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The influence of orientation on electromagnetic properties of basalt fibre/nickel core—shell heterostructures prepared
by a simple electroless plating method is investigated. For comparison, the same investigation is also performed on naked
basalt fibres. For electromagnetic measurement, the directions of basalt fibre/nickel and naked basalt fibres are parallel,
random and perpendicular to the direction of external electric field, termed E|| sample, random sample and E| sample,
respectively. Electromagnetic anisotropy can be clearly observed in the basalt fibre/nickel core—shell heterostructures,
while electromagnetic properties of naked basalt fibres are unrelated to the orientation. The E, basalt fibre/nickel
shows the highest dielectric loss but the lowest magnetic loss, and E)| basalt fibre /nickel exhibits the highest magnetic
loss but the lowest dielectric loss. The dielectric loss of £ basalt fibre/nickel is several times as large as that of £,
basalt fibre/nickel, which could be attributed to the increase of polarization relaxation time as a consequence of the
nanosize-confinement effect. The magnetic loss of || basalt fibre/nickel is even one order of magnitude higher than that
of E| basalt fibre/nickel, which originates mainly from the natural magnetic resonance of basalt fibre/nickel core—shell

heterostructures.
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1. Introduction

In recent years, core—shell heterostructures, es-
pecially one-dimensional (1D) core-shell heterostruc-
tures, have attracted a great deal of attention
due to their fascinating optical, electronic, or mag-

netic properties.!' =4

Many researchers have re-
ported on the preparation of 1D core—shell het-
erostructures, and the potential applications in
fields such as electronics, magnetism, optics, and

biomedicine. [~ 11l

More recently, considerable atten-
tion has been paid to the electromagnetic prop-
erties of 1D core—shell heterostructures, such as
CNTS/Fe,[lz] CNTS/CoFeQO4,[13] CdS/a—F€203,[14]
and so on.'®20 These core-shell structures, which
exhibit better electromagnetic properties than pure
core or shell materials, could be a good candidate for
a microwave absorption device application. Moreover,
it is believed that the electromagnetic properties of 1D

core—shell heterostructures are relative to the orienta-

tion due to the anisotropic geometries. Thus, it is sig-
nificant to research the orientation influence on elec-
tromagnetic properties of 1D core—shell heterostruc-
tures for further application.
Orientation-dependent properties of crystals,
ceramics, and metal alloys have been extensively

[21—23]

investigated. Recently, with the development

of nanoscience and nanotechnology, many efforts
have been made to study the orientation-dependent
with
geometries.[?4=31] However, these studies mainly focus

properties of nanomaterials anisotropic
on the orientation dependence of dielectric or ferro-
electric properties of thin films.?426=28 Up to now,
little research has been reported on the orientation-
dependent electromagnetic properties of 1D core—
shell heterostructures, which would be favourable
to the application of 1D core—shell heterostructures
as microwave absorption materials. In this work,
the electromagnetic properties of basalt fibre/nickel

(BF/Ni) core—shell heterostructures as well as naked
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basalt fibres (BFs) with different orientations are in-
vestigated. The BF/Ni core-shell structures exhibit
obvious orientation-dependent electromagnetic prop-
erties, while electromagnetic properties of naked BF
are unrelated to the orientation. Moreover, the mech-
anism of the orientation-dependent electromagnetic
properties of the BF/Ni core—shell heterostructures is
discussed.

