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Submicron diameter nickel filaments and their
polymer-matrix composites

XIAOPING SHUI, D. D. L. CHUNG
Composite Materials Research Laboratory, State University of New York at Buffalo,
Buffalo, NY 14260—4400 USA

Discontinuous nickel filaments of diameter 0.4 um and having a carbon core of diameter
0.1 um were fabricated by electroplating nickel on discontinuous carbon filaments. They
exhibited a grain size of 0.016 um and electrical resistivity of about 5 x 10-¢ Q.cm. In an

amount as low as 7 vol.% in a polymer (polyether sulfone) matrix, they resulted in a
composite exhibiting electromagnetic interference shielding effectiveness of 87 dB and
reflection coefficient 0.95 at 1-2 GHz, tensile strength 52 MPa, tensile ductility 1.0%, and
density 1.87 g/cm3. ©® 2000 Kluwer Academic Publishers

1. Introduction

Metal wires/fibers are conventionally made by either
metal forming (such as wire drawing) or melt spinning.
Both processes become more difficult as the fiber diam-
eter decreases. Thus, the use of these processes to make
fibers of diameter a few micrometers or less is expensive
and difficult. As a result, metal fibers of diameter less
than about 2 um are essentially not available. By using a
totally different process, which is inexpensive, we have
fabricated submicron diameter nickel filaments [1, 2].
This process involves electroplating nickel on carbon
filaments of diameter 0.1 pm, so that the resulting fila-
ment has diameter 0.4 pm. As nickel constitutes 94% of
the volume of the coated filament, the coated filament
is referred to as a nickel filament. The electroplating of
nickel or copper has been previously performed on con-
ventional carbon fibers (diameter 7 m), such that the
coating thickness is much smaller than the original fiber
diameter [3-5]. Electroplating on the 0.1 ym diameter
carbon filaments, which are discontinuous (length >
100 pm), is much more challenging than electroplating
on continuous 7 um diameter carbon fibers, since the
discontinuous nature makes the application of electri-
cal contacts intuitively difficult and the small diameter
makes the filaments easy to break. This paper describes
the process of making the nickel filaments.

Metal fibers/filaments of small diameter are techno-
logically attractive for use as a filler in composite ma-
terials, such as polymer-matrix composites. The small
diameter is particularly attractive for composites that
are used for electromagnetic interference (EMI) shield-
ing or for reflecting electromagnetic radiation in the ra-
dio wave and microwave regime, which is relevant to
radars, wireless communication and electrostatic dis-
charge protection. A high shielding effectiveness alle-
viates the problem of electronic pollution emanating
from radio frequency wireless communication devices
and other electronic equipment. A high reflectivity is
attractive for use in microwave waveguides, electro-
static discharge protection and other radio wave or mi-
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crowave devices. A small diameter is preferred for the
metal filaments because of the skin effect, which refers
to the phenomenon in which electromagnetic radiation
at a high frequency interacts only with the near surface
region of a conductor. Due to the skin effect, a compos-
ite with metal filaments of a smaller diameter is more
effective than one with metal filaments of a larger di-
ameter at the same volume fraction for shielding or re-
flection. This paper provides data which show that the
submicron diameter nickel filaments are indeed very
effective for these electromagnetic applications. In ad-
dition, this paper describes the mechanical properties of
these composites. Comparative data (both electromag-
netic and mechanical) are given for composites with the
submicron diameter nickel filaments, those with com-
mercial nickel fibers (a 20 um diameter nickel fiber
from National Standard Co., Corbin, Kentucky, and a
2 um diameter nickel fiber from Ribtec, Inc., Gahanna,
Ohio) and those with 0.1 um diameter carbon filaments
(the core of each nickel filament; type ADNH carbon fil-
aments from Applied Sciences Inc., Cedarville, Ohio).
In this work, “fibers” refer to those of diameter more
than 1 um and “filaments” refer to those of diameter
less than 1 pm.

2. Nickel filaments

2.1. Nickel filament fabrication

The nickel filaments were fabricated by electroplating
nickel on carbon filaments, which were made using
methane as the primary source gas and an iron contain-
ing catalyst. During carbon filament growth, hydrogen
sulfide was added to the feedstock in small amounts to
increase the filament yield. The basic properties of car-
bon filaments, as provided by Applied Sciences Inc.,
are listed in Table I. The surface area in Table I was
calculated, according to R. Alig of Applied Sciences
Inc., by assuming that the fiber was a solid cylinder
with a density of 2 g/cm?. In reality, the filament is
a microtube with the inner hole diameter varying from
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TABLE I Properties of carbon filaments

Diameter (um) 0.16

Surface area (m%/g) 12.5

Bulk density (cm3/g) (compressed) 1620

Surface chemistry Nitrogen groups
Sizing None

SEM morphology Entwined mass
Density (g/cm®) 2

Aspect ratio 50-200

approximately 20 to 75 nm, as shown by scanning elec-
tron microscopy (SEM).

The electroplating was conducted by using a nickel
anode and a nickel sulfate electrolyte solution. The fab-
ricating process included the following five steps.

(a) Pre-treatment. 1t is important to clean the sur-
face of an object to be electroplated prior to electroplat-
ing. To cleanse, the filaments were immersed in acetone
(contained in a beaker) and stirred for 10 min using a
stirring plate. This caused the acetone to change in ap-
pearance, from clear to yellow, indicating the cleansing
action of the medium. Then the filaments were sep-
arated from acetone by vacuum infiltration. This was
repeated three times or until the acetone became clear.
After filtration, the filaments were allowed to air dry.
The cleansing removed a tarry substance which com-
prised mainly polyaromatic hydrocarbons [6].

