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The magnetic properties of polyethersulfone-matrix composites with 3—19 vol.%
polverystalline nickel filaments (0.4 um diam) were investigated. These fila--
ments were found to exhibit hysteresis energy loss 10800 J/m* of nickel and~
coercive force 16.9 kA/m, compared to corresponding values of 4930 J/m® and 4.7~
kA/m for 2 um diam polycrystalline nickel fibers. 1020 J/m? and 0.5 kA/m for 20
um diam polycrystalline nickel fibers. and 1280 J/m’ and 2.3 kA/m for solid

polverystalline nickel.
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INTRODUCTION

Magnetic materiais in discontinuous formssuch as
particles and short fibers) are used as fillers in poly-
-mers‘- and other matrices™ " for producing magnetic
composite materials that are low in both cost and
eddy-currentenergy ioss. However. the magnetic prop-
erties of discontinuous magnetic materials have re-
ceived little attention compared to those of continu-
ous magnetic materials. Even less attention has been
given to magnetic fibers than magnetic particles. Due
to the large aspect ratio. discontinuous fibers have
more chance than particles at the same volume frac-
tion to touch one another. so tibers are more etfective
than particles in serving as a filler. This paper pro-
vides a study of the magnetic properties of discontinu-
ous nickel fibers or filaments of various diameters. in
comparison to those of solid nickel.
Nickel filaments of diameter 0.4 um have been
recently shown to be a highly etfective filler for provid-
ing polymer-matrix composites with high electromag-
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netic interference (EMI) shielding erfectiveness.ii A
shielding effectiveness of 87 dB (1-2 GHz) was at-
tained with just 7 vol.< nickel filaments in a polvmer-
matrix composite of thickness 2.8 mm.!! Magnetic
properties are relevant to the shieiding ability. but
have not been previously reported on these compos-
ites. The objective of this work is to investigate the
magnetic properties of nickel filament polymer-ma-

. trix composites.

EXPERIMENTAL METHODS -

The nickel filaments (0.4 gm in diam. >100 um in
length) and composite fabrication 'with polyether
sulfone or PES as the matrix) were described in Ref.
1. Each nickel filament had a carbon rilament core of
diameter ~0.1 um, as illustrated in Fig. 1, because a

" nickel filament was fabricated by the electroplating of

nickel onto a carbon filament. The nickel filaments
had a bent morphology, resembling cotton wool. as
shown by the scanning electron microscope photo-
araphs of Fig. 2. The filaments were randomly ori-
ented in the composites.

The nickel fibers used for comparing with the nickel
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filaments were
e 2 um in diameter and 2000 um in length. as
provided by Ribwec ' Gahanna. Ohio), and
e 20 um in diameter and 1000 um in length. as
provided as Fibrex by National-Standard Co.
(Corbin. KY .
Due to the large length of the nickel fibers of diameter

2 um (which resemble cotton wool), the dispersion of

these fibers was most difficult.
The composites were fabricated by forming a dry
mixture of the polvmer powder and the filler and
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Fig. 1. Schemanc illustration or a nickel filament.

subsequent hot pressing in a steel mold at 310°C
(processing temperature for PES. as recommended by
ICL the manufacturer)and 13.4 MPa for ~30 min. For
the nickel filaments and the 20 um diam Ni fibers, the
mixing was carried out dry in a ball mill. For the 2 um
diam nickel fibers, mixing was performed by hand, as
neither the above-mentioned dry mixing nor wet
(blender mixing was possible.

The intrinsic magnetic induction (B,), which 1s
equal to u M (where M is the magnetization). was
measured as a function of the magnetic field strength
(H), thereby obtaining the B-H hysteresis loop. at
room temperature using a Quantum Design SQUID
magnetometer. The magnetic moment sensitivity was
10~ emu G. The sample volume was 6.2 mm®. The
measurement involved

* magnetizing the sample at a preset H,

* moving the sample by 4 cm axially inside a coil

and measuring the current induced in the coil.

+ calculating the magnetic moment, which is re-

lated to B..

Fig. 2. Scanning efectron microscope photographs at two different magnifications of nickel filaments. (From: Ref. 1).

