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Abstract: Ferromagnetic metal fibers with a high aspect ratio (length/diameter) are attractive for use as high performance
electromagnetic interference shielding materials. Ferromagnetic binary alloy fine fibers of iron-nickel, iron-cobalt and cobalt-nickel
were prepared by the organic gel-thermal reduction process from the raw materials of critic acid and metal salts. These alloy fibers
synthesized were featured with a diameter of about 1 pm and a length as long as 1 m. The structure, thermal decomposition process
and morphologies of the gel precursors and fibers derived from thermal reduction of the gel precursors were characterized by FTIR,
XRD, TG/DSC and SEM. The gel spinnability largely depends on the molecular structure of metal- carboxylates formed during the
gel formation. The gel consisting of linear-type structural molecules shows good spinnability.
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1 Introduction

Ferromagnetic metal fibers (Fe, Ni, Co and their
alloys fibers) with small diameters showing anisotropic
characteristics are attractive for use as fillers in polymer-
matrix composite advanced electromagnetic interference
(EMI) shielding and radar absorbing materials[1-3]. Due
to the electromagnetic radiation at high frequencies only
penetrates the near surface region of an electrical
conductor, known as skin effect, the electric field of a
plane wave penetrating a conductor drops exponentially
with increasing depth into the conductor. The composite
material having a conductive filler of metal fibers with a
small diameter is more effective than that with a large
diameter. For effective use of the entire cross section of
metal fibrous fillers for EMI shielding or radar absorbing
materials, the diameter of the metal fiber should be
comparable to or less than the skin depth[1]. Therefore,
the filler of magnetic metal fibers with a diameter of
1 pm or less and a high aspect ratio (fiber-length over
fiber-diameter) is required technologically.

Many interests are focused on the development of
preparation processing for ferromagnetic metal fine
fibers. SHUI and CHUNG](4|synthesized nickel fibers
with a diameter of 0.4 pm and a length of 100 um by
electroplating metal nickel on a carbon fiber. CHOU et

al[5] invented a method for synthesizing nickel fibers
with a diameter ranging from submicron to microns and
a length up to centimeters. The invention involves
reducing nickel ions in an aqueous solution in the
presence of a magnetic field or a surfactant by a reducing
agent such as N,H,-H,O at 80—100 ‘C. ZHAO et al[6,7]
also obtained submicron poly-crystalline iron fibers by
reducing metal ions in an aqueous solution under a
magnetic field. ICHIKI et al[8] used a vapor phase
deposition method to form nickel filaments with
diameter of 100 pm and length of 3 mm. However, these
processing routes are considered expensive to make fine
metal fibers and difficult to produce fine alloy fibers. The
sol-gel method based on hydrolysis of alkoxide
compounds is a promising approach for fine ceramic
fibers. TSAI[9-11] prepared Mg,SiO, fibers by the
sol-gel process using Si(OC,Hs), and Mg(OCHs;), as the
starting reagents and found that the gel’s spinnability was
improved by addition of linear-type molecular citric acid.
Although organic gel processes have been used to
produce various ceramic oxide powders or coatings
[12,13], few literatures about metal fibers prepared by
this route have been previously reported[14]. The aim of
this investigation is to determine the feasibility of
utilizing the organic gel-thermal reduction process to
prepare iron-nickel, iron-cobalt and nickel-cobalt fine
alloy fibers from the raw materials of citric acid and
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metal salts.
2 Experimental

2.1 Preparation of metal fibers

The starting reagents were citric acid (C¢H,05 H,0,
AR), 1ron nitrate (Fe(NO3);'9H,0, AR), cobalt nitrate
(Co(NO3),6H,0, AR), nickel basic carbonate (NiCOj-
Ni(OH),-4H,0, AR). The metal salts and citric acid were
dissolved in deionized water and diluted to form 0.2
mol/L. aqueous solutions, respectively. According to the
required composition, two metal salt solutions were then
gradually added into the citric acid solution with
continuous magnetic stirring. The final solution was
magnetically stirred for 18—20 h at room temperature and
was transferred to a rotary evaporator and evaporated in
a vacuum at 6070 °C to remove surplus water until a
viscous liquid was obtained. The resultant liquid was
then poured into an evaporating basin and heated in
vacuum at 75 ‘C until a spinnable gel could be used for
drawing gel fibers by handling a glass rod. The spinning
performance of the gel was estimated from the capability
of fiber formation by immerging a glass rod of about 2
mm in diameter into the gel and then pulling it up by
hand.

