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Abstract: A well-mixed Fe-Co-Ni alloy and composite nanoparticles were successfully prepared by chem-
ical reduction of the corresponding metal ions with KBH4 in the microemulsion system of water /Span-80 /
n-butanol /n-heptane． Crystalline structure，phase transformation properties of the synthesized materials
were investigated using X-ray diffraction ( XRD) ，thermogravimetry ( TG) and differential scanning calo-
rimeter ( DSC) ． Effects of the processing parameters on the alloying composition，phase transformation
and morphologic character were analyzed by using a combination of transmission electron microscope
( TEM) ，energy dispersive X-ray spectrometry ( EDS) ，atomic force microscope ( AFM) ，and electron
diffraction ( ED) ，which suggest the Fe-Co-Ni alloying will form a structure in the ternary metal compos-
ite nanoparticles． The magnetic property was investigated by using toric AC magnetic field． The results
indicated that the configurations of Fe-Co-Ni alloys and composite are pine needle and hummock shapes
and Fe-Co-Ni nanoparticles are 150 nm in length and 20—30 nm in diameter，annealed at 150—400 ℃
respectively． The susceptibilities decreased with the increase of the calcining heat． In all heating experi-
ments several exothermic processes were detected that are related to the crystallization of the amorphous-
like alloy and composite． The possible formation mechanism of Fe-Ni-Co alloy and composite nanoparti-
cles was discussed．
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W/O微乳液法制备 Fe-Co-Ni合金和复合物
纳米颗粒材料及其磁性能研究

张朝平，雷炳新，李 振
( 贵州大学化学系，贵阳 550025)

摘 要: 在水 /司班-80 /正丁醇 /正庚烷组成的微乳液系统中，用 KBH4还原相应的金属离子成功地制备了 Fe-Co-Ni
合金纳米质点． Fe-Co-Ni合金和复合物纳米微粒的晶体结构、相变性质用 X射线衍射( XRD) 、热重分析( TG) 和示
差扫描量热仪( DSC) 作了考察． 过程参数对合金和复合物组成、相变以及形态特征的影响用透射电子显微镜
( TEM) 、X射线能量散射谱( EDS) 、原子力显微镜( AFM) 和电子衍射( ED) 进行了分析，结果表明 Fe-Co-Ni 的合金
化将形成三元金属复合物纳米结构．合金的磁性质用环形 AC 磁场作了研究．结果表明，Fe-Co-Ni 合金和三元金属
复合物纳米质点当其在 150 ～ 400 ℃退火后，呈现松针和山丘状，其长度和直径分别为 150 nm 和 20 ～ 30 nm．磁感
应性随煅烧温度的增加而降低; 在所有的热分析实验中检测到几个放热过程对应于无定形合金的晶化． 对形成
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Fe-Co-Ni 合金和金属复合物的可能机理作了讨论．
关键词: Fe-Co-Ni合金; 复合物; 纳米质点; 微乳液; TG /DSC
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Ternary Fe-Co-Ni alloys and composites have been
extensively studied as soft magnetic materials due to their
superior properties relative to binary Fe-Ni alloys and
composites as write head core materials in hard-disk-
drives［1-3］． With increasing storage density requirements，
there is a need for recording heads to write on high-coer-
civity media at high frequencies，which has raised new
requirements for the write-head material that cannot be
met by Ni80Fe20

［4］． Therefore，new soft magnetic materi-
als with higher saturation magnetizations ( 1 T) such as
Co-Fe alloys，Co-Fe-Ni alloys and other Co-Fe based al-
loys have been developed［5-11］． Monodisperse Co-Ni and
Fe-Co-Ni composite materials have fine magnetic reso-
nance［7］． The substitution of small amounts of Co or Ni for
Fe in Fe-based magnetic materials generally results in an
increase of saturation magnetization［12］． Mechanical allo-
ying ( MA) allows producing alloys in large quantities but
the process induces impurities in the milled pow-
ders ［13］． There is a great interest in developing nanoma-
terials with complicated architectures，e． g．，nanoparti-
cles and nanowires，due to their unusual physico-chemi-
cal properties arising from the quantum effects［14-15］． In
general，materials with nanostructures in high aspect rati-
os can be successfully prepared by the employment of
templates ( including membranes and surfactants ) as
“molds”［16-19］． But the report for preparation of Fe-Co-
Ni alloys and composites nanoparticles by using the W/O
microemulsions is absent at the same time． In this paper，
the preparation of a nanocrystalline ( Fe，Co，Ni) alloy
and composite in W /O microemulsions of water /Span-80 /
n-butanol /n-heptane by using reduction either of Fe2 +，
Co2 + and Ni2 + ions using the KBH4 is reported． The X-
ray diffraction ( XRD) ，transmission electron microscope
( TEM) ，atomic force microscope ( AFM) ，electron dif-
fraction( ED) ，and thermogravimetry ( TG) / differential
scanning calorimeter ( DSC) were used to characterize the
crystalline structure，phase transformation properties of
the synthesized Fe-Co-Ni alloys and composites as well as
size and composition distribution of the resultant nanopar-
ticles，which suggests the Fe-Co-Ni alloying will form a
structure in the ternary metal composites nanoparticles．

