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ABSTRACT

The low electrical conductivity of polymer-based composites limits their applicability to electromagnetic interference shielding

in the automotive industry. This study aimed to enhance the electrical conductivity of composites composed of chopped carbon
fiber (CCF) and high-density polyethylene (HDPE). Composite samples of CCF/HDPE were fabricated using a take-up machine,
which used a unique tension alignment method following extrusion. The impact of various manufacturing variables, such as

fiber content, length, and draw ratio (DR), on electrical conductivity was examined. The highest conductivity measured was
2.808S/cm for CCF with a length of 1 mm, 10wt%, and a DR of 2. In addition, percolation theory was utilized to compare and
predict the effects of these manufacturing variables. Electrical conductivity improved as the length, content, and DR of the CCF
increased. The experiments were simulated considering both CCF entanglement and alignment. The findings revealed a sig-

nificant increase in electrical conductivity with a higher CCF weight percentage and DR surpassing the percolation threshold.

The higher DR aided in aligning the fibers, resulting in enhanced electrical conductivity in the aligned direction. Furthermore,
electrical conductivity was enhanced as the length of the CCF decreased.

1 | Introduction

Extensive studies have been conducted on electromagnetic in-
terference (EMI) shielding, particularly in the automotive in-
dustry [1-11]. Following research on electrically conductive
composite materials [1-6], several studies have focused on struc-
tural composites in EMI shielding applications [7]. One promis-
ing approach involves the alignment of chopped carbon fibers
(CCFs) within composite materials to enhance their mechanical

properties and electrical conductivity [12-17]. This method lays
the foundation for developing structural composites for electric
vehicle components, such as underbody shields and battery en-
closures, utilizing advanced composite materials [18-21].

CCFs are an ideal reinforcement material for structural com-
posites in electric vehicles owing to their superior electrical
conductivity and mechanical strength. Improvements in both
properties have been observed in composites in which CCFs
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Summary

« Innovative post-extrusion tension alignment method
enhances electrical conductivity.

« Predictive percolation model based on fiber content,
fiber length, and draw ratio.

« Entanglement analysis of chopped carbon fiber with
varying lengths.

are combined with thermoplastic polymers [12, 22]. Composites
can achieve more efficient electrical conductivity in a specific
direction by applying a force to align the CCF during the man-
ufacturing process. This alignment process has demonstrated
significant potential for enhancing the electrical conductivity of
composite materials, making them an appealing choice for ap-
plications in electric vehicles, such as EMI shielding or thermal
runaway prevention in batteries caused by electrical overload.

Recent studies have used electromagnetic forces, such as mag-
netic or electric fields, to align the CCF [13, 14] as well as me-
chanical alignment methods, such as repeated stretching using
a rotating drum and nozzle [15].

However, these methods can be costly; are limited to specific fiber
types; and may not be suitable for high-viscosity thermoplastics. In
this study, a novel approach is proposed for CCF alignment within
high-viscosity thermoplastic composites via mechanical pulling,
with the aim of improving the electrical conductivity [22, 23].

This study investigates the enhanced electrical properties of uni-
directionally aligned CCEF/high-density polyethylene (HDPE)
composites, particularly for applications requiring unidirectional
electrical conductivity. Experiments were conducted to measure
and analyze the electrical conductivity of the composites with
varying fiber contents, lengths, and draw ratios (DRs) using a
post-extrusion tensile alignment method. Percolation theory was
applied to analyze the electrical conductivity from different per-
spectives. Electrical conductivity curves based on the CCF content
were constructed by fitting the percolation model to the experi-
mental results. In addition, the effects of the DR and CCF length
on the patterns of the conductivity curves and percolation thresh-
old were examined. This study provides insight into the changes in
the electrical performance of composites as a function of the fiber
content, length, and tensile force. These findings are important for
optimizing composite design and gaining a deeper understanding
of electrical conductivity in such materials.

2 | Experimental Procedure
2.1 | Materials

CCF (SYC-TR-PU, Sunyoung Industry, Yangsan, Korea) and
HDPE (HDPE B230A, Hanwha Total, Seosan, Korea) were used
for the tensile experiments. CCF fibers treated with polyure-
thane (PU) sizing were prepared, with lengths of 1, 3, 6, and
12mm and a density of 1.78g/cm?. The diameter of the CCF
provided by the manufacturer was 6.97 um, resulting in aspect

ratios of 143, 430, 861, and 1722, respectively. The HDPE had a
density of 0.963 g/cm? and a molecular weight of 50,000.

2.2 | Processing

The CCFs were supplied in pellet form and contained a PU
binder. The PU binder was removed using acetone during bath
sonication. Subsequently, the exfoliated fibers were dried in a
high-temperature vacuum oven (80°C, 0.05bar) for 8h, while
the HDPE was dried under the same conditions for 6 h.