The gel fibers were drawn from the spinnable gels
and dried in vacuum at 80 ‘C for about 10 h. The dried
gel fibers were then put in a quartz crucible and
subsequently reduced into metal fibers under an
atmosphere of N, (80%, volume fraction) and H, (20%,
volume fraction) with total gas flow rate of 200 cm*/min
for 1 h at appropriate temperatures.

2.2 Characterization of fibers

The structure, composition and morphologies of the
gel precursors and the products derived from thermal
reduction of the precursors at different temperatures were
examined by Fourier transform infrared spectroscopy
(FTIR) using a model of Nexu670 spectrometer, X-ray
diffractometry(XRD) using a D/max2500PC diffracto-
meter(RIGAKU), and scanning electron microscopy
using a JXA-840A instrument(JEOL). The decomposi-
tion process was investigated by thermo-gravimetric(TG)
analysis and differential scanning calorimetry(DSC)
using a SDT2960 (TA) system.

3 Results and discussion

3.1 Formation of gel precursors and their spinning
performances
Fig.1 shows the XRD patterns of the iron-nickel,
iron-cobalt and nickel-cobalt citrate gel precursors. It can
be seen that these gel precursors are amorphous and do
not contain crystalline inorganic salts. The FTIR spectra

and peak positions for the gel precursors shown in Fig.2
confirm the formation of complexes between Ni*"/Fe’”
ions, Fe*'/Co* ions, Ni*'/Co®" ions and citric acid. The
C=0 peak at 1 720 cm ™' corresponding to the pure citric
acid shifts to 1 618 and 1 385 cm ' for Fe-Ni-citrate,
1617 cm ™ and 1384 cm™! for Fe-Co-citrate, 1 617 and
1 383 cm' for Ni-Co-citrate. The two bands at 1 350—
1 650 cm™' result from the C=0 symmetrical and
stretching  vibration,
characteristic absorption peaks for the citrates. This was
indicative of the complex formation. The carbonyl peak
at 1 720 cm™! could be attributed to surplus citric acid or
dissociative carbonyl contained in the gel precursors.
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Fig.1 XRD patterns of gel precursors and products derived
from thermal reduction of precursors: (a) FeNi precursor;
(b) FeCo precursor; (¢) CoNi precursor; (d) FeNi; (e) FeCo;
(f) CoNi
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Fig.2 FTIR data for gel precursors: (a) Ferric-nickel citrate gel;
(b) Ferric-cobalt citrate gel; (¢) Cobalt-nickel citrate gel

According to Refl[15], there are three possible
liganding types between carboxylate and metal ions. It is
believed that the single-dentate liganding leads to the
formation of linear molecular structures and that the
other two liganding types are beneficial to the net-work
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molecular structures between metal ions and carboxylate.
The value Av (Av=v,—v,) can be used to classify the
liganding type: the single-dentate corresponds to a higher
value Av, the double-dentate corresponds to a lower
value Av and the bridge corresponds to an approximately
equal value Av of the C=0 in the complex compared to
the free carboxylate. So that, referring to the value Av
obtained from the FTIR data as listed in Table 1, the
single-dentate between the metal ions and citric acid
would be dominative and a linear molecular structure
formed as shown in Fig.3.