Table I. Magnetic Properties with Respect to Whole Samples

Filler Filler

Vol.% Diam (lum) B (D B, (D
3 0.4 0.0121 3.3~ 107
7 0.4 0.0298 T.6~10°
13 0.4 0.0555 1.5~ 10 -
19 0.4 0.0674 14510+
19 2 0.106 1.IN 10+
19 20 0.132 L3N 10

Solid N1 0.616 S8 107

Hysteresis Energy

BB, . H_ (kA/m} Loss (J/m¥)
0.27 16.8 309
0.26 16.8 714
0.27 16.9 1406
0.21 15.9 1400
0.10 4.65 936

9.84 x 107 0.45 193
1.43 x 10 * 2.25 1283




932

This procedure was repeated at each H value from 0
to +x. then from +x to —x, then from —x to +x and then
from +x to 0, where x = 238.7 kA/m and x = 40 kA/m
(i.e., two B.-H loops) for each sample, such that near-
est H values were 4 kA/m apart.

The grain size was measured by x-ray diffraction,
using CuK, radiation and the 20 um diam nickel
fibers as the standard.

RESULTS AND DISCUSSION

- Tables I and II and Figs. 3-6 give the magnetic
behavior of various nickel composites and solid nickel.
Table I and Fig. 3 and Fig. 5 give B, of the composites,
whereas Table II and Fig. 4 and Fig. 6 give B_ when
only the nickel part of each sample was considered.
The B, of each composite(Table I and Fig. 3 and Fig.
5) was divided by the volume fraction of nickel in the
composite to obtain the B, of the composite when only
the nickel part of each sample was considered (Table
II and Fig. 4 and Fig. 6). Figures 3, 4, 5a, and 6a only
show the portion between —40 and +40 kA/m; at H
greater than +40 kA/m; B continued to increase, as
shown in Fig. 5b and 6b; B, _ (maximum B) in Tables
I and II was arbitrarily taken as the B, value at H =
238.7 kA/m. -

B, increased with increasing volume fraction of
nickel filaments from 3 to 19% (Table I). When only
the nickel part of the sample was considered, B, was
the same for nickel filament volume fractions of 3, 7.
and 13¢%. but was slightly smaller at 19 vol.% (Table
II). B, , of the sample as well as B, _ when only the
nickel T part of the sample was considered. increased
with increasing filler diameter 10.4. 2, and 20 ym) at

afixed filler volume fraction (19%). The trends concern-_

ing B, _ when only the nickel part of the sample was
considered mean that the ease of magnetization was
quite independent of the filament volume fraction.
but increased with increasing filament diameter.
The ratio of B. . iremanent B.) to B, _when only the
nickel part of the sample was con51dered was compa-
rably large for nickel filaments at 3. 7. 13. and 19
vol.%, and decreased with increasing ﬁller diameter
at a constant filler content of 19 vol.%. The H_ (coer-
cive force) was comparably large for nickel filaments
at 3, 7. 13_and 19 vol.%, and decreased sharply with
increasing filler diameter at a constant filler content
of 19 vol.¢z. These trends of B, and H_ indicate that
the ease of demagnetization was mdependent of the
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filament volume fraction and increased sharply with
increasing filler diameter.

The hysteresis energy loss per m* of nickel (Table IT)
was comparably large for nickel filaments at 3, 7, and
13 vol.%, but was lower at 19 vol.%. At a fixed filler
content of 19 vol.%, the hysteresis energy loss per m?
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o
L
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Intrinsic induction B; (T)
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240 -20 0 20 - 40 -
Magnetic field strength H (kA/m)
Fig. 3. B-H loops for solid nickel () and composites with 19 vol.%

nickel of diameter 0.4 um (+), 2um (*) and 20 um ¢ 1. B was obtained
by considering the whole of each sample.
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Fig. 4. 8-H loops for solid nickel (M) and composites with 19 vol.%
nickel of diameter 0.4 um (+), 2um (") and 20 um ( . B was obtained
by considering only the nickel part of each sampie.

Table 1I. Magnetic Properties with Respect to the Nickel Part of Each Sample

Filler Filler
Vol.% Diam (um) B, (D B, (T
3 0.4 0.403 0.109
7 0.4 0.426 0.108
13 0.4 0.427 0.116
19 0.4 0.355 0.074
19 2 1.558 0.060
19 20 0.695 6.7 x 10
Solid Ni 0.616 3.8 x 10+

Hysteresis Energy

B, /B, H, (kA/m) Loss-(J/m?)
0.27 16.8 10300
0.26 16.8 10200
0.27 16.9 10815
0.21 15.9 7368
0.10 4.65 4926

9.84 x 10+ 0.45 1016
1.43 x 102 2.25 1283
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Fig. 5. B-H loops for composites with 0.4 um diam nickel filaments at 3vol.% ( ), 7 vol.% (*), 13 vol.% (+), and 19 voi.% (ll). B was obtained by
considering the whole of each sample. (a) H between —40 and +40 kA/m; (b) H between -250 and +250 kA/m.
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Fig. 6. B-H loops for composites with 0.4 um diam nickel filaments at 3vol.% ( ). 7 vol.% (), 13 vol.% (+), and 19 21.% (l). B was obtained by
considering only the nickel part of each sample. (a) H between —i0 and +40 kA/m: (b) H between —250 and +250 <A m.