Extrusion was carried out using an OC-200 extruder (Ocean Co.
Ltd.) that was equipped with a 6 mm diameter die. Take-up rolls
were installed at the end of the extrusion line to apply controlled
tension, and the extrudate was cooled in a water bath to form
filament-shaped composites. Tension was applied by adjusting
the DRs to 1, 1.5, and 2 between the first and second take-up
rolls; as illustrated in Figure 1. The filament diameter after the
water bath was measured to confirm the applied DRs.

For experimental sampling, the filament-shaped composites
that were collected once the extrusion process had stabilized
were transformed into flat plates by unidirectionally aligning
the filaments and utilizing a heating press and mold to fabricate
flat plates (150mm x 150 mm). Samples for the electrical con-
ductivity tests were prepared using a water jet.

2.3 | Characterization

The volumetric electrical resistivity of the samples was cal-
culated following the two-probe method specified in ASTM
D4496. In this method, a known DC voltage is applied across
two electrodes that are placed on the sample surface, and the
current passing through the material is measured. Thereafter,
the volumetric resistivity was calculated using the measured
resistance, cross-sectional area, and distance between the elec-
trodes. Unidirectionally aligned specimens were prepared to as-
sess the electrical conductivity of the oriented composites.

Four samples were tested for each formulation using a Keithley
2002 multimeter with the two-probe configuration. This method
offers a simple and effective approach for evaluating anisotropic
composite samples. The volumetric electrical resistivity was cal-
culated as follows:

_ AV xwxt
ixL

ER @

where ER represents the volume electrical resistivity (Qcm),
AV represents the voltage drop over the length of the sample
(V), w represents the sample width (1.27cm), ¢ represents the
sample thickness (0.33cm), i represents the current (A), and L
represents the length over which AV is measured (6 cm).

2.4 | Model for Electrical Conductivity

The experimental results were analyzed using percolation
theory to examine the behavior and variation in the electrical
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FIGURE1 | Manufacturing process of the CCF/HDPE composites.

conductivity of the CCF/HDPE composites based on the CCF
content. This theory is represented by a power-law equation
that illustrates the relationship between the electrical con-
ductivity of composites and the volume fraction of conductive
fillers [24-29].

o =0 (Vi=Vp)' @

where ¢ represents the electrical conductivity of the compos-
ite, o, represents the electrical conductivity of the filler, and
V; represents the filler volume fraction. This equation is valid
for volume fractions higher than Vi which represents the filler
volume fraction at the percolation threshold. In cases in which
fillers are discontinuous particles, such as chopped fibers or
spherical particles, oy can be adjusted owing to the presence
of tunneling barriers that are associated with the polymer ma-
trix [27].

The critical exponent, denoted as f, typically falls within
the range of 1.6-1.9 for a three-dimensional system [25-29].
However, its value can be 2, 3, or even higher owing to factors
such as special geometries, tunneling effects, and the coales-
cence of conducting particles [26-32].

The typical shape of the electrical conductivity plot drawn using
Equation (2) is shown in Figure 2. As the filler volume fraction
increases beyond the percolation threshold, two distinct zones
emerge: the transition and conduction zones. The dotted circle
in Figure 2 was identified as the “inflection region” in this study.

A low value of the critical exponent ¢ resulted in a rapid in-
crease in the electrical conductivity in the transition zone with

1mm-CCF/HDPE, DR 2
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FIGURE 2 | Electrical conductivity curve (obtained from the fitting
results for 1 mm-CCF/HDPE with a DR of 2).

an increasing V; as the value of (V} - pr) fell between 0 and
1. Furthermore, the conductivity curve changed abruptly in
the inflection region and then quickly plateaus. That is, if ¢
was large, the electrical conductivity in the transition region
increased slowly and then leveled off slowly with an increase
inV.

The coefficients oy, Vg, and ¢ of the electrical conductivity model
had to be determined to derive Equation (2). This process in-
volved first identifying the percolation threshold Vj, through
trial and error based on the available data. Subsequently, oy and

3
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t were determined by establishing trend lines using the obtained
V- Equation (2) was modified to obtain the percolation thresh-
old, with Equation (3) resulting from taking the logarithm of
both sides.

logo =logo; + tlog(V; — V) 3)

Equation (6) could be obtained using the ith and jth electrical
conductivity in Equations (4) and (5) obtained experimentally.

logo; = logo; + tlog(V — V) @
logo; =logo; + tlog(V; — V) 5)
logo; — logo; = t{log(V = Vj,) —log(V = V) } (6

Thus, the V, value that minimizes EV in Equation (7) was ob-
tained through trial and error, as follows:

)  {ogVy ~ V) - oglV, - V)]
logo,, —logo,  {log(Vj, = Vj,) —log(Vi = V) }

logo; — logo;

EV @

where i, j, m, and n are random numbers that represent certain
experiments. Among these, two random numbers can be iden-
tical (e.g., i=m).

In the process of determining the Vi, value through trial and
error, the EV value was calculated by incrementing V}, by 1.0e-6
from 0 (0%) to 0.5 (50%) to identify the value that minimized the
absolute value of EV. Theoretically, the EV value must be zero at
the optimal Vj,; however, this is not the case in practice.