(b) Dispersing. After surface cleansing and drying
in air, the filaments were immersed in distilled water in
ablender for a few minutes. Then, the blender was oper-
ated at a low speed for 1 min. After that, the filaments
were separated from the water by vacuum filtration.
The filaments were then immersed in the electrolyte
solution in the blender and blended for 0.5 min. The
filaments were thus well dispersed in the electrolyte
solution, such that bubbles were present along with the
filaments. The bubbles were needed for making the fil-
ament mass float during electroplating.

(¢c) Electroplating. After dispersing, the filaments
were floated on the top of the electrolyte. As shown
in Fig. 1, a nickel plate, used as an anode, together
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Figure 1 Nlustration of the electroplating set-up.
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with an electrical lead, was put into the bottom of a
beaker. The lead was insulated from the cathode by a
plastic tube. The cathode which was in contact with the
filaments was a copper mesh. A Teflon coated stirrer
was immersed in the middle of the beaker.

For 1 g of carbon filaments, the cathode current was
set at 16 A. Considering the huge surface area of the
filaments, which was about 12.5 m? per gram of fila-
ments, the electrical current density was very low, as
low as 0.13 mA/cm?.

The plating temperature was 65°C. The total plating
time was 28 min. The process was stopped for stirring
every 7 min to make the coating more homogeneous.

(d) Removing the remaining electrolyte from the fil-
aments. After plating, the filaments were separated
from the electrolyte by vacuum filtration. Then the fila-
ments were immersed in water at about 65°C and stirred
to remove the remaining electrolyte. The uncoated fil-
aments were washed away along with the electrolyte

and water. Then vacuum filtration was conducted. This #-
process was repeated for at least five times, or until the . -

filtrate became totally clear and the uncoated filaments
were absent.

(e) Drying. The filaments were dried in an oven at
about 90 °C in air overnight. ‘

For 1 g of carbon filaments, the weight of the fi-
nal product was 7.4 g—much less than the amount of
76 g expected for perfect coverage of all the carbon
filaments, due to the washing away of the uncoated fil-
aments in step (d). Theoretically, the nickel’s electro-
chemical equivalent quantity is, according to Faraday’s
Law, 1.095 g/A-h. In the above process, the theoretical
yield should be 8.176 g. Hence, the efficiency of the
process was 91%.

2.2. Scanning electron microscopy
SEM was used to observe the morphology of both nickel
filaments and nickel fibers.

Fig. 2a and b show, at two magnifications, nickel
fibers from National Standard Co. These fibers are
about 300-800 pum long and 20 um diameter. Each
fiber is composed of two contacting parallel fibers of
20 pm in diameter. From Fig. 2a, it could be seen that
the grains of the fiber are about 2-6 um in size. There
are many pores of about 1 um size in the grain bound-
aries. These pores are expected to cause low strength
and low electrical conductivity.

Fig. 3a and b show, at two magnifications, nickel
fibers from Ribtec, Inc. These fibers have an irregular
cross-sectional shape and their diameter range from 0.5
to 3 um. Since it is hard to find both ends of a single
fiber, it is expected that the length of the fibers is larger
than 150 pm, which is the size of the photographed
area. According to the manufacturer, the fiber length
is 2000 pwm. From Fig. 3a, it can be seen that there
are many secondary fibers on a primary fiber. These
secondary fibers can bridge between primary fibers to
increase the electrical conductivity of fiber compacts
and of fiber polymer-matrix composites.
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Figure 3 SEM photographs of 2 jzm nickel fibers at two magnifications.

Fig. 4aandb shows, at two magnifications, the carbon
filaments before electroplating. Fig. 4c and d show, at
two magnifications, nickel filaments fabricated by coat-
ing nickel on the carbon filaments. Fig. 4c shows that all
the filaments were coated with nickel homogeneously.
No bare carbon filament could be found. Fig. 4d shows
that the filament diameter is about 0.4 pm. It should
be noticed that after coating, two crossing carbon fila-
ments joined together at their junction. Such joints are
desirable for increasing the electrical conductivity.

In order to obtain the nickel content of the nickel
filaments, four SEM photographs each were taken for
both carbon filaments and nickel filaments at a magni-
fication of 30,000. Ten filaments were randomly cho-
sen from each photograph to measure the diameter, so
that each type of filament had 40 filaments measured.
The average diameter of carbon filaments is 0.096 +
0.018 pm. The average diameter of nickel filaments
is 0.404 £ 0.022 pm. Thus, it could be calculated that
the volume fraction of the carbon core is 5.6%, and the
volume fraction of nickel is 94.4%.

The density Dyickel filaments Of the nickel filaments was
calculated from the densities D and volume fractions
V of the components by the Rule of Mixtures as

Diickel filaments = Dcarbon filaments Vearbon filaments
+ Dhickel Vnickel
= (2 x 0.056 + 8.9 x 0.944) g/cm’
= 8.51 g/cm?

The surface area of the nickel filaments were calcu-
lated by omitting the ends and joints. Since the surface
area for one filament is § =2wr[, and the volume of
one filament is 7%l the surface area of a unit vol-
ume is 2/r cm? and the surface area per unit weight is
2/rD. Thus, the surface area of the nickel filaments is
1.16 m?/g.