Table 1 Characteristic frequency of FTIR spectra for various

gel precursors

il

Gel precursor va(c=o)/cm71 vs(c=o)/cm71 Av/em

Fe-Ni citrat

et aitrate 1618 1385 233
gel

Fe-Co citrat

oo citrate 1617 1384 233
gel

Ni-Co citrat

! ;ecl”ae 1617 1383 234

Table 2 shows the effects of chemical compositions
on the gel spinnability. The iron-nickel citrate gel and
iron-cobalt citrate gel exhibit good spinning performance
when the molar ratio (R,) is 1:1:1.8, which is close to the
theoretical molar ratio of 1:1:5/3 for the molecular
structures shown in Figs.3(a) and 3(b). The complexes

Table 2 Effect of different molar ratio on gel spinnability

Spinnablity
Sample R, Fe-Ni Fe-Co Ni-Co

citrate gel  citrate gel  citrate gel
1 1:1:1 No No No
2 1:1:1.5  Short fiber Short fiber Short fiber
3 1:1:1.8  Long fiber Long fiber Short fiber
4 1:1:2.2  Short fiber Short fiber Long fiber
5 1:1:3 Short fiber Short fiber Short fiber

R, for molar ratio for a, b and c; a and b for different metal ions; ¢ for citric
acid

("]_]:('0(_)\ . (l H,C 0()\
Co

HO—C—00” N HO=C—C00”
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for citric acid and Ni*"/Co”" ions might exist in the form
of molecular structures as shown in Figs.3(c) or 3(d) in
the nickel-cobalt citrate gel, the molar ratio in the
molecular structure as shown in Fig.3(c) is 1:1:4/3 and
1:1:2 in Fig.3(d), respectively. The nickel-cobalt citrate
gel shows the best spinning performance when (R,) is
1:1:2.2. The results suggest that the nickel-cobalt citrate
complexes exist more probably in the form of molecular
structure as shown in Fig.3(d) and this linear molecular
structure is theoretically unlimited in length due to the
bridging behavior of Ni*" and Co”“ions.

3.2 Thermal decomposition of gel precursors

Fig.4 shows the TG/ DSC curves of the various gel
precursors. For all the compositions investigated, the
thermal decomposition behaviors are similar and the
thermal decomposition occurs according to the following
four stages.

1) At 50-150°C, the TG/DSC data exhibits a broad
endothermic event corresponding to a mass loss of about
10%. This is attributed to the loss of free water and
bound water in the gels.

2) At 150-250 °C, a large and sharp exothermic
peak at around 180 ‘C occurred and accompanied a
mass loss of 45%—50%. This is owing to the initial
break-down of the complexes and spontancous
combustion. The increase in the ratio of nitrate to citrate
would lead to an increase of the spontaneous combustion,
because the nitrate ions provide an in situ oxidizing
environment for the combustion of the organic
component[16]. The molar ratios of nitrate to citrate in
the 1ron-nickel citrate, iron-cobalt citrate and nickel-
cobalt citrate gel precursors are 3:1.8, 5:1.8 and 1:1.1,
respectively. Therefore, the exothermic event due to the
spontaneous combustion of the iron-cobalt citrate gel is
the most intensive.

3) At 250-380 ‘C, the gel decomposition expe-
rienced a mass loss of 10%—20%. The mass loss is
caused by the decomposition of organic residues. The

CH,C00”
HO—(C—COOH
CH,COON_
(Ha(()()\ CH,c007
HO—t—c00” ™ Ho—E—cooH
(Hu(OO\ CHaCOO\
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HO—C—COO0\ ..  HO~C—COOH
CH,C 00 CH,COON
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Fig.3 Possible molecular structures for various gel precursors: (a) (CsHsO,)s(FeNi); for Fe-Ni fibers; (b) (CsHsO7)s(FeCo); for Fe-Co

fibers; (¢) (C¢H50,),(NiCo);; (d) [(C4HgO-),NiCol],, for Co-Ni fibers
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Fig.4 TG(a) and DSC(b) curves for gel precursors

nickel-cobalt citrate gel exhibits a sharp endothermic
peak at about 280 ‘C, while no obvious endothermic
event occurs around this temperature range for the other
two gel precursors.