2. Experimental details

Cut BFs, with an average diameter of 9 ym and
average length of 1 cm, were used in the experiment.
The electroless plating approach was employed to pre-
pare the BF/Ni core—shell heterostructures. Prior to
electroless plating, a pre-treatment process was per-
formed by introducing the naked BF into HF /HCI so-
lution, SnCls solution, and PdCl; solution in sequence
for the deposition of Pd-Sn catalytic nuclei on the sur-
face of basalt fibres. Then the treated BFs were in-
troduced into the electroless plating solution for the
deposition of nickel nanoparticles on the surface of
BF. The detailed preparation process of the BF/Ni
core—shell heterostructures has been described in our
previous work.3? By the electroless plating approach,
a uniform and continuous nanostructured nickel shell
was coated on the surface of the BF, forming BF/Ni
core—shell heterostructures. The morphologies and
the compositions of the BFs and the BF /Ni core—shell
heterostructures were investigated by a scanning elec-
tron microscope (SEM, HITACHI S-3500N) and en-
ergy dispersive spectrum (EDS, OXFORD INCA). For
the measurements of electromagnetic properties, the
naked BFs and the BF/Ni core-shell structures were
dispersed in a paraffin matrix with a weight fraction of
10% and then compacted into a rectangle with dimen-
sions of 22.9 mmx11 mmx 2.7 mm to fit the waveguide
sample holder for electromagnetic measurements. The
permittivity and the permeability were measured by
using an ANRIGSU 37269D vector network analyser.

3. Results and discussion

SEM images of the naked BFs and BF/Ni core-
shell heterostructures are shown in Fig. 1. From
Fig. 1(a), the SEM image of the naked BFs, it can
be seen that the surface of naked BFs is very smooth.
Figures 1(b) and 1(c) show the SEM image and EDS
of BF/Ni core—shell heterostructures. It is clear that

the surface of the basalt fibres is coated by a uni-
form nickel shell after electroless plating. A high-
magnification SEM image of the nickel shell indicates
that the nickel shell is composed of nanoscale nickel
particles with a size of about 20-100 nm as shown in
Fig. 1(d). The section image of the BF/Ni core—shell
structures shown in Fig. 1(e) indicates that the nickel
shell is continuous with a thickness of about 0.5 pm.

Fig. 1. (a) SEM image of naked basalt fibres, (b) SEM
image and (c¢) EDS of the basalt fibre/nickel core—shell
heterostructures; (d) high-magnification SEM image of the
nickel shell; (e) the section image of the basalt fibre/nickel
core—shell heterostructures.

The electromagnetic properties of naked BF het-
erostructures and BF/Ni core-shell heterostructures
in different orientations were investigated in a range
from 8.2 to 12.4 GHz (X band).
a schematic illustration of samples used for electro-

Figure 2 shows

magnetic measurement with BFs and BF/Ni core—
shell structures in different orientations. The arrow
in Fig. 2 shows the direction of the external electric
field. From Fig. 2, the directions of BF/Ni and naked
BF's arrayed in paraffin are parallel, random and per-
pendicular to the direction of external electric field,
which were termed F| sample, random sample and
FE, sample, respectively. Figure 3 shows the real per-
mittivity (¢’) and dielectric loss tangent (tande) of
naked BFs and BF/Ni core-shell structures. For the
naked BFs, little difference in & and tand, among
the E)| sample, random sample and F, sample can
be found, and their values are found to be ~2.6 and
~0.01 in the whole range of frequency investigated,
while the values of ¢/ and tand. of BF/Ni are highly
dependent on the orientation. The average values of
¢’ of E) BF/Ni, random BF/Ni and £, BF/Ni are
6.2, 11.3 and 19.6, respectively. The value of tanJ,
of E| BF/Ni varies from 0.56-0.76 depending on the
frequency, which is several times as large as that of
E) BF/Ni (0.03-0.33), while for random BF/Ni, the
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value of tan d, is about 0.5 in the whole X band. Fig-
ure 4 shows the real permeability (¢') and magnetic
loss tangent (tandy,) of BF/Ni core-shell structures.
The values of u/ and tandy,, of naked BFs, which is
known to be a non-magnetic material, are almost con-
stant in the X band and are not shown in the figure.
It is clear that the p/ and tand,, of BF/Ni are also
related to the orientation. The value of tand,, for
E)| BF/Ni is even one order of magnitude higher than

that of £, BF/Ni. The tand,, of E} BF/Ni reaches

l

up to ~5.5, which is much higher than that of Fe en-
capsulated carbon nanotubes.'? From these results,
electromagnetic anisotropy can be clearly seen in the
BF/Ni core—shell structures but not in naked BFs.
The F, BF/Ni shows the highest dielectric loss but
the lowest magnetic loss, and ) BF/Ni exhibits the
highest magnetic loss but the lowest dielectric loss.
This is significant for tunable microwave device appli-

cations.

direction of
l l l 1 l l 1 1 1 electric field
E) sample random sample E | sample

Fig. 2. Schematic illustration of samples used for electromagnetic measurement with basalt fibres and

basalt fibre/nickel core—shell structures in different orientations. Arrows show the direction of external

electric field.
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Fig. 3. (a) Real permittivity and (b) dielectric loss tan-
gent of the naked basalt fibres and basalt fibre/nickel core—
shell structures with different orientations.