2.3. Electrical resistivity

Due to the small diameter of the carbon filaments, single
filament electrical resistivity measurement was impos-
sible. Thus, the electrical resistivity of filaments was
estimated by measuring the electrical resistance of a
filament compact. The four-point probe method was
used. The testing fixture was made of steel and is shown
in Fig. 5. The design incorporates a rectangular cav-
ity into which the carbon filaments were placed and
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Figure 4 SEM photographs of carbon filaments at two magnifications, (a) and (b), and nickel filaments at two magnifications, (¢) and (d).
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Figure 5 Set-up for four-probe electrical resistivity measurement of a
compact.

compacted using a rectangular piston at a controlled
pressure. Secured to the ends of the mold were probes
(5 inches apart) used to pass current. Attached to the
steel piston were two more probes placed at a fixed
distance (£ =3 inches) apart. The potential developed
across these two probes was measured as current was
passed through the end probes. The compact electri-
cal resistivity (p) was determined as a function of the
cross sectional area A of the sample, which is a func-
tion of the piston position, and the potential drop, AV,
between the probes for a known current, 7, through the
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compact, using the equation

sl o

The compacting pressure is directly proportional to the
contact pressure between filaments for a given filament
geometry. It is well known that the contact resistivity
decreased with increasing contact pressure for electri-
cal contacts in general. By increasing the pressure on
the piston, the electrical resistivity gradually leveled
off, as shown in Fig. 6. At a pressure of 7 MPa, the
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Figure 6 Electrical resistivity of carbon filament compact at different
pressures.



resistivity of the as- received carbon filament compact
is 0.041 Q-cm.

A simple model to estimate the filament resistivity is
based on the Rule of Mixtures. If, in the compact, all
filaments are straight and aligned in one direction, the
compact conductivity in the filament direction can be
expressed as

0. = 0tVf + o Vi, 2

where o, is the compact conductivity, oy is the filament
conductivity, oy, is the matrix conductivity, and Vi is the
filament volume fraction and V,, is the matrix volume
fraction.

In this case, the matrix is air. Thus oy, is assumed to
be zero. Thus Equation 2 can be written as

o. = ofVs 3
or
Pr = pc Vs C))

where pr is the filament resistivity and p, is the compact
resistivity.

Since this model assumes that all filaments are
straight and aligned in one direction, the o is the high-
est possible value for a given oy. In other words, the of
is the upper limit value for a given o..

The second model to estimate the compact con-
ductivity assumes that the conducting medium com-
prises straight short fibers randomly distributed in
three-dimensional space [7]. Assuming that the angle
between the axis of any short fiber and the current
direction is 6, the possibility for a fiber to be in a direc-
tion between # and 6 + 80 in three-dimensional space
is sin 9(88/2) (Appendix A). The effective material
contributing to conduction is reduced by a factor of
cos? 6 because the conducting fiber is not parallel to
the current direction. Thus, the geometric factor g can
be calculated by the equation

2 /2
g= —f cos? @ sin 6 dg /2
/2 Jo
2 /2
= —/ cos? @ sin 6 df
T Jo
2
== 5
e (5)
Hence, Equation 3 becomes
2
0. = —O'fo (6)
3n
or
2
pr =3P Vi )]
b4

This three-dimensionally random distribution model
is the other extreme compared to the Rule of Mix-
tures, which requires one-dimensional alignment of
the conducting units. In the three-dimensional model,
all the conducting units are randomly distributed in

three-dimensional space and every conducting unit con-
tributes to the conduction of the compact, such that there
is no dead end for each unit electrically. Thus, o is the
lower limit for a given ot. In other words, p is the lower
limit for a given o..

In the experiments described above, the fila-
ments were compressed by the piston to form two-
dimensionally aligned layers. Similarly, the possibility
of a fiber layer to be oriented between ¢ and 6 + 66 in
two-dimensional space is 86 /2 (Appendix B). A two-
dimensional model could be derived by calculating the
geometric factor g as

4 /2
g=— f cos? 0 do/2n
/2 Jo

4 /2
=— cos’ 6 do
e Jo
1
== ¢))
T
Thus, Equation 3 becomes
1
o, = —or Vg &)
T
or
1
pr = —pc Vi (10)
14

Equations 9 and 10 constitute a better approach to mod-
eling the fiber compact and therefore are more accu-
rate than either Equations 4 or 7. In reality, however,
the fibers in the compact are not in a perfectly two-
dimensional configuration, so the actual resistivity of
a single fiber should be lower than that calculated by
using Equation 10, i.e., between the values obtained by
using Equations 7 and 10, and depends on the real con-
figuration. The measured electrical resistivity of carbon
filament compacts are summarized in Table II.

Results obtained by using the three models are listed
in Table III. The compact electrical resistivity values

TABLE II Electrical resistivity of carbon filament compacts at vari-
ous pressures

Pressure (MPa) Resistivity (Q-cm) Density (g/cm?)
0.35 0.38 0.16
0.70 0.23 0.20
1.1 0.16 0.24
1.4 0.13 0.27
2.1 0.098 0.33
2.8 0.078 0.37
35 0.067 0.41
49 0.053 0.47
7.0 0.041 0.56

TABLE III Electrical resistivity pf of carbon filament estimated from
the measured resistivity p. of filament compact by three models

1 2
Pe ot = pcVs pr=—pcVs pr=—pc Vs
k4 ki 4
(Q-cm) Ve (R2-cm) (£2-cm) (Q2-cm)
0.041 0.281 0.0115 0.0037 0.0024
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listed in Table III are values obtained under a 7 MPa
compacting pressure and the filament volume fractions
were calculated by using the density values of Table 11
at the same pressure.

The electrical resistivities of nickel fibers and nickel
filaments were similarly measured on fiber/filament
compacts. Electrical resistivity data obtained at differ-
ent pressures are shown in Figs 7-9. The resistivity
p. of a fiber/filament compact at a pressure of 7 MPa
was used to calculate the electrical resistivity of the
fiber/filament. Three models were used to calculate the
electrical resistivity, as shown in Table IV. The electri-
cal resistivity of the 0.4 um diameter nickel filaments
is close to that of the 2 wm diameter nickel fibers, but
much lower than that of the 20 um diameter nickel
fibers. The high resistivity of the 20 pm diameter nickel
fibers is attributed to the pores. From Table 1V, the re-
sistivity of a nickel filament is between 4.3 x 1075 and
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Figure 7 Electrical resistivity of 20 um nickel fiber compact.
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Figure 8 Electrical resistivity of 2 um nickel fiber compact.
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Figure 9 Electrical resistivity of nickel filament compact.