TEM and AFM characterizations indicated the presence of
pine needle and hummock shape in the alloys and com-
posites．

1 Experiment

1． 1 Materials and methods
All chemicals including Span-80 ( sorbitan mo-

nooleate) ，FeSO4·7H2 O，CoCl2·6H2 O，NiCl2·6H2 O，
NaOH，potassium borohydride，n-butanol，and n-heptane
used were of analytical grade and purchased from Chemi-
cal Reagents Corporation． Water used in the experiments
was deionized ( DI) ．
1． 2 Preparation of Fe-Co-Ni alloy and composite nanop-

articles
The microemulsion system used in this study consists

of Span-80 as a surfactant，n-butanol as a co-surfactant，
n-heptane as the continuous oil phase，and both the
Fe2 +，Co2 + and Ni2 + precursor solution and potassium
borohydride as the dispersed aqueous phase． The aqueous
phases in two microemulsion systems have the same vol-
ume fraction but with different compositions as indicated
in Tab． 1． The aqueous phase in microemulsion Ⅱ con-
tained KBH4as the reducing agent． The amount of KBH4

was in stoichchiometric excess compared with the equiva-
lent of Fe2 +，Co2 + and Ni2 + precursor solution in microe-
mulsion Ⅰ． The two microemulsions were prepared sepa-
rately by mixing with 3% surfactant，60% n-butanol，
30% n-heptane，and 7% of the aqueous phase． A small
amount of additional n-butanol was then titrated slowly in-
to each of the microemulsion system with stirring until the
microemulsion system turned transparent． The two stable
microemulsions were then mixed with a stirrer at ( 25 ±
0. 5) ℃． The Fe-Co-Ni nanoparticles were formed upon
contact between the precursor containing droplets and po-
tassium borohydride containing droplets． The reduction
reactions could be expressed as

2BH4
－ + Fe2 + + 6HOH→7H2↑ + 2H3BO3 + Fe

( 1)
2BH4

－ + Ni2 + + 6HOH→7H2↑ + 2H3BO3 + Ni

( 2)
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2BH4
－ + Co2 + + 6HOH→7H2↑ + 2H3BO3 + Co

( 3)
The black powder product was collected in a filter

paper and washed with absolute ethanol and deionized
water to remove the impurities． It was rinsed with pure
acetone to remove water and then dried at 60 ℃ in air．
Sample was also heated under an atmosphere environment
in the range of 250—450 ℃ about 40 min． A series of
samples were prepared，when changing the radius of wa-
ter core ( w = c( H2O) /c( Span-80) ) ，the method of ad-
dition of FeSO4，CoCl2and NiCl2，or the mole ratio of Fe-
SO4 /CoCl2 /NiCl2 in the initial precursor solution respec-
tively during the other conditions are the same as those in
Tab． 1．

Tab． 1 Compositions of microemulsion system used for
synthesis of Fe-Co-Ni nanoparticles

Compositions Microemulsion Ⅰ Microemulsion Ⅱ φ /%

Aqueous phase FeSO4 + CoCl2 + NiCl2 Borohydride potassium 7
Surfactant Span-80 Span-80 3

Co-surfactant n-butanol n-butanol 60
Oil phase n-heptanes n-heptane 30

1． 3 Characterization of Fe-Co-Ni nanoparticles
The crystalline structure was examined by an XRD

( Rigaku Co． Model DLMAX-2200 ) with Cu-Kα radia-
tion ( λ = 0. 154 05 nm) ． The microstructures and mor-
phologies of nanoparticles were characterized using a
JEM-2000FXII ( Japan ) TEM measurement． The parti-
cles composition was determined using energy dispersive
X-ray spectrometry( EDS) by measuring characteristic X-
rays from areas approximately 300 μm × 300 μm in size
from the upper，central，and lower part of each nanopar-
ticle． These values were then averaged． The susceptive-
ness of Fe-Co-Ni nanoparticles was performed at room
temperature by using toric AC magnetic field ( FM-A，
Fudan University，China) ． TG /DSC analyses were per-
formed using a NETZSCH STA 409 ( Germany) ; samples
of approximately 5 mg were heated in pure nitrogen from
0 to 1 000 ℃，at a rate of 5 °C /min． The roughness and
surface morphology were characterized by using an AFM
( CSPM-3100 Ban-Yuan Nano-Co，China) measurement．

