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Abstract: The effects of composite preparation methods on the electrical conduc- 70 . -
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tivities, the electromagnetic parameters and the electromagnetic interference (EMI) 60 - |—s—MOL 20 —— MOL 30|
shielding effectiveness of polypropylene (PP)/nickel-coated carbon fiber (CF) com- _.50F
posites were investigated. The composites were prepared by injection molding machine, ;_g a0t
internal mixer, and screw extruder. The electrical properties results showed the umT 30l
PP/CF (70/30, wt%) composites prepared by injection molding demonstrated the 2 0l R ——_
highest electrical conductivity and EMI shielding effectiveness, which were 1.75x10" S/cm 1ol ——
and 48.4 dB at the frequency of 10 GHz, respectively. These results seem mainly due ol
to the increased CF length when the PP/CF composite was prepared by injection o 2 4 & &8 10 12 14
molding, which was advantageous in forming a conductive network of the compos- 1o Freauency (GHz)
ite. The results of the electromagnetic parameters of the PP/CF composites showed £ 10 “
that the increased electrical conductivity of the composite prepared by injection 3 10
molding was mainly due to the increased dielectric constants (¢'and £") of the PP/ ‘__‘E:' ot
CF composite. This enhancement in dielectric constants seems related to the perco- § :2 f
lation at a lower concentration of the CF, which was affected by the increased CF S o
length of the composite prepared by injection molding process. The results of 8 oo} —YTTh
dielectric loss and magnetic loss factors of the PP/CF composite showed that the E 100f 2 “ oo

major electromagnetic absorbing mechanism was dielectric loss, namely dipole 10T 15 20 25 30
polarization and interface polarization between filler and matrix, which resulted in Garbon Fiber Contents (WE%)

improved EMI absorption values. The total EMI shielding effectiveness (SEr) of the PP/CF composite comprised 85.1% EMI shielding
effectiveness by absorption (SE,), and 14.9% EMI shielding effectiveness by reflection (SEg), which suggests that the EMI shielding was
predominantly by the absorbing mechanism of the incident electromagnetic wave.
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1. Introduction

With the advancement of electronic devices and telecommuni-
cation equipment, electromagnetic interference (EMI) has become
an important issue, as it can cause serious malfunctions of elec-
tronic componentry and harmful effects on human beings.*?
Metals (eg, silver and copper) have been the most commonly
used materials for EMI shielding fields, because they have excel-
lent electrical conductivity, which is required to achieve
high EMI shielding effectiveness. However, metals have the
inconvenience of high density, corrosion and limited pro-
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cessing diversity.

To alleviate this problem, various strategies have been under-
taken by researchers, especially focusing on the composites of
polymer/conductive fillers, such as carbon fiber," carbon nano-
tube,”** carbon black,”® and graphene.'**® One of the major aims
has been to attain an electrical conductivity that is as high as
possible, with minimal use of conductive filler. Improvement in
electrical conductivity has often been studied by enhancing the
dispersion status of the fillers,"** doping or plating,*** and fabri-
cating the structure of composites.?* However, high electrical
conductivity to achieve high EMI shielding effectiveness also
increases reflection of the electromagnetic wave,® which in some
cases might result in damage to nearby devices. For example, if
amaterial has 10 decibel (dB) of reflection, this means that 90%
of the incident wave energy will be reflected at the surface.

Recently, studies of microwave absorbers have gained a lot
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of attention, as a microwave absorber is a material that can effec-
tively absorb electromagnetic waves, and suppress the reflec-
tion.? In order to have a high absorption property, dielectric
material (eg., TiO,, Si0,, Sn0O,), magnetic material (eg, Ni, Fe,0s,
Fe;0,), and their combinations have been extensively studied.”>
For example, Zhao et al.*® reported Ni shell SnO, core structure,
which yielded reflection loss values of -29.7 dB at 1.8 mm, when
composites contained 50 wt% of conductive filler. In the stud-
ies of polyethersulfone/carbon nanotube composites, Abbas
and Kim’ have reported the EMI shielding effectiveness of 35
dB in the X-band at a low thickness of 0.5 mm.