6.5 x 107% Q.cm. In contrast, from Table III, the re-
sistivity of a carbon filament is between 2 x 10~ and
4 x 1073 Q-cm.

2.4, X-ray diffraction

X-ray diffraction was conducted using a Nicolet powder
diffractometer system and Cu K, radiation to examine
the crystallographic nature of the fibers and filaments.
The 28 scan rate was 0.2° s~'. It was found that the
20 pm nickel fiber has a sharp and narrow (111) peak,
indicating a large crystal size. The x-ray diffraction pat-
terns of the 2 um nickel fiber and the 0.4 pm nickel fil-
aments show broadening of the (111) peak, indicating
smaller grain sizes.

To calculate the grain size of the nickel fibers and fil-
aments, the full-width-at-half-maximum B of the (111)
nickel peak of nickel fibers and filaments was measured
and corrected by using Warren’s method:

B> = B2 + B? (11)
where B is the corrected full-width-at-half-maximum,
By, is the full-width-at-half-maximum of the sample to
be measured, and B; is the full-width-at-half-maximum
of the standard.

The 20 pm nickel fibers was used as a standard since,
from SEM photograph of Fig. 2, it was known that the
grain size is about 2-6 um, large enough to be used as
a standard in Warren’s method. The grain size is then

0.9A

t = 12
Bcosé (12)

where A is the wavelength of Cu K, radiation, which
is 1.5418 A, @ is the diffraction angle, and B is the
corrected full-width-at-half-maximum.

TABLE IV Electrical resistivity pr of nickel fiber/filament estimated from the measured resistivity p. of fiber/filament compact by three models

1 2
Pe 05 = pc Vi pr=—pcVt PPV
Fiber/filament Q-.cm Vi (R-cm) (Q2-:cm) (f2-cm)
20 pm nickel fiber 14 x 1073 0.372 5.21 x 1074 1.66 x 10~* 1.11 x 10~*
2 um nickel fiber 7.35 x 1073 0.259 1.90 x 1073 6.06 x 1076 4.04 x 1076
0.4 um nickel filaments 1.44 x 1074 0.142 2.04 x 1073 6.51 x 10~ 434 x 1078
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TABLE V Grain sizes of the nickel fibers and filaments

TABLE VII Mechanical properties of PES-matrix composites

Fiber diameter (ym) Grain size (um)
20 2

2 0.018

04 0.016

The calculated grain size of the nickel fibers and fila-
ments are listed in Table V. In spite of the large grain
size, the 20 um diameter nickel fibers exhibited a high
electrical resistivity due to the pores. The 2 yum diameter
nickel fibers and the 0.4 ;um diameter nickel filaments
are similar in both grain size and resistivity.

3. Composites

3.1. Composite fabrication

Polyether sulfone (PES), a thermoplastic provided as
Victrex PES 4100P by ICI, was used as the matrix ma-
terial. Its properties are shown in Table VI. The compos-
ites were fabricated by forming a mixture of the poly-
mer powder and the filler and subsequent hot pressing
in a steel mold at 310°C (processing temperature for
PES, as recommended by ICI) and 13.4 MPa for about
30 min. For the nickel filaments and the 20 ym nickel
fibers, the mixing was carried out dry in a ball mill for
about 15 min. For carbon filaments, mixing was car-
ried out wet—with water in a blender at a low speed,
and then the wet mix was vacuum filtrated and dried at
120°C for at least 4 h. Due to the large length of the
2 pm nickel fibers (which resemble cotton wool), the
dispersion of these fibers was most difficult. The mix-
ing was performed by hand, as neither abovementioned
dry mixing nor wet mixing was possible.

3.2. Mechanical properties
The samples for mechanical testing were of size
80 x 8 x 3 mm. End tabs were attached to both ends
by epoxy. Strain gages were used to measure the strain.
Testing was conducted by using a hydraulic materi-
als testing system (MTS 810). The displacement rate
was 1.0 mm/min. Hydraulic grips were used to grip
the samples. Each filler was at four different volume
fractions and each volume fraction involved four sam-
ples. Table VII summarizes the mechanical properties
of composites with four kinds of filler at different vol-
ume fractions.

Fig. 10 shows that the tensile strength of the 2 um
nickel fiber PES-matrix composites increases with in-

TABLE VI Properties of polyether sulfone polymer

T, 220-222°C
Density ’ 1.37 g/em?
Particle size 100-150 um
Tensile strength 4593 +1.12 MPa
Tensile moduius 2.64 +£0.19 GPa
Elongation at break (3.1+£0.3)%
Electrical resistivity >1019Q.cm

Cocfficient of thermal expansion 55 x 1076/K

Volume  Strength Modulus Strain at
Filler % (MPa) (GPa) break (%)
Nickel filaments 0 53.0+23 27+0.1 21+£0.1
3 53.0+23 3.8%£0.1 1.454+0.05
7 51.5+31 52+£02 1.01 £0.04
13 382+21 72401 0.55+0.02
19 303+06 9.1+0.1 0.33+£0.01
2 pm nickel
fiber 0 53.0+23 27401 2.1+0.1
3 60.2+24 4705 1.73+£0.15
7 656+7.1 6.1+03 1.524+0.06
13 81.8+23 98+1.3 1.00£0.18
19 66.1+65 119+1.5 0.58+0.09
20 pm nickel
fiber 0 53.0+23 27+0.1 2.1+0.1
19 53.0+06 68+0.6 1.47£0.15
25 425+2.1 85+0.8 0.59 £0.04
37 399+24 148+32 0.321+0.01
43 346+34 146106 0.30+0.01
Carbon
filaments 0 53.0+23 27401 2.1+£0.1
3 504+24 32401 1.34 £ 0.05
7 47.6+34 38+£0.1 1.30 £ 0.03
13 363+2.1 4.1+006 098+0.05
19 27.7+08 44+£0.03 0.67+0.02
90
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Figure 10 Tensile strength of PES-matrix composites. (a) Carbon
filaments (+). (b) Nickel filaments (). (c) 2 um nickel fibers (A).
(d) 20 pm nickel fibers (x).