2 Results and discussion

2. 1 XRD and TEM investigations for the samples
XRD experiments were carried out in order to identi-

fy the major phases present in the alloys and composites
after the ageing treatment． Fig． 1 shows the XRD patterns
of the Fe-Co-Ni nanoparticles using microemulsion
process under different temperatures for 40 min． There
may be a doubt that the alloys and composites with vari-
ous nanostructures are metals，alloys or oxides． Accord-
ingly，the crystalline information of the nanoparticles and
nanoclavas prepared in this work has obtained from the
grazing incidence XRD patterns and TEM images． Typi-
cal results for the alloys and composites are shown in a—
g of Fig． 1，respectively． On pattern a and b，diffraction
peaks corresponding to elements Co，Ni and FeCo or Fe-
Ni alloys are clearly found，revealing the fact that the
nanoparticles formed under 150 ℃ in a of Fig． 1 is metal-
lic，at least，consisting of two alloys． Moreover，the crys-
talline quality of Fe0. 64Ni0. 36 should be better than that of
FeCo because of the narrower peak width and higher dif-
fraction intensity for the former alloy． The similar diffrac-
tion peaks are also found on pattern c—g，in which the
relative intensities correspond to FeNi3 and FeCo，and ox-
ides ( especially is Co3 O4 ) peaks are increased in com-
parison with those on patterns a and b． The results sug-
gest that FeNi3 and FeCo alloys and Co3 O4 are the main
crystalline components of the nanoparticles． In addition，
some secondary peaks corresponding to the CoNiO2 or
NiO，CoO and CoFe2 O4 were found，which suggests the
formation of certain composite oxides species in the nano-
particles． In fact，the presence of composite oxides within
the Fe-Co-Ni alloys is usually found in the iron-group al-
loys since Ni and Co oxides can be easily prepared by dif-
ferent methods［20-23］． The oxidation behaviors of the ter-
nary nanoparticles and the phase components after oxida-
tion are similar to those of the binary nanoparticles［24］．
The average diameters and lattice constants ( see Tab． 2)
corresponding to the different heat-treated were calculated
from their respective XRD spectra by the Scherrer expres-
sions ( D = 57. 3kλ /βcos θ) and Bragg equation ( l /2d =
h2 / a2 + k2 / b2 + l2 / c2 and 2dsin θ = nλ) ． From Tab． 2，it
is evident that the average diameter and lattice constant of
the prepared Fe-Co-Ni samples increase with the calci-
ning heat increasing． This is attributed to the calcinations
Fe-Co-Ni alloy particles expansion in the ultra-fine parti-
cles［25］ and oxidation of reduced Fe，Co，and Ni particles

zhk
线条

zhk
线条
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in microemulsion［7，26］． The diffraction peak positions in c
of Fig． 1 of the ( 111) and ( 200) planes are correspond-
ing to 2θ of 44. 28° and 51. 6° respectively． sin222. 14° /
sin225. 8° equals to 3 ∶ 4，which indicates that Fe-Co-Ni
alloy nanoparticles are the face-centered cubic structures．
The ratio of the square of the radius for the concentric
rings is 3∶ 4 ∶ 8 ∶ 11∶ 12 in this electron diffraction pattern
( see Fig． 2( b) ) ．

Fig． 1 XRD patterns of Fe-Co-Ni alloy nanoparticles un-
der different temperatures for 40 min

Tab． 2 Average diameter and lattice constant of the
prepared Fe-Co-Ni samples at annealed

Calcinations /℃ Average diameter /nm Lattice constant /nm

250 8. 58 0. 353 01
300 16. 67 0. 353 10
350 16. 90 0. 353 10
400 17. 70 0. 354 01
450 18. 88 0. 354 31

Fig． 2 TEM of the sample calcined at 250 °C
for 40 min and electron diffraction pat-
tern of a region

The predominant morphology of TEM image of the
sample calcined at 250 ℃，as shown in Fig． 2( a) ，which
indicates nanorods with average length of about 150 nm
and diameter of 20—30 nm exist and there are some
nanospheres with the diameter of about 25 nm． The se-
lected area electron diffraction ( SAED) pattern of the al-
loys and composites carried out on one single particle
showed diffraction rings with spots superimposed
( Fig． 2( b) ) ，which suggests that the formed nanoparti-
cles are polycrystalline．