Previously, we have investigated the synergistic effects of
nickel-coated carbon fiber (CF) with other conductive fillers on
the electrical conductivity and EMI shielding effectiveness of the
polymer/hybrid conductive filler composites.**** It has been
reported that nickel-coated CF is advantageous in forming elec-
trical networks, since CF has a high length-to-diameter ratio, and
nickel possesses high EMI wave absorption properties.®*3®
However, the shielding mechanism and the electromagnetic
parameters of the nickel-coated CF itself have not been fully
clarified, which are crucial in developing the microwave absorber.

The purpose of the present study is to investigate the EMI
shielding effectiveness and electromagnetic parameters, such
as the dielectric constants (¢'and ¢") and magnetic parameters
(/' and "), of the polypropylene (PP)/CF composite, in rela-
tion to the composite preparation methods. It is suggested that
nickel possesses magnetic properties, and carbon fiber plays
an important role in dielectric loss, therefore yielding synergistic
effect on the EMI absorption properties.® Also, from the indus-
trial point of view, it is important to reveal the effect of composite
preparation methods on the electrical conductivity, electromag-
netic parameters, and EMI shielding effectiveness of the polymer/
conductive filler composites. To the best of our knowledge, there
have been few studies that have simultaneously reported on the
investigation of EMI shielding effectiveness and electromag-
netic parameters.’” PP is an important industrial material since
it has many applications and the capability of being conductive
or reinforced with various types of fillers. In this study, we report
the relation between electromagnetic parameters and EMI shield-
ing effectiveness of the PP /nickel-coated CF composites, when
the samples were prepared by injection molding, internal mixer
and screw extrusion.

2. Experimental
2.1. Materials

PP (grade: B] 700) was supplied by Hanwha Total Ltd. (Seoul,
Korea). The weight average molecular weight of PP was 36,400
g/mol. The density of the PP was 0.91 g/cm?. Nickel-coated car-
bon fiber (CF) and PP/nickel-coated CF (70/30, wt%) master
batch were obtained by Bullsone Material Co. Ltd. (Seoul, Korea).
The diameter of the CF was about 7.0 um. The CF used in the
preparation of nickel-coated CF was supplied by Toray (grade
T-700). The nickel was coated with a thickness of 300 nm on the
surface of the CF, to enhance the electrical conductivity of the CF.*®
The density, and electrical and thermal conductivities of the
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nickel-coated CF were 2.8 g/cm® and 8.2x10* S/cm and 450 W/
mkK, respectively.

2.2. Preparation of composite samples

PP/CF composite samples were prepared by two steps. First,
the master batch of the PP/CF (70/30, wt%) was prepared by
pultrusion process at 210 °C. Secondly, the PP/CF (70/30) mas-
ter batch was processed by injection molding machine, internal
mixer, and screw extruder, to investigate the effects of process-
ing method on the electromagnetic properties of the PP/CF
composites. For the injection molding processing, an injection
molding machine with an 18 mm screw of 20:1 length-to-diam-
eter ratio was used. The injection molding temperature ranged
from 180 to 200 °C, with a screw speed of 200 rpm, and plasti-
cizing time of 3.62 s. The samples of PP/CF composite were also
processed using internal mixer (Thermo Scientific, Model Haake
Polydrive R600, Waltham, Mass., USA). The screw speed and
mixing time were 80 rpm and 5 min, respectively. For the PP/CF
composite samples processed by screw extrusion, a co-rotating
twin-screw extruder (BauTek, Model D19, Seoul, Korea) was used.
The extrusion temperature ranged from 180 to 200 °C, and the
screw speed was 80 rpm. Table 1 shows the compositions and
sample preparation methods of the PP/CF composites. For the
samples of PP/CF (90/10, wt%) prepared using injection molding
machine, internal mixing, and screw extrusion, the sample codes
were listed as MOL 10, MIX 10, and EXT 10, respectively (Table 1).

2.3. Morphology

The morphology of the composites was examined by field emis-
sion scanning electron microscopy (SEM) (FEI Company model
Inspect F50, Oregon, USA) at 15.0 kV. The samples were coated
with platinum. To investigate the fiber length of the composite,
xylene was used as a solvent to dissolve the polymers by Soxhlet
extractor, and the fiber length was then measured using a
microscope.