creasing filler volume fraction while the tensile strength
of composites using other fillers decreases with increas-
ing filler volume fraction. This indicates that the bond-
ing between filler and polymer is poor for all fillers
except the 2 um nickel fiber. For the nickel filaments,
the tensile strength remains unchanged up to 7 vol.%
filaments. Above 7 vol.%, the tensile strength decreases
1.8 MPa (or 3.5% of total strength) per volume percent
of filaments added.

Fig. 11 shows that the Young’s modulus of all com-
posites increases with increasing filler volume. The
modulus of composites using nickel filaments increases
linearly with increasing filament volume fraction.

Fig. 12 shows that the tensile ductility of all compos-
ites decreases with increasing filler volume fraction.
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Figure 11 Tensile modulus of PES-matrix composites. (a) Carbon
filaments (+). (b) Nickel filaments ((J). (c) 2 pum nickel fibers (A).
(d) 20 pm nickel fibers (x).
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Figure 12 Tensile ductility of PES-matrix composites. (a) Carbon fila-
ments (+). (b) Nickel filaments (O). (¢) 2 um nickel fibers (A). (d) 20 um
nickel fibers (x).

The ductility of composites using nickel filaments de-
creases most dramatically. This is probably due to
the deformation constraint caused by the quasi three-
dimensional network which was formed during nickel
plating, as shown in Fig. 4d. Fig. 13 shows that car-
bon filaments PES-matrix composites have the lowest
density among all the composites studied.

3.3. Electrical resistivity
The electrical resistance R was measured using the
four-probe method. Silver paint was used for the elec-
trical contacts. The four probes consisted of two outer
current probes and two inner voltage probes. The re-
sistance R refers to the sample resistance between the
inner probes. The distance between the inner probes
was 50 mm. The samples were of size 80 x 4 x 3 mm.
The current (dc) used was controlled at about 1 mA.
Fig. 14 shows the electrical resistivity of composites
using different fillers. The 2 ym nickel fiber composites
have the lowest resistivity while the 20 xm nickel fiber
composites have the highest resistivity at a low filler
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Figure 13 Density of PES-matrix composites. (a) Carbon filaments (4).
(b) Nickel filaments ((). (¢) 2 wm nickel fibers (A). (d) 20 pm nickel
fibers (x).
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Figure 14 Electrical resistivity of PES-matrix composites. (a) Carbon
filaments (m). (b) Nickel filaments (+). (c) 2 um nickel fibers (*).
(d) 20 pm nickel fibers ().
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volume fraction. At a high filler volume fraction, all the
three nickel fiber/filament composites have resistivity
10~* Q-cm. The lowest resistivity of the carbon fila-
ment composites is 1072 Q-cm; this high value is due
to the poor conductivity of carbon filament compared to
the nickel fiber/filament. At low filler volume fractions,
the electrical resistivities of composites with different
fillers have larger differences, but at high volume frac-
tions, the resistivities tend to be close. The 2 pum nickel
fiber composites have the lowest electrical resistivity at
all fiber volume fractions due to less defects (compared
to the 20 um diameter nickel fibers) and less contacts
(compared to the 0.4 ywm diameter nickel filaments).

3.4. EMI shielding effectiveness and
reflection coefficient

The EMI shielding effectiveness was measured by an

HP-8510A Network Analyzer using the coaxial cable

method, as shown in Fig. 15. The sample was in the

form of an annular ring of outer diameter 97 mm and

inner diameter 32 mm. Silver paint was used to paint
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Figure 15 Schematic of an EMI shielding effectiveness measurement
set-up.
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Figure 16 Testing sample configuration for EMI shielding effectiveness
measurement.

the edge of the sample, as illustrated in Fig. 16. The
sample thickness was 2.85 mm for all the composites,
3.1 mm for solid copper, 3.0 mm for solid nickel, and
4.0 mm for solid stainless steel. The sample was held
by an Elgal SET 19A (Israel) shielding effectiveness
tester, as shown in Fig. 15, which, due to its geome-
try, theoretically allowed testing at frequencies up to
1.5 GHz. Since the main interest in this work was to
test EMI shielding effectiveness at gigahertz frequency
range, a broader range of EMI shielding effectiveness
from 0.5 GHz to 3 GHz was tested using a copper stan-
dard sample. The testing result showed that, although
the theoretical allowable testing frequency range is up
to 1.5 GHz, the actual measured EMI shielding effec-
tiveness of a copper standard sample from 0.5 GHz to
3 GHz only varied within +5 dB. The EMI shielding
effectiveness value we dealt with in this work is already
at the upper measurement limit of this equipment (80—
100 dB) and an error 5 dB is unavoidable. Therefore,
a testing frequency range of 1-2 GHz was chosen in
this work.

Prior to the tests, the measurement system was cali-
brated by using a Hewlett-Packard APC-7 Calibration
Kit. The calibration was conducted using the two ports-

one pass method;-with an average of 128 points. Iso-
lation was also calibrated to reduce the noise at high
attenuation. An HP computer using HP BASIC 2.0 was
connected to the HP-8510A to acquire data.