Once pr was obtained, the log of and t values were recalculated
using the experiment results and trend line estimation method.
That is, Equation (3) can be rewritten as follows:

y=a+bx ®

where y, a, b, and x denote log o, log oy, £, and log(V; — V), re-
spectively. That is, the coefficients of a (=logoy) and b(=1)
that minimize the error with the experimental results were de-
termined using the least-squares fitting method. In this study,
the “polyfit” function in Matlab was utilized to obtain these co-
efficients. Further details on obtaining the coefficients can be
found in [33, 34].

The volume fraction (Vf) of CCF had to be obtained to calcu-
late the aforementioned equations. Because the amount of
CCF was determined based on weight ratios (2.5, 5, 7.5, and
10wt%) in the experiment, it was necessary to convert the val-
ues into volume ratios. Equation (9) was employed for this pur-
pose [35].

_ Wi
™ Wf+(pf/pM)_(pf/pM)VVf

©

where W, represents the weight ratio of the CCF, and p; and p,,
represent the densities of the CCF and HDPE, respectively. The
manufacturer-provided values for p; and p,, (1.78 and 0.963g/
cm?, respectively) were utilized.

3 | Results and Discussion

3.1 | Electrical Conductivity Versus Weight
Percentage, CCF Length, and DR

The electrical conductivity results of the CCF/HDPE compos-
ites are presented in Figure 3 and Table 1. In this study, CCF
lengths of 1, 3, 6, and 12 mm were utilized, with different DRs
set. The weight percentages of CCF in the composites were
2.5, 5, 7.5, and 10 wt%, which were determined based on the
input. Unfortunately, the sample of 12 mm-CCF/HDPE at DR
2 could not be produced owing to high viscosity hindering
elongation.

The findings revealed a direct correlation between the electri-
cal conductivity and CCF content, following a percolation the-
ory curve that is commonly observed in composite materials
with conductive fillers. A significant increase in the electrical
conductivity was observed for all CCF lengths starting from
5wt%; with a notable spike at 7.5wt%, followed by a gradual
increase up to 10wt% which is consistent in previous studies
[36, 37].

A rheological analysis of the composites is necessary for a bet-
ter understanding of the processing behavior. Rheological mea-
surements can provide valuable insights into the viscoelastic
properties of the polymer matrix with varying CCF lengths and
loadings, particularly in relation to the difficulty in processing
the 12-mm-CCF/HDPE composite at DR 2, as well as the behav-
ior of other composite configurations.

The observed behavior is consistent with that in previous
studies on fiber-reinforced thermoplastics, in which increased
fiber content and longer fiber lengths contributed to shear
thinning but also caused processing challenges owing to fiber
entanglement and poor stress transfer at high deformation
rates [38, 39]. A detailed rheological study is planned as part
of future work.

The diameter of the extrusion hole in the extruder that was
used in the sample manufacturing process was 6 mm, leading to
the potential entanglement of CCFs in the 12-mm-CCF sample
owing to the length exceeding the hole diameter. Consequently,
the anticipated enhancement in the properties of samples from
longer CCF lengths is expected to be minimal.

As shown in Figure 3, the electrical conductivity tended to in-
crease as the length of the CCF decreased and the CCF content
and DR increased. To provide a more intuitive comparison of
electrical conductivity, the values were normalized between 0
and 1, as shown in Figure 4. Figure 4a shows the relationship
between the normalized electrical conductivity and CCF weight
percentage. The process of determining the normalized electri-
cal conductivity is outlined in Appendix A, with normalization
performed for CCFs of varying lengths. As shown in Figure 4a,
the electrical conductivity exhibited an increase with an in-
crease in the CCF weight percentage.

The relationship between the length of the CCF and normalized
electrical conductivity (refer to Appendix B for details on the
normalization) is shown in Figure 4b. The composites exhibited

4
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FIGURE 3 | Results of electrical conductivity as a function of DRs, weight percentages (2.5, 5, 7.5, and 10wt%), and CCF lengths: (a) 12mm, (b)

6mm, (¢c) 3mm, and (d) 1 mm.

higher electrical conductivity as the CCF length decreased. Prior
to the experiment, the composites were expected to show higher
electrical conductivity with an increase in length. However,
contrary to expectations, the electrical conductivity decreased
with an increasing length. This unexpected outcome can be at-
tributed to the reduced gap between reinforcements as the vol-
ume decreased while maintaining the same filler content within
the composite. A conceptual diagram to aid in understanding
this concept is shown in Figure 5. In Figure 5a,b, the circular
fillers have identical areas. Because the diameter of the small
circle in Figure 5a is half that of the large circle in Figure 5b, the
total area of the fillers remains the same. However, Figure 5a
has a considerably smaller gap between the circles owing to
their small diameter. When this concept is expanded to three
dimensions and applied to the same amount of CCF, a CCF with
a short length has a relatively small volume; therefore, the gap
between the short CCFs is expected to be considerably smaller.
Consequently, it can be inferred that the electrical conductivity
is enhanced as the tunneling effect between the discontinuous
CFs decreases.