2.4. Electrical properties

Electrical conductivities of the PP/CF composites were measured

Table 1. Sample preparation methods and compositions of the polypropylene
(PP)/nickel-coated carbon fiber (CF) composites

Preparation methods PP (wt%) CF (wt%) Sample code
Injection molding 90 10 MOL 10
85 15 MOL 15
80 20 MOL 20
70 30 MOL 30
Internal mixing 90 10 MIX 10
85 15 MIX 15
80 20 MIX 20
70 30 MIX 30
Screw extrusion 90 10 EXT 10
85 15 EXT 15
80 20 EXT 20
70 30 EXT 30
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by linear four-pin probe (MCP-TPO6P PSP) with a Loresta-GP
Low resistivity meter (Model MCP-T610, Mitsubishi Chemical,
Tokyo, Japan). The inter-pin distance of the probe was 1.5 mm,
and the limit voltage was set as 90 V. The composites were pressed
and cut into rectangular shape (25x12x0.2 mm?®). The EMI shield-
ing effectiveness and electromagnetic parameters, such as &'
(dielectric constant: real part), £” (dielectric constant: imaginary
part), u4' (magnetic permeability: real part), and x" (magnetic
permeability: imaginary part), of the PP/CF composites were
measured by 2-port network analyzer (Model ENA5071C, Agilent
Technologies, Santa Clara, CA, USA) with coaxial holder. The
frequency range of measurement was 1.0 to 12.4 GHz. Before
measurement, calibration process was performed on port 1 and
port 2 using open, short, and load kit. For the measurements of
EMI shielding effectiveness and electromagnetic parameters,
composite samples were pressed into toroidal-shape mold
(©1,=3.0 mm, @,,=7.0 mm), with thickness of 2 mm at 210 °C.
The absorption part of EMI shielding effectiveness (SE,) was
calculated using scattering parameters (Sy3, S;1) by Eq. (1), as
follows:6%%

SEx =10 log((1-[S11*)/IS21*) 1)

where S;; and S,; are the scattering parameters that represent
the surface reflection coefficients at both ends of the sample
(S11, S22), and the transmission coefficients of the forward and
reverse transmission (S;, S,;), respectively.

3. Results and discussion
3.1. Morphology of the PP /CF composites

Figure 1(a)-(c) shows SEM imagery of the cross-sectional sur-
faces of PP/CF (90/10, wt%) composites prepared by MOL 10,
MIX 10, and EXT 10, respectively. These figures show that carbon
fibers were randomly oriented in the polymer matrix. How-
ever, it is hard to observe the length and nickel-coated surfaces
of the CF, as most of the CF is embedded in the polymer matrix.
Figure 2(a)-(c) shows the CF after the PP matrix was dissolved,
using xylene as a solvent. The insets of Figure 2(a)-(c) show mag-
nified SEM imagery of the CF after each process of the PP/CF
(90/10, wt%) composites. In the case of the injection molding
process (Figure 2(a)), the average CF length was found to be
884 um, and showed the least surface damage among the three
different processes. On the other hand, composite prepared by
the screw extruder (Figure 2(c)) showed the shortest CF length,
which was found to be 407 pm. Furthermore, some of the nickel
coating on the CF surface was exfoliated, as the inset of Figure 2(c)
shows. In the case of composite prepared by the internal mixer
(Figure 2(b)), the average CF length was 613 pum, and suffered
moderate surface damage to the CF. This might be attributed to
the different shear stress applied to the CF. To be more specific,
the screw extruder has high shear stress, leading to increased
collision between filler-filler and filler-matrix; whereas in the
injection molding machine, carbon fiber undergoes minimum
shear stress and short residence time.
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Figure 1. Scanning electron micrography images of the PP/CF (90/10,
wt%) composites with sample preparation methods: (a) Injection molding,
(b) internal mixing, and (c) screw extrusion.