The frequency was scanned from 1 to 2 GHz at
10 MHz intervals such that 101 data points were taken
within this frequency range. To test the EMI shielding
effectiveness of the shielding materials, the shielding
effectiveness tester was first tested without a sample to
get the baseline data. The baseline was less than 1 dB
and was subtracted from the measured EMI shielding
effectiveness of the sample.

It was found that the amount of torque applied on the
bolts used to fasten together the two halves of the shield-
ing effectiveness tester has significant effect on the test
results. If the torque is not large enough, the shielding
effectiveness value will be significantly lower than the
actual value. To evaluate the impact of the amount of
torque to the shielding effectiveness results, a series of
tests was done using a 4 mm thick stainless steel stan-
dard sample at various values of the torque. The results
are listed in Table VIIL The shielding effectiveness in-
creases with the torque, such that it stabilizes when the
torque exceeds 12 in-1b. Thus, a torque of 14 in-1b was
chosen in all the experiments.

The shielding effectiveness of four types of PES-
matrix composites with different filler materials,
namely nickel filaments, 2 pm diameter nickel fibers,
20 um diameter nickel fibers and carbon filaments,
were tested. Within each type of composite, four differ-
ent filler contents were used. By following the experi-
mental procedure described above, 101 data from 1 to
2 GHz were collected for each sample. The average of
these 101 data for each sample is shown in Table IX,
together with the standard deviation of these 101 data.
Figs 17-21 give all the data for each composite sam-
ple as well as solid copper, nickel and stainless steel.
The error of each data point was better than £1 dB at
<10 dB, and 5 dB at >70 dB. The error increased
with increasing attenuation (dB).

Table IX shows that, at the same filler volume frac-
tion, the shielding effectiveness was the highest for the
nickel filaments. At 7 vol.%, the advantage of the nickel
filaments compared to the other filaments was most sig-
nificant. The shielding effectiveness attained by nickel
filaments at 7-19 vol.% was comparable to those of
solid metals, such as copper, nickel and stainless steel,
which were even thicker than the composites. Even
at 43 vol.%, the 20 wm diameter nickel fibers gave
lower shielding effectiveness than the nickel filaments

TABLE VIII The effect of torque on EMI shielding effectiveness
results

Torque (in-1b) EMI shielding effectiveness (dB)

4 523+6.6
6 65445
8 75.1+25
10 824 +£3.7
12 88.7+42
14 88.9+4.0
16 89.1+43
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TABLE IX EMI shielding effectiveness (dB) averaged in the range 1-2 GHz

0.4 pm Ni filaments/ Carbon filaments/ 2 pum Ni fibers/ 20 pm Ni fibers/
Filler vol.% PES composites PES composites PES composites PES composites
3 422+24 206+13 45225
7 86.6+5.1 31.8+1.7 58.1+4.2
13 837453 53.6+35 603 +3.2
19 91.7+6.6 73.9+5.1 71.7+4.6 49+19
25 10.5+2.3
37 384+19
43 73.7+4.4
Solid copper 90.2+5.0
Solid nickel 82.1+6.8
Solid stainless steel 88.914.0
~ ~ O 19 vol.%7
% -40 3 VO]..% aa] TLr M.
2 )
2 60 2 -20 25 vol.%
g g
<) b5y E
% g 40
S -80 B 40 fumt ‘
& % 3] 37vol% Y |
o ] )
0_1001 & -60;
o
i —
'3 -1201 -2 80 43 vol.%
0n <
10 12 14 16 18 20 1.0 12 14 16 18 20
Frequency (GHz) Frequency (GHz)

Figure 17 EMI shielding effectiveness of 0.4 xm nickel filaments/PES
composites at frequency range from 1 to 2 GHz and nickel filament
volume fraction 3% (x), 7% (&), 13% (O) and 19% (+).

-701 19 vol.%

Shielding effectiveness (dB)

10 12 14 16 18 20
Frequency (GHz)

Figure 18 EMI shielding effectiveness of 2 um nickel fiber/PES com-
posites at frequency range from 1 to 2 GHz and nickel fiber volume
fraction 3% (x), 7% (&), 13% ({J) and 19% (+).

at 7 vol.%. Even at 19 vol.%, the 2 um diameter nickel
fibers and the carbon filaments gave lower shielding ef-
fectiveness than nickel filaments at 7 vol.%. The high
shielding effectiveness associated with the nickel fila-
ments is attributed to the combination of small diameter
(smaller than the nickel fibers) and low electrical resis-
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Figure 19 EMI shielding effectiveness of 20 um nickel fiber/PES com-
posites at frequency range from 1 to 2 GHz and nickel fiber volume
fraction 19% (+), 25% (O), 37% (A) and 43% (x).

@ -20 3 vol.%
[}

8

=

2 -40; 7 vol.%
5

5

& -601 13 vol.%

£

m -

= 80 | 19 vol.% =" *

10 12 14 16 18 20
Frequency (GHz)

Figure 20 EMI shielding effectiveness of carbon filaments/PES com-
posites at frequency range from 1 to 2 GHz and carbon filament volume
fraction 3% (X), 7% (&), 13% (O) and 19% (m).

tivity (lower than all except the 2 um diameter nickel
fibers) of the nickel filaments.