The relationship between the DR and normalized conductiv-
ity is shown in Figure 4c. Notably, the DR 2 sample was not
ready for the 12mm-CCF/HDPE sample. The electrical con-
ductivity increased as the DR increased. This phenomenon
can be attributed to the enhanced alignment of the CCF in the

longitudinal direction owing to increased tensile force during
the manufacturing process, resulting in enhanced electrical
conductivity in the longitudinal direction.

In summary, the electrical conductivity in the longitudinal di-
rection, which is the tensile direction, increased with a higher
CCF content, a shorter CCF length, and an increased DR.

3.2 | Percolation Theory

The percolation thresholds (V) obtained using Equation (7) are
shown in Table 2 and Figure 6.

As shown in Figure 6a, the percolation threshold decreased
significantly as the DR increased for the 1 mm-CCF sample.
Although the difference was not significant for samples with
varying CCF lengths, the threshold decreased with higher
DRs. A lower threshold indicates higher electrical conduc-
tivity, suggesting that a small amount of CCF can result in
high electrical conductivity. The increase in the DR led to
improved alignment of the CCF in the longitudinal direction,
resulting in a reduced electrical conductivity threshold. In
Figure 6b, the threshold values for all samples were similar at
DR 1. At DR 1.5, the threshold value for the 1 mm-CCF sam-
ple was lower than that for the other CCF samples, although
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TABLE1 | Electrical conductivity results (unit: S/cm).

not significantly. However, at DR 2, the threshold value de-
creased as the CCF length decreased. As mentioned previ-

Composite CCF DR ously, a small threshold value indicates an improvement in
samples wt.% 1 1.5 2 electrical conductivity. Specifically, the electrical conductivity
of the shortest 1-mm-CCF sample demonstrated the most sig-
Imm 2.5 0 0 0 nificant improvement. This indicates that, as the length of the
5 3.35E-05 0.00535 0.12291 CCF increases, more tangles between CCFs will occur [40],
hindering alignment in the longitudinal direction during the
7.5 0.75904 0.83859 0.95141 drawing process
10 2.04482 2.67597 2.80794
3 25 0 0 0 That is, shorter 1-mm-CCFs are expected to have fewer tangles
mm ’ between them, allowing for better alignment during the draw-
5 3.35E-06 5.35E-04 0.11425 ing process. Schematics of the CCF distribution in two dimen-
sions with different lengths within the composites are shown
735 0.51674 1.27563 1.34648 in Figure 7. Short CCFs with low aspect ratios and long CCFs
10 1.10243 2.54042 2.56295 with high aspect ratios are shown in Figure 7a,b, respectively.
6mm 2.5 0 0 0
5 1.52E-07  3.35E-06  5.35E-04 TABLE 2 | Percolation threshold Vi, obtained using the trial-and-
error method.
7.5 0.13676 0.29401 0.47294
1-mm- 3-mm- 6-mm- 12-mm-
10 1.03248 1.65845 1.74888 CCF/ CCF/ CCF/ CCF/
12mm 2.5 0 0 — HDPE HDPE HDPE HDPE
5 1.52E-07 3.35E-06 — DR 1 0.027674 0.027685 0.027561 0.027686
7.5 0.16173 0.37076 — DR 1.5 0.026898 0.027681 0.027541 0.027685
10 0.22819 0.89406 — DR 2 0.017793 0.026468 0.027277 —
a (b (@
@, b
E 1 g1 21
¥ =e=1mm-CCF/HDPE t 3
3 08 308 g 08
4 ~0=3mm-CCF/HDPE T ER
o 06 g g
7 <0~ 6mm-CCF/HDPE 7 0.6 k. 0.6 ~4~1mm-CCF/HDPE
N 0
i 04 -+~ 12mm-CCF/HDPE % 04 £ 0 ~+-3mm-CCF/HOPE
5 02 g 02 E <+~ 6mm-CCF/HDPE
2 2 2 0.2
0 0 4~ 12mm-CCF/HDPE
25wth Stk 7.5wth 10wt 1mm 3mm 6mm 12mm ' 1 15 2
CCF weight percent Length of CCF '

Draw ratio

FIGURE4 | Normalized conductivities of the composites in terms of (a) CCF wt%, (b) CCF length, and (c) DR.

FIGURES5 |

Conceptual diagram of fillers with different areas or volumes with the same contents.