3.2. Electrical conductivities of PP/CF composites

Figure 3 shows the electrical conductivities of the PP/CF com-
posites prepared by injection molding, internal mixer, and screw
extrusion. Figure 3 shows that the composites prepared by
injection molding displayed the highest electrical conductivity,
which was 1.75x10' S/cm when the CF content was 30 wt%. On
the other hand, the composites prepared by internal mixer and
screw extruder showed 1.78x10™" and 1.90x102 S/cm, respec-
tively, when the CF content was 30 wt%. High aspect ratio of
conducting filler is maybe easy to obtain filler-filler network
structure.* From the above electrical conductivity results, it is
suggested that the composites prepared by injection molding
have much lower percolation thresholds and higher electrical
conductivities, compared to the composites prepared by inter-
nal mixer and screw extruder, which is in good agreement with
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Figure 2. Scanning electron micrographs of the CF after different process-
ing methods: (a) injection molding, (b) internal mixing, and (c) screw
extrusion. The magnified SEM images of the CF are shown in the inset.

the morphological results shown in Figure 1. As discussed in
Figure 2, the PP/CF composite prepared by injection molding
showed the longest fiber length (884 pm), compared to those
of the composites prepared by internal mixer (613 pm) and
screw extrusion (407 pum), which is advantageous in forming
conductive networks for the composite prepared by injection
molding. Therefore, the highest electrical conductivity was
observed when the composite was prepared injection molding
because of the longest fiber length compared to those of the
composites prepared by internal mixer and screw extrusion.
From Figure 3, the rapid increase in electrical conductivity of
the PP/CF composites prepared by internal mixer and screw
extrusion was observed when the carbon fiber content increased
from 15 to 20 wt%. This is maybe due to that the filler-filler net-
work is increased suddenly when the amount of carbon fiber is
increased to 20 wt%. From Figure 4(c), we can see the increased
filler-filler network structure of the PP/CF (80/20, wt%) com-
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Figure 3. Electrical conductivity of the PP/CF composites with sample
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Figure 4. Scanning electron micrography images of PP/CF composites
with CF contents (wt%): (a) 90/10, (b) 85/15, and (c) 80/20.
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posite prepared by screw extrusion.
3.3. Electromagnetic parameters of the PP /CF composites

In an electromagnetic shielding field, the shielding performance
is closely related to the electromagnetic parameters, such as
the complex relative permittivity (g=¢'-j¢"), and complex rela-
tive permeability (z,=¢'ju"). These parameters are also import-
ant in revealing the absorption mechanism. To be more specific,
the real part of the permittivity and permeability shows the stor-
age capability of electromagnetic wave energy, whereas the imag-
inary part of the permittivity and permeability shows the loss

50
40F
30
=Y
2 20}
©
w
10
0 -
1 1 1 1 1 1
0 2 4 6 8 10 12 14
Frequency (GHz)
50
(b) N
40 - o— g"
AY “'
30+ "
=
T 20}
©
w
10 F
(]
0 2 4 6 8 10 12 14
Frequency (GHz)
50
(C) —o—g'
40 + o— g"
— A “‘
L o1 S
°
& 20t
w
10
0 - YWY

Frequency (GHz)

Figure 5. Electromagnetic parameters of the dielectric constants (&', ")
and magnetic permeability (¢, z£") of the PP/CF composites with sample
preparation methods: (a) Injection molding, (b) internal mixing, and
(c) screw extrusion.
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capability of electromagnetic wave energy.** Figure 5(a)-(c) shows
the electromagnetic parameters (&', ", ¢, and 1) of the PP/CF
(90/10, wt%) composites prepared by MOL 10, MIX 10, and
EXT 10, respectively. Figure 5 shows that the dielectric con-
stants of the real part (&', energy storage) of the PP/CF (90/10,
wt%) composite prepared by injection molding showed in the
range of 17.2 to 33.3, which were higher values than those of
the PP/CF (90/10, wt%) composite prepared by internal mixer
and screw extrusion, which ranged from 9.5 to 15.0. Meanwhile,
the dielectric constants of the imaginary part (", energy loss) of
the PP/CF (90/10, wt%) composite prepared by injection molding
showed in the range of 6.3 to 18.1, which values were also
higher than those of the PP/CF (90/10, wt%) composite pre-
pared by internal mixer and PP/CF (90/10, wt%) composite pre-
pared by screw extrusion in most of the frequency range. This
enhanced permittivity may be related to the percolation at a
lower concentration CF of the PP/CF composites.

