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Abstract: Composite containing metal fibers are applied widely in the field of electromagnetic interference for its excellent
electromagnetic shielding effectiveness (EMSE). In the present study, two kinds of composite, 316L fibers/epoxy resin composite
and Cu fibers/epoxy resin composite, were achieved using infiltration and mechanical stirring, respectively, The EMSE of the
composite was assessed. The results show that the EMSE of 316L fibers/epoxy resin composite increases gradually with the aspect
ratio of fibers increasing from 200 to 1000, while it decreases quickly with that from 1000 to 3000. Furthermore, the EMSE of the
composite increases gradually as the content of fibers increases from 10 wt% to 25 wt%. Additionally, for the 316L fibers/epoxy
resin composite, the optimum parameters of 316L fibers are the diameter of 8 pm, the content of 25wt% and the aspect ratio of 1000,
and the highest EMSE of the composite is about —78dB. For the Cu fibers/epoxy resin composite, the optimum parameters of Cu

fibers are the diameter of 120 pm and the content of 2.0 wt%.
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In recent vyears, electric devices and communication
instruments have been widely used, but they generate severe
electromagnetic radiation, resulting in harmful effects on
highly sensitive precision electronic equipment as well as the
living environment for human beings™®. Now, electromag-
netic shielding is an effective method resolving electromag-
netic interference (EMI) and electromagnetic pollution!®, and
great efforts have been made for the development of high
performance electromagnetic shielding material™. The ideal
electromagnetic shielding material is expected to absorb
electromagnetic waves efficiently which is light, thin, and
functional, and can be applied in a wide frequency range'®.

Up to date, the shells of phones, computers, refrigerators,
microwave ovens, television, and air-conditioners are made of
polymers, but the polymers can’t shield off electromagnetic
radiation ™. So, it is very imperative to prepare novel
electromagnetic shielding polymers. However, polymers at
present are filled with conductive fillers generating
electromagnetic shielding effectiveness. Conductive fillers
include mainly carbon-based fillers, such as carbon black i
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carbon nanotubes®™, carbon nanofibers™, mesoporous
carbon™, pyrolytic carbon (PyC)™, graphene™*®, carbon
fibers and nickel-coated carbon fibers™, metal powders ™2,
stainless steel fibers®**¥  copper wires®™. But, for the
polymer composite containing carbon-based fillers or metal
powders, individual conductive fillers are randomly
distributed inside the polymer matrix and are surrounded by
the molecular chains of polymer, and the electrical
conductivity of the material strongly depends on electron
percolation between the separated filler particles. Therefore, a
high content and good dispersion of carbon-based fillers or
metal powders are usually required to make a conductive
interconnected network in order to obtain excellent
electromagnetic shielding effectiveness (EMSE)™. In addition,
metal fibers would be used widely in the EMI field due to
their excellent conductivity, corrosion resistance, antioxidation
and high strength. However, the EMSE of the polymer
composite containing metal fibers is low®***#] and the effects
of the fibrous characterization on the EMSE have not been
investigated so far.
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In the present study, two kinds of composite mixed by
epoxy resin and stainless steel fibers or copper fibers were
prepared by immersion and mechanical stirring processes,
respectively. Through varying the content of metal fibers, the
aspect ratio of metal fibers, the diameter of metal fibers, the
composite with different structures was obtained. Subse-
quently, the EMSE of the two kinds of composite in the
frequency range of 2.25~2.65 GHz was analyzed and the
shielding mechanism was also studied.

1 Experiment

In the study, two kinds of metal fibers, stainless steel fibers
(316L) with the diameters of 8, 20, 28, 50, 100, 200 um and
copper ones with the diameters of 80, 100, 120, 160 um, were
used as raw materials. Another two kinds of raw materials
were the epoxy resin and the ethylenediamine.

The composite for resolving EMI was manufactured by
mixing the metal fibers, the epoxy resin and the
ethylenediamine and was described in detail as follows.

(1) Composite containing 316L fibers

Firstly, the 316L fibers were cut into short fibers with
different aspect ratios, including 200, 1000, 2000, 3000, and
then the fiber felt was prepared by an air-laid process. The
fiber felt was sintered at 1250 <C for 2 h to form porous metal
fiber materials as shown in Fig.1. Secondly, the epoxy resin
and the ethylenediamine were mixed together, and then the
mixture was immersed into the porous metal fiber materials
and solidified to form the composite™. Then, the final
dimensions of the composite were 150 mm>150 mm>5 mm
(length>width >height), as shown in Fig.2a. In the paper, the
process was defined as the first process.