Polymer Composites, 2025

85UB017 SUOUIWIOD dA1IeR1D) 3[cedldde auy Aq peusenof a1e sajole YO 9SN Jo Sa|nJ 10} Aiq1T 8UlUO /8|1 U (SUORIPUOD-PUE-SWLBIAL0O" A IM A eI 1[Bu 1 UO//:SdNU) SUOTIPUOD pue SWIs 1 84} 885 *[520zZ/0T/ZT] Uo Akeiqiauliuo A8]Im ‘JO 8Iminsu| feuolieN ues|n Aq 6620/ 2d/Z00T 0T/10p/Luioo™A8]im Afe.q1jpul uo'suo 1edligndedsty//sdny wouj pepeojumod ‘0 ‘69508rST



0.029 ( )

T
° . d
% 0.027 e —
z
S 0.025
i
2 -
g 3 0023 —e—1mm-CCF/HDPE
B ~ = .
§ 0.001, ~o—3mm-CCF/HDPE
< 6mm-CCF/HDPE
S 0.019
5 12mm-CCF/HDPE
= 0.017

1 1.5 2

Draw ratio

- 0.029 ( b)
° — + ——— i)
G 0.027 —
e
-
> 0.025
=
€ 2 0.023
% = —e—DR 1
§ oot —o=DR 1.5
E 0.019 —
T 0.017
1 mm 3 mm 6 mm 12 mm

Length of CCF in the CCF/HDPE composite samples

FIGURE 6 | Percolation thresholds of electrical conductivity (Vj,): (a) thresholds versus DRs and (b) thresholds versus CCF lengths.

longitudinal direction

>
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- >

FIGURE 7 | CCF distribution patterns in the polymer composites: (a) short CCFs and (b) long CCFs.

Notably, CCFs may not only exist in these two extreme cases.
Short CCFs are likely to exist in the form shown in Figure 7a,
whereas long CCFs are expected to be similar to those shown in
Figure 7b within composites. When subjected to tensile loads,
the CCFs in Figure 7a are more likely to align along the lon-
gitudinal direction, whereas the tangled parts in Figure 7b are
expected to impede rearrangement under tensile loads.

Scanning electron microscopy (SEM) images of the fracture
surfaces of the CCF/HDPE composite samples are shown
in Figure 8. The 1-mm-CCF sample (short CCF sample) in
Figure 8a appears less entangled than the 12-mm-CCF sample
(long CCF sample) in Figure 8b; as explained in Figure 7.

Figure 8a,c show the SEM images of the 1-mm-CCF 10wt%/
HDPE sample, where (a) and (c) present images with a DR of 1
and 2, respectively. In Figure 8a, the CCFs are aligned in vari-
ous directions; however, most CCFs in Figure 8c are aligned in
a single direction. In summary, the alignment of the CCFs in
the sample increased because of the increase in the DR, leading
to improved electrical conductivity of the composite samples.
Conversely, the 12-mm-CCF 10wt%/HDPE samples are shown
in Figure 8b,d, with the CCFs in both images randomly oriented.
Despite Figure 8d having a DR of 1.5, unlike Figure 8c, the in-
creased alignment of CCFs cannot be attributed to the increased

DR. As shown in Figure 7, the entanglement of CCFs may im-
pede alignment improvement.

oy theoretically refers to the electrical conductivity of filler. In
the case of electrical conductivity in unidirectional continuous
fiber composites along the longitudinal direction, the value re-
mains constant regardless of the DR. However, CCF is discon-
tinuous in composites. Although the electrical conductivity of
CCEF itself is crucial in determining the overall composite con-
ductivity, the contact between adjacent discontinuous CCFs and
the gaps between adjacent CCFs that are not in contact will have
more significant effects on the determination of o;. That is, the
value of 6, may vary depending on the composite manufacturing
and measurement methods.

As shown in Table 3, log oy increased as DR increased for the
1-mm-CCF/HDPE sample and it decreased for the other CCF/
HDPE samples with the other CCF lengths. The variations in
logo; can be interpreted as changes in electrical conductivity
surrounding the filler. Composites containing short (1 mm) CCF
are typically distributed as shown in Figure 7a, with the CCF
properly aligning owing to an increase in the DR, resulting in
an increase in DR and probably increasing the value of log ;.
Conversely, composites with CCF lengths of at least 3mm may
be distributed similarly to those shown in Figure 7b, potentially
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FIGURES8 | SEM images of the CCF/HDPE composite samples: (a) 1l mm-CCF, 10wt%, DR 1; (b) 12mm-CCF, 10wt%, DR 1; (c) 1 mm-CCF, 10 wt%,

DR 2; and (d) 12mm-CCF, 10wt%, DR 1.5.

TABLE 3 | logoyobtained using least-squares fitting.

1-mm 3-mm 6-mm 12-mm

CCF/ CCF/ CCF/ CCF/

HDPE HDPE HDPE HDPE
DR 1 1.413682 1.233580 2.885379 1.4034390
DR 1.5 1.710699 0.975368 2.472056 1.3013741
DR 2 2.28468 0.968453 1.892419 —

impeding CCF alignment in the longitudinal direction as the DR
increases. That is, the gaps between the CCF agglomerations in-
crease with an increase in tensile force, probably resulting in a
decreasing log o for the samples with long CCFs. In terms of the
impact of the CCF length on log o, the 6-mm-CCF/HDPE sam-
ple exhibited the highest log o, values at DR 1 and 1.5, whereas
the 1-mm-CCF/HDPE sample exhibited the highest value at
DR 2. Overall, the influence of the CCF length on log o, did not
demonstrate a consistent trend.