4) At 380—500°C and over, the mass loss decreases
substantially. It is believed that this decomposition stage
comprised of further oxidation of the residual carbon and
formation of the metal oxides compounds. The little
endothermic peak at about 400 ‘C for the nickel-cobalt
citrate gel might be attributed to the formation of
nickel-cobalt oxide solution[17,18].

According to the above analysis, the maximum
temperature for the thermal decomposition-reduction of
the gel fibrous precursors to form alloy fibers should be
over 500 C.

3.3 Characterization of metal fibers

The morphologies and microstructures of the
ferromagnetic alloy fibers were affected by the
processing parameters. The defects in the alloy fibers
such as crack, surface roughness, porous and cone
structures might occur during the dehydration and
subsequent thermal reduction processes. By optimizing
the processing parameters such as heat treatment
programmme and flow rate of the reduction gases, these

fiber defects can be eliminated. Fig.5 shows the surface
morphologies of Fe-Ni alloy fibers at various thermal
reduction temperatures. The increase of the reduction
temperature led to the elimination of cracks and the
increase of crystalline size, while large crystalline sizes
have adverse effect on magnetic properties of the
resultant fibers. Similar results are also obtained for
iron-cobalt and nickel-cobalt alloy fibers in the thermal
reduction process. The maximum temperature of 650 ‘C
for the thermal decomposition-reduction of the gel
fibrous precursor was used to form alloy fibers at a
heating rate of 5 “C/min under atmosphere of N, (80%,
volume fraction) and H, (20%) with total gas flow rate of
200 cm*/min for 1 h.

0. 5% ol

Fig.5 Effect of thermal reduction temperature on surface
morphologies of Fe-Ni alloy fibers: (a) 500 C for 1 h; (b) 650
C for1h; (c)800 C for1 h

After heat-treatment at 650 C for 1 h, the
iron-nickel (FesoNiso) alloy (JCPDS47-1417), iron-cobalt
(FesoCosp) alloy (JCPDS49-1567) and nickel-cobalt
(NisoCos0) solid solution (JCPDS04-0850) structural
fibres were obtained (Figs.1(d), (e), (f)) and Fig.6 shows
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Fig.6 Morphologies of ferromagnetic binary alloy fibers: (a), (b) Fe-Ni alloy fibers; (¢), (d) Fe-Co alloy fibers; (¢), (f) Co-Ni alloy

fibers

the morphologies of the alloy fibers with various
diameters derived from the corresponding gel precursors
under the above processing conditions. These alloy fibers
are smooth and dense in surface, and have about 1 pm in
diameter and 1 m in length.

4 Conclusions

1) The organic gel-thermal reduction process was
successfully used for the preparation of ferromagnetic
binary alloy Fe-Ni, Fe-Co, Ni-Co fine fibers with high
aspect ratios using citric acid and metal salts as the
starting reagents. The gel spinnability was related to the
metal-carboxylate complex structure. The linear-type
structural molecules [(C¢Hs50;)s(NiFe);] for the iron-
nickel citrate gel, (CsHs0;)s(FeCo); for the iron-cobalt

citrate gel, [(CsHsO7),NiCo], for the nickel-cobalt citrate
gel were possiblly formed during reactions between citric
acid and the corresponding metal ions. As a reuslt, these
gels exhibit a good spinning performance.

2) The fibrous gel precursors with the designed
composition were correspondingly transferred into the
ferromagnetic binary alloy fibers during the thermal
reduction process at 650 C under atmosphere of N,
(80%) and H, (20%) with total gas flow rate of 200
em’/min for 1 h. These alloy fibers with diameter of
about 1 pm and length of 1 m were smooth and dense.
These ferromagnetic binary alloy fibers may be
promising for applications in high performance
conductive polymermatrix composites of electro-
magnetic interference(EMI) shielding and electro-
magnetic wave absorbing materials due to potential
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anisotropic electric and magnetic properties.
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