(2) Composite containing Cu fibers

Firstly, the Cu fibers were cut into short fibers with the
aspect ratio of 200, and then the short fibers and the epoxy
resin was mixed together using the ethylenediamine as a
solidified agent by the mechanical stirring method. Secondly,
the mixture was poured into a mold and solidified to form
another composite, as shown in Fig.2b. Then, the final
dimension of the composite was ®200 mm>5 mm. In the
paper, the process was regarded as the second process.

Fig.1 SEM image of porous metal fibers materials with the diameter
of 8 pm

Fig.2 Images of composites made by two processes: (a) the first
process and (b) the second process

Following the corresponding national standard of China
(GJB 5313-2004), the EMSE of two kinds of composite was
tested by a coaxial-waveguide network analyzer.

2 Results and Discussion

2.1 Effect of the aspect ratio of metal fibers on EMSE

When the content of the 316L fibers is 25 wt%, the EMSE
of the specimen made by the first process is affected by the
aspect ratio of the fibers and the tested results are shown in
Fig.3. It can be seen that the EMSE increases gradually with
the aspect ratio increasing from 200 to 1000, while it
decreases quickly with that from 1000 to 3000. Furthermore,
the EMSE is the highest for the aspect ratio of 1000, about
—72~—79 dB, while it is the lowest for that of 3000, about —58
~ —65 dB. When the aspect ratio of the fibers is 1000, the
metal fibers can form an effective electric network in the
polymer matrix ¥, leading to higher EMSE. However, when
the aspect ratio is higher than 1000, the amount of the fibers
decreases gradually per unit area as the aspect ratio increases,
decreasing in the amount of crunode. As a result, the
conductivity of the composite decreases and thus the EMSE
decreases. Therefore, for the composite manufactured by the
first process, the optimum aspect ratio of the 316L fibers is
1000.
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Fig.3 Effect of the aspect ratio of 316L fibers on the EMSE of the
samples made by the first process at the same content of the
fibers
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2.2 Effect of the content of metal fibers on EMSE

From the discussion of 2.1, we know that the appropriate
aspect ratio of 316L fibers is 1000, so in the section, the samples
are prepared by the first process using the aspect ratio of 1000
with different contents of fibers from 10 wt% to 30 wt% and the
diameter of 8 pm, and then the measured results of EMSE are
shown in Fig.4. It can be seen from Fig. 4 that at the identical
electromagnetic wave frequency, the EMSE increases gradually
as the contents increases from 10 wt% to 25 wt%. Furthermore,
the EMSE is about —75 ~ —78 dB for the content of 25 wt% at
the frequency of 2.25~2.65 GHz. In addition, the EMSE with
the content of 25 wt% is appreciably lower than that of 30 wt%.
Hence, from the point of performance price ratio, in order to
obtain excellent EMSE, the content of fibers may be 25 wt%. It
also can be seen from Fig. 4 that the EMSE exceeds —40 dB
when the content of fibers is higher than 10 wt%. Moreover, the
EMSE decreases firstly and arrives the minimum and then
increases in the whole frequency when the content of fibers is
lower than 20 wt%, while the frequency has no significant
influence on the EMSE when the content of fibers is higher than
25 wt%.

The classical Schelkunoff formula for calculating the EMSE
is defined as

EMSE=A+R+M 1)
where A is the absorption loss, R is the reflection loss and M is
multiple reflection loss.

According to Eq.(1), the electrical surface resistivity of the
composite decreases gradually with the contents of fibers
increasing leading to the absorption loss, A, and the reflection
loss, R, increasing slowly, so the EMSE increases gradually. But
when the contents of fibers exceed the critical value, A increases,
while R decreases. Consequently, the EMSE increases very
slowly, or even decreases appreciably.

In addition, when the 316L fibers are used as the conductive
filler, they are not only conductor but also increase electromag-
netic wave’s scattering, bringing more interface than other
organic fibers inside the composite. Furthermore, the composite
forms an apparent layer structure as shown in Fig.5. It can be
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Fig.4 Effect of the contents of 316L fibers on the EMSE of the
samples made by the first process at the same aspect ratio of
the fibers
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Fig.5 Sketch diagram of layer structure of the composite made by
the first process

seen from Fig.5 that there are no conductive fibers at the surface
layer and it is made up of pure epoxy resin. Therefore, both
sides of the composite are non-conducting layers. But there are
full of 316L fibers in the core area, and the volume resistance
here is much lower than any other parts. Hence the inner part of
the composite can be considered as a conductive layer. As a
matter of fact, such a layer structure changes the track of the
incident electromagnetic wave and the wave will be scattered by
four interfaces as shown in Fig.5. Such a structure will largely
increase the EMSE of the composite (Fig.4).