The variable ¢ represents the exponential value in Equation (2). As
elucidated in Section 2.4, a small ¢ value indicates a rapid increase
in the electrical conductivity curve with respect to the CCF con-
tent exceeding the threshold value, followed by a rapid flattening
in the inflection region. Essentially, as the ¢ value increased, the

electrical conductivity gradually flattened in the inflection region
after an increase in the transition zone (Figure 9a).

As shown in Table 4, t increased as the DR increased for the 1 mm-
CCF/HDPE sample but decreased for the 6 mm-CCF/HDPE sam-
ple. Furthermore, the 1-mm-CCF and 6-mm-CCF samples showed
higher values compared with the 3-mm-CCF and 12-mm-CCF
samples. However, a consistent trend was difficult to discern.

As mentioned previously, the percolation threshold Vy, was ini-
tially determined, followed by o, and ¢ by establishing trend lines
to derive the percolation theory curve, as shown in Figure 9. The
electrical conductivity curves prepared using Equation (2) based
on the electrical conductivity experimental results of the 1, 3, 6,
and 12-mm-CCF/HDPE samples are shown in Figure 9a,c,e.f,
respectively, whereas the results of the least-squares fitting to
obtainlog o, and tin Equations (3) and (8), which were utilized to
draw the curves in Figure 9a,c,e.f, are shown in Figure 9b,d,g,h,
respectively.

Asindicated in Table 2 and Figure 6, the 1-mm-CCF/HDPE sam-
ple exhibited a low percolation threshold at DR 2 (Figure 9a),
along with the highest ¢ value at DR 2 and the lowest ¢ value
at DR 1 in Table 4. Hence, in the inflection region shown in
Figure 9a, the DR 2 curve showed the most gradual change,
whereas the DR 1 curve flattened at the fastest rate.

The fitted electrical conductivity curves and results of the least-
squares fitting to obtain logoy and ¢ for the 3mm-CCF/HDPE

Polymer Composites, 2025
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FIGUREY9 | Electrical conductivity versus CCF volume fraction of (a) 1, (c) 3, (e) 6, and (g) 12mm-CCF/HDPE composites and least-squares fitting
forlogoyand tof (b) 1, (d) 3, () 6, and (h) 12mm-CCF/HDPE composites (the dots expressed by circles, X's, and triangles in the graphs indicate the

experimental results).

sample are shown in Figure 9c,d, respectively. As indicated in
Table 2, the threshold values showed no significant difference.
Therefore, no significant difference in the percolation threshold
was observed, as shown in Figure 9c. The ¢ value of DR 1 in
Table 4 was the highest among the values for the 3-mm-CCF/
HDPE. Consequently, the electrical conductivity for DR 1

increased more gradually and reached a plateau compared with
that of DR 2 and 1.5 in the inflection region.

The electrical conductivity curves and results of the least-
squares fitting for the 6-mm-CCF/HDPE sample are shown in
Figure 9e.f, respectively. As indicated in Table 2, no significant
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difference was observed in the percolation threshold depend-
ing on the DR for the 6 mm-CCF/HDPE sample, leading to the
almost uniform threshold in Figure 9e. In the inflection re-
gion, the curve of DR 1 changed the least, whereas that of DR
2 changed the most rapidly. This discrepancy can be attributed
to the large ¢ value at DR 1 and small ¢ value at DR 2 for the
6-mm-CCF sample, as indicated in Table 4.

The electrical conductivity curves and results of the least-
squares fitting for the 12-mm-CCF/HDPE sample are shown
in Figure 9g,h, respectively. Notably, this sample exhibited al-
most identical threshold values at DR 1 and 1.5 (Table 2), with a
slightly smaller ¢ value at DR 1 (Table 4).

As shown in Figure 9, the fitted electrical conductivity curves
and results of the least-squares fitting align with the experimen-
tal results.

The electrical conductivity analysis results in terms of the DR
are shown in Figure 10. In the case of DR 1 (Figure 10a), the
percolation threshold V. exhibited an almost identical geom-
etry. As shown in Table 2, the percolation threshold values

TABLE 4 | tvalues obtained using least-squares fitting.

1-mm 3-mm 6-mm 12-mm
CCF/ CCF/ CCF/ CCF/
HDPE HDPE HDPE HDPE
DR 1 2.484779 1.962227 4.444364 1.651037
DR 1.5 3.037528 1.904026 4.014828 1.959796
DR 2 3.669626 1.880293 3.14051 —
(a) DR 1
©
2o
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2 1mm-CCF
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g 8 A 6mm-CCF(e)
——6mm-CCF
-10

CNT Volume fraction

0 0.05 0.1 0.15 0.2 0.25

for each sample were similar at DR 1. In the inflection region,
the 12-mm-CCF/HDPE showed a rapid change, whereas the
6-mm-CCF/HDPE exhibited the mildest change. This discrep-
ancy can be attributed to the lower ¢ value of the 12-mm-CCF/
HDPE sample compared with the higher ¢ value of the 6 mm-
CCF/HDPE sample, as indicated in Table 4. As mentioned
previously, a rapid change in the inflection region was ob-
served as t decreased, whereas a mild change was observed
as t increased.