Previously, Pétschke et al.*? investigated the effect of the per-
colation structure on the dielectric property of polycarbonate/
multiwalled carbon nanotube (1.4 wt%) composite. They reported
that when the composite had a percolated structure, the per-
mittivity abruptly increased in the low frequency range. Our
electrical conductivity results shown in Figure 3 are closely
related to the permittivity data (¢'and &") shown in Figure 4,and
the electrical conductivity data seems also to be affected by the
morphological behavior shown in Figure 1. In the case of mag-
netic parameters such as #'and x” shown in Figure 5(a)-(c), all
the composites showed close to 1.0 for the real part (1), while
the imaginary part (¢") is relatively low compared to p' in the
measured frequency range. It has been reported that the per-
meability of magnetic material is rapidly decreased after the
resonance frequency, which is termed Snoek’s limit.**

The results of the electromagnetic parameters (&', ", &, and
u") of the PP/CF composites suggest that the increased electri-
cal conductivity of the PP/CF composites prepared by injection
molding was mainly due to the increased dielectric constants of
the real part (¢") and the imaginary part (") of the PP/CF com-
posite. This enhanced permittivity (¢,=¢-j¢") may be related to

20
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15 —e—tan &, (MIX 10) —o—tan 8“ (MIX 10)
’ —A—tan §; (EXT 10) —~—tan &, (EXT 10)
&
E 1.0+ .-'
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Figure 6. Dielectric loss factor (tan &;) and magnetic loss factor (tan ¢,) of
the PP/CF (90/10, wt%) composites with sample preparation methods:
(M, [J) injection molding, (@, O) Internal mixing, and (A, A) screw
extrusion.
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the percolation at a lower concentration of the CF, which was
affected by the increased CF length of the composite prepared
by injection molding.

Figure 6 shows the dielectric loss factor (tan d,=¢"/¢") and
magnetic loss factor (tan 6,=x."/1") of the PP/CF (90/10, wt%)
composites prepared by injection molding, internal mixer, and
screw extrusion, which were calculated in order to investigate
the electromagnetic wave absorbing mechanism. The figure
shows that tan ¢, is larger than tan J, in most of the frequency
range for all of the composites, which suggests that the major
electromagnetic wave absorbing mechanism is dielectric loss,
such as dipole polarization and interface polarization between
the filler and matrix.**

3.4. EMI shielding effectiveness of PP /CF composites

The EMI shielding effectiveness (SE) is defined by the logarith-
mic ratio of the incident and transmitted power, as in Eq. (2):***%%
EMI SE (dB) =-10 log(P;/P) 2

where, P, and P; are the incident and transmitted power of the
electromagnetic wave, respectively. According to the electro-
magnetic wave theory, the EMI shielding effectiveness can be

expressed in the far field region by Egs. (3) and (4):'%%%%%
SET (dB) = SER+SEA (3)
SEy (dB) = 39.5+10 log(/(2714f)) 4)

where, SE; is the total part of the EMI shielding effectiveness,
SEr is the EMI shielding due to reflection, SE, is the EMI shield-
ing due to the absorption, o is the electrical conductivity, f'is
the frequency, and t is the thickness of composite.

Figure 7(a)-(c) shows the total part of the EMI shielding
effectiveness (SEr) of the PP/CF composites prepared by injec-
tion molding, internal mixer and screw extrusion, respectively.
The figures show that the SE; of the composites increased when
the amount of CF is increased. Figure 7(a) shows that for the
PP/CF (70/30, wt%) composite prepared by injection mold-
ing, the EMI shielding effectiveness was observed to be 48.4 dB
at the frequency of 10 GHz, which means that according to Eq.
(2),99.998 % of the EMI incident wave is shielded. Figure 7(b)
and (c) shows that for the PP/CF (70/30, wt%) composites pre-
pared by internal mixer and screw extrusion, the EMI shielding
effectiveness showed lower values compared to that of the
composite prepared by injection molding, which values were
28.1 dB and 22.0 dB at the frequency of 10 GHz, respectively.
These results seem mainly to be attributable to the different CF
length of the composites originating from different processing
methods. As discussed in Figure 2, the PP/CF composite prepared
by injection molding showed the longest fiber length (884 pum),
compared to those of the composites prepared by internal mixer
(613 um) and screw extrusion (407 um), which is advantageous
in forming conductive networks for the composite prepared by
injection molding. Therefore, the highest EMI shielding effectiveness
was observed when the composite was prepared injection molding
because of the longest fiber length compared to those of the
composites prepared by internal mixer and screw extrusion.