For plane electromagnetic waves at high frequencies,
the shielding effectiveness SE of a barrier (i.e., effec-
tiveness in reducing the energy of an incident electro-
magnetic field) can be computed as the sum of three
terms, each representing one of the loss phenomena,



TABLE X Theoretical values of reflection loss and absorption loss at
1.5 GHz for selected materials

Reflection Absorption

Material loss (dB) loss (dB)
PES-matrix composite with 3 vol.%

nickel filaments 1.5 261.0
PES-matrix composite with 7 vol.%

nickel filaments 15.1 12444
PES-matrix composite with 13 vol.%

nickel filaments 23.0 3119.9
PES-matrix composite with 19 vol.%

nickel filaments 26.7 4765.7
Solid copper 76.2 14249.5
Solid nickel 50.0 69798.2

Shielding effectiveness (dB)

16 18 20

10 12 14
Frequency (GHz)

Figure 21 EMI shielding effectiveness of solid copper (+), nickel ((0)
and stainless steel (A) plate at frequency range from 1 to 2 GHz.

i.e., reflection loss, absorption loss, and multiple re-
flections.

SE=R+A+M (13)

where R represents the reflection loss at the interface at
which the incident wave hits the barrier, A represents
the absorption loss of the wave as it proceeds through
the barrier, and M represents the additional effects of
multiple reflections and transmissions.

For plane waves, the reflection loss [8] in dB is

R(dB) = 168 + 101og10(:‘f) 14)

T

TABLE XI Reflection coefficient averaged in the range 1-2 GHz

where u; is the relative permeability of the barrier
metal, o, is the conductivity relative to copper, and f
is the frequency in Hz.

For plane waves the absorption loss in dB is

A(dB) = 131.4t\/f 0, (15)

where ¢ is the thickness of the barrier in meters.

Theoretical values for the reflection loss R (dB) and
the absorption loss A (dB) were calculated using Equa-
tions 14 and 15 and are given in Table X. Note that
the values for R (dB) are less than the SE (dB) values
listed in Table IX for all the materials. Note also that the
A(dB) values are far in excess of what were measured. It
is believed that this may indicate a leakage path around
the test specimen because clearly the electromagnetic
waves propagating directly through the test specimen
is completely absorbed.

The shielding effectiveness of the composite with
13 vol.% carbon filaments is higher than that of the
composite with ~45 vol.% carbon filaments reported
in Ref. 9. This difference is attributed to the difference
in composite processing and to the difference in the
carbon filaments used in this work and in Ref. 9.

Table XI shows the reflection coefficient S;; (ratio
of the amplitude of reflected wave to that of incident
wave) for the samples. It should be noted that the ef-
fects of test fixture reflections had not been eliminated.
The values in Table XI indicate that most of the power
incident upon the sample was reflected. As discussed
previously in relation to Table X, any power penetrat-
ing the test specimen is absorbed. At the same filler
volume fraction, the reflection coefficient was highest
for the nickel filaments. At 7 and 13 vol.%, the ad-
vantage of the nickel filaments compared to the other
fillers was most significant. The reflection coefficient
attained by nickel filaments at 7-19 vol.% was compa-
rable to those of solid metals, such as copper, nickel and
stainless steel. The high reflection coefficient indicates
a high surface electrical conductance.

Table XII compares the EMI shielding effective-
ness at 1-2 GHz of PES-matrix composites with var-
ious fillers at the same sample thickness of 2.8 mm.
The shielding effectiveness for all specimens was
determined by the coaxial cable method using the
same tester. Even at a low filler content of 7 vol.%,
the nickel filaments provided much greater shielding

Filler 0.4 ;om Ni filaments/ Carbon filaments/ 2 pm fibers/ 20 um Ni fibers/
vol.% PES composites PES composites PES composites PES composites
3 0.908 £ 0.007 0.854 + 0.022 0.933 + 0.007

7 0.953 + 0.005 0.898 + 0.008 0.947 £+ 0.006

13 0.964 + 0.005 0.929 + 0.007 0.951 & 0.006

19 0.957 £ 0.005 0.944 £ 0.006 0.957 & 0.005 0.714 + 0.084
25 0.800 + 0.039
37 0.939 +0.012
43 0.964 + 0.005
Solid copper 0.953 £ 0.005

Solid nickel 0.961 + 0.005

Solid stainless steel 0.954 &+ 0.007
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TABLE XII Electromagnetic interference shielding effectiveness at
1-2 GHz of PES-matrix composites with various fillers

TABLE XIII Properties of the composite with the best overall (elec-
trical and mechanical) performance for each filler type

EMI shielding

Filler Vol.% effectiveness (dB) Ref.
Al flakes

(15 x 15 x 0.5 pm) 20 26 11
Steel fibers

(1.6 um dia. x 30-56 um) 20 42 11
Carbon fibers

(10 um dia. x 400 pm) 20 19 11
Ni particles

(1-5 pm dia.) 94 23 12
Ni fibers

(20 um dia. x 1 mm)? 19 5 This work
Ni fibers

(2 um dia. x 2 mm)? 7 58 This work
Carbon filaments

(0.1 um dia. x > 100um)® 7 32 This work
Ni filaments

(0.4 um dia. x > 100 um)® 7 87 This work

2Sample thickness ~2.8 mm.

effectiveness than all the other fillers of Table XII. In
the case of the matrix being polyimidesiloxane (PISO)
instead of PES, it has been shown that nickel particles
of size 1-5 um provide greater EMI shielding effec-
tiveness at 1-2 GHz than silver particles of size 0.8—
1.35 ;um [10]. Together with Table XII, this means that
nickel filaments provide greater shielding effectiveness
than silver particles.