of nickel decreased with increasing filler diameter.
The B, /B, , ratio was also lower at 19 vol.% than the
other filament contents. The observed hysteresis loss
is attributed to the difficulty of domain boundary
movement and/or the eddy current loss. The observed
loss was greatly decreased by increasing the filler
diameter.i.e.. decreasing the phase boundary concen-
tration (which in turn inhibits domain boundary
movement) and enhancing percolation (which in turn
enhances eddy current loss). The observed loss was
slightly enhanced by increasing the filament content
from 13 to 19 vol.%, i.e.. decreasing the phase bound-
ary (nickel-polvmer interface) concentration and en-
hancing percolation.

Table III gives the grain size of the nickel filaments
and fibers of various diameters. as estimated from the
full-width-at-half-maximum of the 111 nickel peak at
20 = 44.61°. Figure 7 shows the x-ray diffraction
pattern of the 0.4 um diam nickel filaments. The grain

size is much smaller for the fibers of diameter 2 um
and the filaments of diameter 0.4 um than the fibers
of diameter 20 um. For all fibers and filaments. the
grain size is much smaller than the filler diameter. In
spite of the small diameter, the 0.4 um diam filaments
have an average of nine grains between the outer
phase boundary adjacent to the polymer and the inner
phase boundary adjacent to the carbon core. How-
ever. the average number of grains across a diameter
is even higher for the 2 um diam fibers.

DC volume electrical resistivity measurement of
composites showed that the resistivity was 5.0 x 10-1,
2.2x102.3.5x10-3,and 1.5x 10~ Q.cmat3,7. 13, and
19 vol.% filaments, respectiveiv.'! Since the resistiv-
ity was comparable at 13 and 19 vol.%, the volume
fraction of 19% was beyond the percolation threshold.
The touching of adjacent filaments at 19 vol.% served
to replace some phase boundaries (i.e., nickel-poly-
mer boundaries) by boundaries approaching grain
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boundaries (i.e., filament-filament boundaries),
thereby enhancingthe ease of domain boundary move-
ment and/or eddy current.

DC volume resistivity measurement was also made
on filament compacts, as single filament resistivity
measurement was impossible due to the small diam-
eter of the filaments. Because of the contact resis-
tance between the filaments in a compact, the
compact’s resistivity cannot be simply related to the
filament’s volume resistivity. Nevertheless. the com-
pact resistivities (after mathematical correction) sug-
gest that the nickel filaments are comparable in
volume resistivity to the 2 um diam nickel fibers, but
lower than the 20 um diam nickel fibers.!?

The hysteresis energy loss increases with decreasing
filler diameter, while the EMI shielding effectiveness
also increases with decreasingfiller diameter.!! This
means that the magnetic hysteresis energy loss con-
tributes to the absorption of EMI. so that the high
EMI shielding effectiveness of the 0.4 um diam nickel
filaments is not just due to the skin depth effect.

which makes a filler with a small diameter more

effective for shielding. _
CONCLUSION

Polvethersulfone-matrix composites with 3—-19 vol.%
polycrystalline nickel filaments (0.4 um diam) were
compared with those with 19 vol.¢ polvcrystalline
"nickel fibers (2 um and 20,um diam.. The 0.4umdiam
nickel filaments were found to exhibit hysteresis
energy loss 10800 J/m- of nickel and coercive force
16.9 kA/m. compared to corresponding values of 4930
J/m~and 4.7 kA/m for 2 um diam nickel fibers. 1020 J/
m? and 0.5 kA/m for 20 um diam nickel fibers. and
1280 J/m* and 2.3 kA/m for solid nickel. The high
hysteresis loss for the 0.4 um diam nickel filaments is
attributed to eddy current loss and/or difficulty of
domain boundary movement.
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Table III. Grain Size of the Nickel Fillers

No. of
Filler Diam Grain Grains Between
(Um) Size (um) Phase Boundaries
20 2 10
2 0.018 110
0.4 0.016 9

[ -

i + Nickel (111)
L s )
% 702 ) :
3 B ~  Nickel (200) H
£ s5.03 by

Carbon (002)

Exip 3.0 30.¢ 35.0 10.0 EE 50.0 £5.0
20 (degrees)

Fig. 7. X-ray diffraction pattern of 0.4 um diam mckel'ﬁlamems
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