Figure 8(a)-(c) shows the absorption part of the EMI shield-
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Figure 7. Total part of the EMI shielding effectiveness (SE;) of the PP/CF
composites with frequency and CF contents. Samples were prepared
by different processing methods: (a) Injection molding, (b) internal mixing,
and (c) screw extrusion.

ing effectiveness (SE,) of the composites prepared by injection
molding, internal mixer, and screw extrusion, respectively. The
figures show that when the amount of CF is increased, the SE,
of the composites increased. The SE, was calculated using the
scattering parameters (Si;, Siz, S»1, and S;;) of the composite
shown in Eq. (1). Figure 8 shows that the SE, values of the PP/
CF (70/30, wt%) composites prepared by injection molding,
internal mixer, and screw extrusion are observed to be 39.6,
24.3, and 18.8 dB, respectively, at the frequency of 10 GHz. Fig-
ures 6 and 7 show that in terms of the EMI shielding effective-
ness of the composites, the value of SE, is predominant, compared
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Figure 8. Absorption part of the EMI shielding effectiveness (SE,) of
the PP/CF composites with frequency and CF contents. Samples were

prepared by different processing methods: (a) Injection molding, (b)
internal mixing, and (c) screw extrusion.

to the value of SEg. The results of Figures 7 and 8 show that
more specifically, the total EMI shielding effectiveness (SEr)
consists of 85.1% EMI shielding effectiveness by absorption (SE,),
and 14.9% EMI shielding effectiveness by reflection (SEg). The
explanation of the shielding mechanism by reflection can be
that when an incident wave strikes the surface of the shielding
material, a part of the electromagnetic wave energy is reflected,
due to impedance mismatching between free space and the sur-
face of the shieling material.*® The explanation of the shielding
mechanism by absorption is that when the rest of the electro-
magnetic wave passes through a medium, the electromagnetic
wave loses its energy, due to dielectric, magnetic, and ohmic

© The Polymer Society of Korea and Springer 2017 942

losses. Forming electrical networks increases dielectric and ohmic
losses within the shielding material, which results in improved
EMI absorption values.*®

4. Conclusions

In this study, electrical properties of the electrical conductivities,
electromagnetic parameters and EMI shielding effectiveness of
the PP/CF composites prepared using injection molding machine,
internal mixer and screw extruder were investigated. The results
of the electrical properties of the PP/CF composites show that
the PP/CF composites prepared by injection molding machine
revealed the highest electrical conductivity and EMI shielding
effectiveness, which values were 1.75x10' S /cm and 48.4 dB at
the frequency of 10 GHz, respectively, when the CF content was
30 wt%. These results seem mainly due to the increased CF length
of the PP/CF composite when the samples were prepared by
injection molding (884 um), compared that of the composites
prepared by internal mixer (613 um) and screw extrusion
(407 um), which was advantageous in forming conductive
networks of the composites.

The results of the electromagnetic parameters of the dielec-
tric constants (&'and &£") and magnetic parameters (¢’ and ")
of the PP/CF composites indicate that the increased electrical
conductivity of the PP/CF composites prepared by injection
molding was mainly due to the increased dielectric constants of
the real part (¢') and the imaginary part (¢") of the PP/CF com-
posite. This enhanced permittivity (¢=c-j&") seems related to
the percolation at lower concentration of the CF, which was
affected by the increased CF length of the composite prepared
by the injection molding process.

The results of the electromagnetic absorbing mechanism by
the dielectric loss factor (tan §,=¢"/¢) and magnetic loss factor
(tan 6,=4"/1) of the PP/CF composites show that the major
electromagnetic absorbing mechanism was dielectric loss, such
as dipole polarization and interface polarization between filler
and matrix, which resulted in improved EMI absorption val-
ues. The results of the EMI shielding effectiveness of the PP/CF
composites show that the total EMI shielding effectiveness (SEr)
consisted of 85.1% EMI shielding effectiveness by absorption
(SE,), and 14.9% EMI shielding effectiveness by reflection (SEg),
which suggests that the absorbing mechanism of the incident
electromagnetic wave provided the predominant EMI shielding.
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