A possible mechanism for the orientation-
dependent electromagnetic properties of BF/Ni core—

shell structures is described as follows. According

to the dielectric physics theory, the dielectric loss of
BF/Ni core-shell heterostructures mainly comes from
the polarization relaxation between the core/shell in-
terfaces, i.e. Maxwell-Wagner relaxation,®334 as a
core/shell interface is constructed with BF as core
and Ni as shell. For E; BF/Ni, the polarization is
lagged due to the small size of the nickel shell along
the direction of the external electric field, which leads
to the increase of polarization relaxation time. Ac-
cording to Correia and Ramos!®® the dielectric loss of
dielectrics increases with polarization relaxation time
increasing. So the dielectric loss of E| BF /Ni is higher
than those of other samples. From the experimen-
tal results, it is clear that the magnetic loss of the
BF/Ni core—shell heterostructures originates mainly
from the nickel shell. In our case, natural magnetic
resonance plays a dominant role in the high magnetic
loss of £ BF/Ni core-shell heterostructures. The in-
set in Fig. 4(b) shows the complex permeability of
E) BF/Ni. It reveals that the real part (u') exhibits
an abrupt decrease from 1.69 to 0.14 at 8.2-11 GHz
and retains an approximate constant at 11-12.4 GHz.
Meanwhile the imaginary part (u”) increases from
0.68 to 1.44 at 8.2-9.2 GHz and then decreases at high

frequencies.
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Fig. 4. (a) Real permeability and (b) magnetic loss tan-
gent of the basalt fibre/nickel core—shell structures with
different orientations. The inset (b) shows the complex
permeability of the E|| sample, implying the occurring of
natural resonance.

It is interesting that the maximum value of " ap-
pears at 9.2 GHz while the value of 11 is approximately
1.0, which implies the natural magnetic resonance oc-
curring in FEj BF/Ni.
also been reported in carbon-coated nickel nanocap-

The same phenomenon has

sules with a natural resonance frequency of about 5.5
GHz.[] Tt was reported that the remarkably increased
anisotropic energy that was affected by a very small

size effect resulted in the shift of natural resonance
frequency to higher frequencies.3” In the present ex-
periment, the natural resonance frequency of BF/Ni
core—shell heterostructures is about 9.2 GHz, which
would be significant for their use as electromagnetic

wave absorption materials in the microwave range.

4. Conclusions

The influence of orientation on electromagnetic
properties of BF /Ni core—shell heterostructures as well
as naked BFs is investigated. The electromagnetic
properties of BF/Ni core—shell heterostructures are
highly dependent on the orientation, while electro-
magnetic parameters of naked BFs in different orien-
tations show little difference. The E; BF/Ni shows
the highest dielectric loss but the lowest magnetic loss,
and E); BF/Ni exhibits the highest magnetic loss but
the lowest dielectric loss. The values of both dielectric
loss and magnetic loss for random BF/Ni lie between
those for £ BF/Ni and E; BF/Ni. The high dielec-
tric loss of E; BF/Ni, which is several times as large
as that of E} BF/Ni, could be attributed to the in-
crease of polarization relaxation time resulting from
the nanosize-confinement effect. The high magnetic
loss of Ej; BF/Ni, which is even one order of magni-
tude higher than that of £, BF/Ni, originates mainly
from the natural magnetic resonance of BF /Ni core—
shell heterostructures. This study provides a good
candidate for tunable microwave absorption device ap-
plications from the BF /Ni core—shell heterostructures.
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