples ~ Table 2. In this table, electrical conductivity and EMI
are given in Fig. 8. It should be noted that the multiple reflec-  shielding performances of mainly TPU based and a few other
tion contributions (SEyr) were ignored for all samples.  elastomeric matrix composites are reported and compared de-
Because it was supposed that the re-reflected waves were  pending on the compositional features and processing
absorbed within the material as the thickness of shielding ma- methods. As explained in the introduction part, it should be
terials was larger than the critical thickness value called as  noted again that EMI shielding performances of carbon filled

“skin depth”. thermoplastic composites depend on many structural, mor-
The SER and SE, curves of samples, calculated with the ~ phological parameters and some external factors such as
Egs. 2 and 3, are illustrated in Fig. 8 as a function of frequen-  chemical and physical properties of raw materials,

cy. Thickness of shielding material was taken 2 mm in the SE  thermomechanical history and processing conditions, disper-
calculation. It should also be noted that the SEg cannot be  sion quality of fillers, sample thickness, and experimental er-
calculated mathematically for samples showing a critical con-  rors during measurements etc. We believe that these values
ductivity values. Accordingly, reflection contribution to the  could be used to roughly compare the application perfor-
SEr was taken into account for only the CNF-20 samples as ~ mances of such systems. Based on the relevant literature re-
the SEg values could not be determined for the CNF-5 and  ported previously, it can be concluded that EMI shielding
CNF-10 samples. effectiveness of carbon filled TPU composites can exceed

As seen in Fig. 8, neat TPU was almost transparent against 20 dB within the frequency range of X and/or Ku band when
to EMI radiation (SE = 0-2 dB) in entire frequency range and ~ the amount of filler is above electrical percolation threshold

the shielding performance of composites improved by intro-  and the sample thickness is higher than 2 mm.
ducing of CNF into composition possibly due to increasing The frequency dependent SEt curves of CNF-20 samples
polarization effect. However, increasing amount of filler re-  prepared with different processing routes and in the thickness

sulted in an increase in SE values readily. This effect was  range of 1-5 mm are given in Fig. 9. Minimum total shielding
pronounced for SE, at high frequency region. This could be  effectivity requirements for several applications are also spec-
attributed to formation of multiple conduction pathways into  ified in these figures. The SEr curves of MC-20 sample re-
bulk structure of sample. On the other hand, it was also ob-  vealed that the level of 20 dB, minimum acceptable shielding
tained that the SEg curves of CNF-20 samples prepared with ~ value for many applications, cannot be obtained with a 5 mm
different routes decreased with the frequency increase. These ~ sample within the frequency range of 1-12 GHz. On the other
curves indicate that the contributions of SE, and SEi are  hand, the SM-U-20 and SM-20 samples having a thickness at
improtant and they both must be improved at low and high  least 2 mm provide this shielding level specifically in the X-

MC Series SM-U Series SM Series
12 124 124
—&—-TPU —6—MC-5 —A— MC-10 - -
10 He 10 10 %
— 8 — 8+ — 84
o
3 3 o 3 o
uf* w4 w4
» a ., o,
] —e-TPU —o-SMU-5 —A-SMU-10  ——SM-U-20 7-e-TPU  —o-SM5 —A-SM10  ——SM-20
04— T T T T T T T T T T T 04— T T T T T T T T T T T
12 3 4 5 6 7 8 9 10 11 12 12 3 4 5 6 7 8 9 10 11 12
4 409 o 1hU —o-SMUS —A-SMU0  —g-SMU20 09 o o N ——
354 —8—TPU  —©-MC5  —A-MC10  —v— MC20 35 U e o 35 ™U SM-5 SM-10 SM-20
30 30 30
& 25+ —~ 25 ~ 25
g 204 g 204 D 20
~ 15 = 15 = 15
wi' 10 1 w10 ] ui 40 ]
By 10 s 10 s 10
5 5 5
0 ¥ 0 0
T T T T T T T —— T
1 2 3 4 5 6 7 8 9 10 11 12
Frequency (GHz) Frequency (GHz) Frequency (GHz)

Fig. 8 Dependence of shielding effectiveness of samples on the composition and processing method within the frequency range of 1-12 GHz
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Fig. 9 Dependence of total shielding effectiveness values of samples
consisting of 20 phr of CNF on the composite thickness and processing
method within the frequency range of 1-12 GHz

band range (8—12 GHz) which is important for military
applications.

Conclusion

In this study, effect of composite preparation method on the
microstructural features, electrical conductivity and EMI
shielding performances of TPU-CNF composites were inves-
tigated. It was found that processing route strongly affected to
microstructure formation and relevant morphological proper-
ties of composite samples such as dispersion and aspect ratio
of CNFs, structural and interfacial uniformity, porousity and
surface topology etc. It was also suprisingly found that better
filler dispersion did not yielded better electrical conductivity
and EMI shielding performance for the CNF filled polymer
composites. Electromagnetic properties and EMI shielding
performances of composites showed that a TPU-CNF

@ Springer

composite sheet having a 20 phr of filler, thickness of 2 mm,
and prepared with simple solution mixing method can effec-
tively shield an incident electromagnetic wave within the fre-
quency range of 8—12 GHz. If the thickness of composite
increases, shielding effectiveness can be improved and high
performance, flexible shielding materials can be prepared by
using 20 phr of CNF.
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