Additionally, the effect of the contents of copper fibers with
the diameter of 100 pm and the aspect ratio of 200 on the
EMSE of the composite made by the second process was also
discussed, as shown in Fig. 6. It can be seen that the EMSE
increases gradually as the contents of Cu fibers increase from
0 wt% to 2.0 wt%, while it decreases appreciably with that
increasing from 2.0 wt% to 2.5 wt%. The EMSE is the highest,
about —20 ~ —25dB, when the content of Cu fibers is 2.0 wt%,
while it is the lowest without Cu fibers, about —1.35 ~-1.91 dB.
Therefore, for the composite prepared using the second process,
the optimal content of Cu fibers is 2.0 wt%.

In addition, it also can be seen from Fig.6 that the EMSE of
the composite is hardly affected by the electromagnetic wave
frequency.
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Fig.6 Effect of the contents of Cu fibers on the EMSE of the
samples made by the second process at the aspect ratio of 200
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2.3 Effect of the diameter of metal fibers on EMSE

The effect of the diameters of 316L fibers on the EMSE of
the composite fabricated by the first process, including
diameters of 8, 20, 28, 50, 100, 200 um with the aspect ratio of
1000 and the fibers content of 25wt%, was analyzed as shown
in Fig.7. It can be seen that the EMSE of the composite with the
fiber diameter of 8 um is stable, about —74 ~ —78 dB, but the
EMSE of the composite with the fiber diameter of 20 um tends
to fluctuate, about —72 ~ —78 dB, as the electromagnetic wave
frequency increases. This may be caused by the difference
between fiber diameters. For the diameters of 28, 50, 100, 200
um, the average EMSE decreases gradually with the diameter
increasing, which is —67.41, —64.55, —61.15 and —61.02 dB,
respectively. In addition, the EMSE of the composite made by
the fibers of the diameter 8 um is scarcely affected by the
electromagnetic wave frequency. So, in practice, the appropriate
fiber diameter is 8 m to form the composite containing 316L
fibers using the first process.

For the composite containing Cu fibers, the effect of the
diameters of fibers on the EMSE is shown in Fig.8. The
composite is fabricated using the second process with the content
of fibers of 0.5 wt% and the aspect ratio of 200 and the diameters
of 80, 100, 120, and 160 pm. It can be seen from Fig.8 that the
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Fig.7 Effect of the diameters of 316L fibers on the EMSE of the
samples made by the first process with the aspect ratio of
fibers of 1000 and the fibers content of 25 wt%
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Fig.8 Effect of the diameters of Cu fibers on the EMSE of the
samples made by the second process with the aspect ratio of
fibers of 200 and the fibers content of 0.5wt%

EMSE increases gradually with the diameters increasing from
80 pm to 120 pm and the highest EMSE is about —12 dB, while
it decreases appreciably when the diameter increases from 120
pm to 160 pm. Therefore, the appropriate fiber diameter is 120
m to form the composite containing Cu fibers using the second
process.

3 Conclusions

1) The EMSE of the composite containing 316L fibers
increases gradually as the aspect ratio of fibers increases from
200 to 1000, while it decreases quickly as that from 1000 to
3000.

2) At the identical electromagnetic wave frequency, the
EMSE of the composite increases gradually as the contents of
metal fibers increase from 0 wt% to 2.0 wt% (Cu fibers) or
from 10 wt% to 25wt% (316L fibers).

3) When the composite with excellent EMSE is fabricated
using the first process, the appropriate parameters of 316L
fibers are the aspect ratio of 1000, the content of 25 wt% and
the diameter of 8 pm in practice. Furthermore, the highest
EMSE is -78 dB.

4) When the composite is prepared by the second process,
the appropriate parameters of Cu fibers are the content of 2.0
wt% and the diameter of 120 pm.
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ERTH/IBREAME S HIBVH & K H B i 7 #oilae

THE, B OF, %% wEE
(LA 4 RS 48 LA RIE SR S 9%, B 755 710016)

# B HR&RAENESME T EA R RRERRRE (EMSE) 1) Z A T i TR . A0 50 R IR B RN U B ik
I3l T 3161 LF4EHEM IR Cu LF4E/ENEM NG 2 FhE AR, JRINK T H Rk Re . BEFURE, 4 316L ZF4EKAR LA 200
HEINE) 1000 BT, 316L £F-4E/FR SR AR 5 -G A4 RH FRERE S REIZWTIE R, T 24K AR EL AR 1000 303 3000 B, H A A4 RH b R AL
AR TR 24 316L ZF4ERI R 7 2 10%34 N3] 259%0T, B A KM LB IR RZET G K. X T 316L A 4E/ERAM IE Z &M Rk
T, 316L A4EMRESE: F4EERN 8 un. H RN 25%. KAELh 1000, HE A AR BB RO e R AT IE-78 dB. XT T Cu £F
AN EMET S, CuZFEMERESE: F4EEAN 120 pm. FFH 2.0%.
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