The difference in Vj, at DR 1.5 was insignificant, whereas the 3 and
12-mm-CCF/HDPE samples showed rapid changes in the inflec-
tion region. As indicated in Table 4, these samples had low ¢ values.

In the case of DR 2, as discussed previously, the 1 mm-CCF/
HDPE sample had a low percolation threshold value. As shown
in Table 2, this sample exhibited the lowest value (V,: 0.017793).
In addition, the 3mm-CCF sample showed the most rapid
change in the inflection region, whereas the 1-mm-CCF sample
showed a more gradual change, as detailed in Table 4.

This study involved the analysis of electrical conductivity exper-
imental results for CCF/HDPE composites, with the percolation
theory results subjected to least-squares fitting. The overall find-
ings indicate a strong agreement between the fitted percolation
theory and experimental results.

4 | Conclusions
In this study, CCF/HDPE composite samples were prepared

and analyzed based on the CCF content, CCF length, and
DR. To achieve this, an alignment experiment of the CCF
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FIGURE 10 | Electrical conductivity curves of CCF/HDPE samples at DR 1, 1.5, and 2 ((e) indicates the experimental result).
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was conducted through tensile loading following extrusion.
The electrical conductivity increased with an increasing
CCF content, a decreasing CCF length, and an increasing
DR. The highest conductivity measured was 2.808S/cm for
CCF with a length of 1 mm, 10wt%, and a DR of 2. For quan-
titative evaluation, the EMI shielding effectiveness (SE) was
estimated based on the measured electrical conductivities,
as described in Appendix C. The calculated SE values were
approximately 52.9, 50.6, 41.9, and 29.8dB for samples with
different conductivities. These results suggest that the devel-
oped composites meet or exceed the typical EMI shielding
requirements for automotive and electronic applications (see
Table D1). The experimental results were further analyzed by
fitting the percolation theory using the least-squares method.
The percolation threshold decreased as the DR increased and
CCF length decreased. A lower threshold signified higher
electrical conductivity. In addition, the relationship between
logo; and the DR varied among the different samples, with
the Imm-CCF/HDPE sample showing an increase in logo; as
the DR increased, whereas the other samples exhibited a de-
crease. Furthermore, the ¢ value analysis revealed that the 1
and 6 mm-CCF/HDPE samples had higher values compared
with the 3 and 12-mm-CCF/HDPE samples. A decrease in the
t value corresponded to a rapid change in electrical conductiv-
ity within the inflection region. The fitted percolation theory
exhibited excellent agreement with the experimental results.
A rheological analysis is planned as future work to under-
stand the flow behavior during processing further, which is
expected to support the optimization of the extrusion process.
Overall, the findings provide a foundation for the optimal de-
sign of conductive polymer composites.
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Appendix A

Table Al shows the electrical conductivity of 1 mm-CCF/HDPE com-
posites and the normalized values for the conductivity. As the electri-
cal conductivity value varied significantly depending on the DR, it was
normalized for easy comparison. During the normalization process, the
electrical conductivity for 5 and 7.5wt% was divided by the 10wt% con-
ductivity of the CCF/HDPE sample, which was the highest conductivity
value, as shown in Table Al. In addition, Figure 4a was obtained using
the average values of the normalized values. The graphs of the 3, 6, and
12-mm-CCF/HDPE composites in Figure 4a were obtained using the
averages of the normalized values in Tables A2-A4, respectively. The
graph in Fig. 4c was obtained using the averages of the normalized val-
ues. The graphs of the 3 and 6 mm-CCF/HDPE composites in Fig. 4c
were obtained using Tables A2 and A3, respectively. As there was no ex-
perimental result for the 12 mm-CCF/HDPE at DR 2, the normalization
was performed based on the electrical conductivity of DR 1.5 (Table A4).

TABLE A1 | Electrical conductivities of 1-mm-CCF/HDPE composites and normalized values.

2.5wt% 5wt% 7.5wWt% 10wt%
Original conductivity (S/cm) DR1 0 3.3500E-05 0.7590 2.0448
DR 1.5 0 5.3500E-03 0.8386 2.6760
DR 2 0 1.2291E-01 0.9514 2.8079

Normalized conductivity DR1 0 1.6383E-05 0.3712 1

DR 1.5 0 1.9993E-03 0.3134 1

DR 2 0 4.3772E-02 0.3388 1

Average 0 1.5263E-02 0.3411 1

TABLE A2 | Electrical conductivities of 3-mm-CCF/HDPE composites and normalized values.

2.5wt% S5wt% 7.5wWt% 10wt%
Original conductivity (S/cm) DR1 0 3.3500E-06 0.5167 1.10243
DR 1.5 0 5.3500E-04 1.2756 2.54042
DR 2 0 1.1425E-01 1.3465 2.56295

Normalized conductivity DR1 0 3.0387E-06 0.4687 1

DR 1.5 0 2.1060E-04 0.5021 1

DR 2 0 4.4578E-02 0.5254 1

Average 0 1.4930E-02 0.4987 1

TABLE A3 | Electrical conductivities of 6-mm-CCF/HDPE composites and normalized values.