4. Discussion

The tensile strength (Fig. 10) decreased monotonically
with increasing filler volume fraction for all the fillers
except the 2 um diameter nickel fibers, for which the
strength increased with increasing filler volume frac-
tion up to 13% and then decreased with further in-
crease of the volume fraction. This means that the filler-
matrix bonding was strongest for the 2 um diameter
nickel fibers, so that only these fibers were able to re-
inforce the composite. In all cases, the decrease of the
strength with increasing filler volume fraction was due
to the increase in void content with increasing filler
content and the weak filler-matrix bonding. The mod-
ulus (Fig. 11) increased monotonically with increasing
filler volume fraction for all the fibers. The ductility
(Fig. 12) decreased monotonically with increasing filler
volume fraction for all the fibers. The tensile strength
was highest for composites with the 2 um diameter
nickel fibers and lowest for composites with carbon
filaments (Fig. 10). The strength (Fig. 10) and mod-
ulus (Fig. 11) of the nickel filament composites were
higher than those of the carbon filament composites,
but lower than those of the 2 um diameter nickel com-
posites at the same corresponding filler volume fraction.
The ductility (Fig. 12) was lower for the nickel filament
composites than both the carbon filament composites
and the 2 um diameter nickel fiber composites at the
same corresponding filler volume fractions from 7% to
19%. The clinginess (like cotton wool) of the nickel
filaments and carbon filaments is believed to cause the
ductility of these composites to be lower than those
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EMI shielding  Tensile Tensile
effectiveness strength  ductility
(dB) (MPa) (%)
7 vol.% nickel filaments 86.6 51.5 1.01

19 vol.% carbon filaments 73.9 272 0.67

19 vol.% 2 pm nickel fibers ~ 71.7 66.1 0.58

43 vol.% 20 pm nickel

fibers 73.7 34.6 0.3

TABLE XIV Specific EMI shielding effectiveness at 1-2 GHz for
competing composites and solid copper. Standard deviations are shown
in parentheses

Specific EMI shielding
Material effectiveness (dB»cm3/g)
7 vol.% nickel filaments 47 (3)
19 vol.% carbon filaments 50 (4)
7 vol.% 2 pm nickel fibers 31(3)
43 vol.% 20 jm nickel fibers 16 (5)
Copper 10 (0.5)

of the nickel fiber composites. The higher ductility (at
7-19 vol.%), lower modulus and lower strength of the
carbon filament composites compared to the nickel fil-
ament composites are attributed to the smaller diameter
and probably weaker filler-matrix bonding of the car-
bon filaments.

The carbon filament composites are advantageous
over all the nickel composites in their low density
(Fig. 13). Nevertheless, at a low filler volume fraction of
7%, the nickel filament composite’s density was quite
low (1.87 g/em?®).

Although the nickel filament composites are not par-
ticularly attractive in ductility, strength or modulus than
the other composites at the same filler volume frac-
tion (at or above 7%), the nickel filaments are the
only filler that gives simultaneously shielding effec-
tiveness exceeding 70 dB, ductility >0.7% and strength
>40 MPa, when all filler volume fractions are consid-
ered, as shown in Table XIII, which lists the composite
with the best overall (electrical and mechanical) per-
formance for each filler type.

Due to aerospace applications related to shielding or
waveguides, the specific EMI shielding effectiveness
(EMI shielding effectiveness divided by the density) is
a relevant quantity, which is listed in Table XIV for the
composites at the filler volume fraction that gives the
highest shielding effectiveness in each of the four cate-
gories in Table XI. The specific shielding effectiveness
was highest for both the composite with 19 vol.% car-
bon filaments and that with 7 vol.% nickel filaments.
Compared to all composites of Table XIV, solid copper
gave the lowest value for the specific shielding effec-
tiveness.

5. Conclusion
A method was developed to fabricate nickel filaments
of 0.4 um diameter by electroplating nickel on carbon



filament. The nickel filament contained 94 vol.% of
nickel and 6 vol.% of carbon core. Because of its small
diameter, hence large surface area, the nickel filament
is useful in many application areas. It is simple to fab-
ricate in large quantities at low cost and to mix with
polymer particles to make polymer-matrix composites.
X-ray diffraction shows that the grain size of the 0.4 um
diameter nickel filaments was 16 nm.

Polyether sulfone (PES)-matrix composites using the
submicron diameter nickel filaments as a filler were
fabricated. The tensile strength of the nickel filament
PES-matrix composites remained unchanged up to 7%
filament volume fraction. Above 7 vol.%, the strength
of the nickel filament PES-matrix composites decreased
significantly. The electrical resistivity of the nickel fila-
ment PES-matrix composite was comparable to that of
a 2 um diameter nickel fiber PES-matrix composite at
the same filler volume fraction, and lower than that of
a 20 um diameter nickel fiber PES-matrix composite
and that of a carbon filament PES-matrix composite at
the same filler volume fraction.

The submicron diameter nickel filament PES-matrix
composites were found to exhibit exceptionally high
EMI shielding effectiveness due to their high reflec-
tivity at 1-2 GHz at filler volume fractions as low as
7%. The shielding effectiveness and surface impedance
achieved with 7 vol.% nickel filaments were 87 dB and
1.2 Q respectively—both comparable to those of solid
copper. The excellent properties of the nickel filaments
for EMI shielding are attributed mainly to the combina-
tion of high electrical conductivity, ferromagnetic na-
ture [2], exceptionally small diameter and large aspect
ratio.

Appendix A
The volume §V from 6 to 6 + §6 of unit length fiber is

1 p0+680
3% =27r// r?sin ¢ dr d¢
0Jo

2
= ?n[cose — cos(f + 80)]

2
= ?”[cos 6 — (cos B cos 86 — sin 6 sin 56)]

Since 86 is very small, cos 66 ~ 1 and sin 66 ~ 86.
Thus, 8V ~ (27 /3) 66 sin 6.

Under the assumption of uniform distribution, the
probability is proportional to the volume, so that

5 27/3)80sin0 1
_ 8V _@n/3)d0sm6 1,00

P=5 (4r/3) 2

Appendix B

The area 85 from 6 to 6 + 86 of unit length of
fiber is 85§ =4386/2. Thus, the probability becomes
P=5§S/85=4686/2m.
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