The influence of the metal ions concentrations on the
particles sizes indicates that the lower nickel ions are use-
ful for preparing tinier particles． Lower iron ions，more
nickel and cobalt atoms were reduced and absorbed on
the nuclei，and then they aggregated into larger spherical
particles as demonstrated by XRD in Fig． 3 and Tab． 3
and average diameter was calculated using Scherrer
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equation respectively． According to EDS ( see Fig． 4 )
analysis，the compositions of Fe，Co and Ni in different
individual regions are not in close and have a little devia-
tion． The peak of copper is sometimes present on the EDS
spectra due to the specimen holder．

a—nFe ∶ nCo ∶ nNi = 2∶ 4∶ 4; b—nFe ∶ nCo ∶ nNi = 2∶ 2∶ 6;

c—nFe ∶ nCo ∶ nNi = 2∶ 6∶ 2; d—nFe ∶ nCo ∶ nNi = 1∶ 4. 5∶ 4. 5

Fig． 3 XRD of Fe-Co-Ni alloys prepared for different
reactant ratios

Tab． 3 Average size and lattice constant of Fe-Co-Ni alloys
prepared according to reactant ratio

nFe ∶ nCo ∶ nNi Average diameter / nm Lattice constant /nm

2∶ 4∶ 4 14. 15 0. 354
2∶ 2∶ 6 5. 25 0. 353
2∶ 6∶ 2 12. 87 0. 354

1∶ 4. 5∶ 4. 5 21. 77 0. 354

Fig． 4 EDS spectra of sample annealed at 250 °C for 40
min

A possible mechanism of formation of the Fe-Co-Ni
nanopaticles may be as follows．

The normal potential of BH －
4 is － 1. 24 V，which

can give out 8 electrons in alkaline medium［27］

BH －
4 + 8OH － = B ( OH) －

4 + 4H2O + 8e － ( 4)
The normal potentials of Fe2 +，Co2 +，and Ni2 + are

－ 0. 877 V，－ 0. 73 V and － 0. 72 V ( alkaline medium)
respectively，then we can get

4M2 + ( Fe2 +，Co2 +，Ni2 + ) + BH －
4 + 8OH － =

B( OH) －
4 + 4M( Fe，Co-Ni) + 4H2O ( 5)

At the beginning， Fe ( OH ) 2，Co ( OH ) 2， and
Ni( OH) 2 suspension was formed by the reaction of Fe2 +，
Co2 +，Ni2 + and OH － ． The strong alkalinity of the solu-
tion resulted in Fe ( OH) 2，Co ( OH) 2，and Ni ( OH) 2
which all have negative charge． Withal，NaOH is added
to the polyol which will increase the monodispersity of the
nanoparticles and，also will accelerate the chemical reac-
tions． So the Fe( OH) 2，Co( OH) 2，and Ni( OH) 2 inter-
diffuse with the surfactant Span-80 ，to form Span-80-
Fe( OH) 2 ，Co( OH) 2，and Ni( OH) 2 mutualism

［28］． It
seemed that Span-80 wrapped the tiny particles and be-
came spherical micelles． Therefore，the alloys nucleated
at the micelles by reduction with potassium borohydride．
While the n-heptane was added in the system，layer mi-
celles may be formed with n-heptane in the layers like
sandwich． So the alloys nucleated at the layer composed
by Span-80-Fe ( OH) 2，Co ( OH) 2，and Ni ( OH) 2 ． The
nanosheet was obtained，then the 2D nanosheets rolled
into nanorods［29］，for which the driven force can be at-
tributed to the decrease of the surface free energy． Part of
the non-ionized surfactant Span-80 may form chainlike
structure due to the assembly in water． Then，some 1D
liquid reaction fields could be formed in the Span-80 and
water mixed system［30］，which may result in the formation
of Fe-Co-Ni rods as shown in Fig． 2( a) ．

The synthesis of nanoparticles in microemulsions al-
lows one to obtain monodisperse size of the particles and
in some cases to control the size and shape of the particles
by variation of the size of the microemulsion droplet radi-
us and of the precursors concentrations． Two models are
proposed for the formation of the particles: the first is
based on the LaMer diagram［31］，and the second is based
on the thermodynamic stabilization of the particles． In the
first case，the particle size and shape varies as a function
of either the size of the inner water cores or the precursor
concentration; in the second case，the particle size is in-
dependent of these parameters［32］． To form a stable nu-
cleus，a minimum number of atoms are required． Thus，
for nucleation several atoms must collide at the same
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time，and the probability of this phenomenon is much
lower than the probability of collision between a single at-
om and an already formed nucleus． The latter phenome-
non is called the growth process． At the very beginning of
the reduction，nucleation occurs only in water cores that
contain enough ions to form a nucleus． At this moment，
the micellar aggregates act as“reaction cages”where the
nuclei are formed． On the other hand，the microemulsion
being dynamic，the water cores rapidly rearrange． The
other ions brought into contact with the existing nuclei es-
sentially participate in their growth process［33］．