2.5wt% S5wt% 7.5wWt% 10wt%
Original conductivity (S/cm) DR1 0 1.5200E-07 0.1368 1.0325
DR 1.5 0 3.3500E-06 0.2940 1.6585
DR 2 0 5.3500E-04 0.4729 1.7489

Normalized conductivity DR1 0 1.4722E-07 0.1325 1

DR 1.5 0 2.0200E-06 0.1773 1

DR 2 0 3.0591E-04 0.2704 1

Average 0 1.0269E-04 0.1934 1
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TABLE A4 | Electrical conductivities of 12-mm-CCF/HDPE composites and normalized values.

2.5wt% 5wt% 7.5wWt% 10wt%
Original conductivity (S/cm) DR1 0 1.5200E-07 0.1617 0.2282
DR 1.5 0 3.3500E-06 0.3708 0.8941
DR 2 — — — —
Normalized conductivity DR1 0 6.6611E-07 0.7088 1
DR 1.5 0 3.7470E-06 0.4147 1
DR 2 — — — —
Average 0 2.2065E-06 0.5617 1

Appendix B

Table B1 shows the electrical conductivity of the CCF/HDPE composites
manufactured at DR 1 and the normalized values for the conductivity.
The electrical conductivity values were normalized by dividing them
by the value of the 1-mm-CCF/HDPE sample, which had the highest
electrical conductivity. In addition, the graph in Figure 4b was obtained
using the average of the normalized values. The graphs for DR 1.5 and 2
in Figure 4b were obtained using Tables B2 and B3, respectively.

TABLE B1 | Electrical conductivities of CCF/HDPE composites with DR 1 and normalized values.

1mm 3mm 6mm 12mm
Original conductivity (S/cm) Swt% 3.350E-05 3.350E-06 1.520E-07 1.520E-07
7.5wWt% 0.7590 0.5167 0.1368 0.1617
10wt% 2.0448 1.1024 1.0325 0.2282
Normalized conductivity Swt% 1 0.1 0.0045 0.0045
7.5wWt% 1 0.6808 0.1802 0.2131
10wt% 1 0.5391 0.5049 0.1116
Average 1 0.4400 0.2299 0.1097

TABLE B2 | Electrical conductivities of CCF/HDPE composites with DR 1.5 and normalized values.

1mm 3mm 6mm 12mm

Original conductivity (S/cm) 5wt% 5.350E-03 5.350E-04 3.350E-06 3.350E-06
7.5wWt% 0.8386 1.2756 0.29401 0.37076
10wt% 2.6760 2.5404 1.65845 0.89406

Normalized conductivity Swt% 1 0.1 6.262E-04 6.262E-04
7.5wWt% 1 1.5212 0.3506 0.4421
10wt% 1 0.9493 0.6198 0.3341
Average 1 0.8568 0.3237 0.2590
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TABLE B3 | Electrical conductivities of CCF/HDPE composites
with DR 2 and normalized values.

Imm 3mm 6mm 12mm
Original 5wt% 0.1229  0.1143  5.350E-04 —
conductivity
(S/cm) 7.5wt%  0.9514  1.3465 0.4729 —
10wt%  2.8079  2.5630 1.7489 —
Normalized Swt% 1 0.9295  4.353E-03 —
conductivity
7.5wWt% 1 1.4152 0.4971 —
10wt% 1 0.9128 0.6228 —
Average 1 1.0858 0.3748 —
Appendix C

Estimation of SE

To support the practical relevance of this study, the SE of the CCF/HDPE
composites was estimated using a simplified absorption-dominated
model. The equation is as follows:

Simplified absorption-dominated SE model:
SE ~ 8.68 - t - \/zfuc

where SE: shielding effectiveness (dB); t: material thickness (cm); f: fre-
quency (Hz); u: magnetic permeability (H/m); o: electrical conductiv-
ity (S/m).

The calculated SE values were approximately 52.9, 50.6, 41.9, and
29.8dB, corresponding to the maximum electrical conductivity values
for each CCF length, assuming a material thickness of 2cm and a mag-
netic permeability of 47X 1077 H/m. These results demonstrate that the
developed composites exhibit promising EMI shielding performance,
meeting the typical requirements for potential automotive and elec-
tronic applications.

Appendix D
Typical EMI Shielding Requirements

TABLE D1 | Typical EMI shielding requirements for automotive components.

Application area Frequency range Required SE

ECU, ABS, ETC 1MHz-1GHz >40dB

Infotainment systems, ADAS 30MHz-6GHz >50dB

High-voltage battery systems 10MHz-2.5GHz >60dB

High-speed data lines MHz to GHz >40-60dB

Radar, cameras, and sensor modules ~76 GHz (automotive radar) >30dB (a lower SE may be acceptable)
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