Fig． 5 AFM images for three-dimensional and pro-
files in different scan sizes

2. 2 AFM observation
The results of AFM observation of individual Fe-Co-

Ni alloy and composite nanoparticles were shown in Fig．
5． The crystal surface morphologies of pine needle and
hummock shapes were found． The hummocks are separa-
ted well from each other，whose surface is slippery and
has no further microstructure． The three-dimensional and
planar views of Fe-Co-Ni nanoparticles in different an-
nealed and scan sizes are shown in Fig． 5 ( a) and Fig．
5( b) respectively． Fig． 5 shows a typical AFM image of
the surface morphology whose scan size is 28 μm × 28

μm． One ( part A of Fig． 5) was relatively thickness with
average area of ( 4. 96 ± 0005 ) nm2 and average dimen-
sion of about 249 nm，grain sum of 3 853，and the other
( part B of Fig． 5) showed that these particles were hum-
mock shape at the scan size ( average area of ( 1. 94 ±
0006) nm2，average dimension of 397 nm，grain sum of
122． Looking at different points for the 150 ℃ /40 min
and 350 ℃ /40 min annealed surface，it is found that the
average height of the particles is approximately 3. 31 nm
and 6. 86 nm respectively． As can be seen，the distribu-
tion of particles is not uniform． AFM images in Fig． 5
show that the Fe-Co-Ni nanoparticles are continuously flat
after annealed and those subsequent heat treatments
roughen the particles surface． As the annealing tempera-
ture increases，the surface roughness also increases． Fig．
6 plots the surface roughness as a function of tempera-
ture． The results show that there is no significant change
in nanoparticles morphology below 150 ℃，although we
cannot exclude atomic scale events on the surfaces． The
change in surface roughness is small up to 150 ℃，where
upon it starts to increase． A roughening transition occurs
somewhere between 250 ℃ and 450 ℃，where surface
roughness increases dramatically． Thus， the Fe-Co-Ni
nanoparticles begin cluster forming at temperature some-
where between 250 ℃ and 450 ℃，and complete the
process above 450 ℃ ． DSC shows that the early stage of
phase separation occurs at around 150 ℃，at which stage
no obvious surface morphology change is observed．

Fig． 6 Surface roughness as a function of tem-
perature

2. 3 Thermal stability of Fe-Ni-Co nanoparticles
DSC measurements performed supported the exist-

ence of an amorphous phase deduced from XRD and
TEM． Phase transformation of powders was studied by
using TG /DSC measurements． Fig． 7 shows the sample
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crystallizes in a complex three-stage crystallization
process． The calorimetric data reveal a broad hump in the
temperature range of 35—100 ℃， and an apparent
1. 48% weight loss in the TG curve，which began at
about 35 °C，and it was associated with the loss of ab-
sorption water and crystalline water． From 100 to 288. 9
℃，it showed 3. 52% total losses in TG curve． It is due
to decomposition of the ethanol which is used as a wash-
ing agent and other organic agent as well as copolymer
part of the material． In all heating experiments several
exothermic processes were detected that are related to the
crystallization of the amorphous-like alloy． There are at
least three processes for samples of Fe-Co-Ni powders．
The first crystallization peak starts at about 243. 2 ℃ and
the second at about 416. 8 ℃ ． The crystallization process
in the rapidly solidified samples produces a very sharp
main exothermic peak and at least one flat high tempera-
ture third peak at about 572. 9 ℃ ． The values obtained
can reasonably be associated with a nucleation and grain
growth process as in the cases of the Co-based and Ni-
based nanoparticles［34］． In the Fe-based alloy，oxides
have several kinds of structures such as FeO，Fe3O4 and

Fe2O3 ． The three peaks illustrate the oxidization of the
sample through three stages． The thermal stability of the
Co-and Ni-based nanoparticles is slightly higher than that
of the Fe-based． On the basis of our results，it can be
suggested that these nanoparticles are stable and secure
below 200 ℃ in air． Note that，the peak position of mass
derivative ( TG curve) is the same compared to the exo-
thermic peak obtained from the DSC curve． Fig． 7 shows
the TG and DSC curves of a representative sample． All
synthesized show analogous， well-defined TG /DSC
peaks． Finally，the amount of unstable substance in all
the samples is lower ( about 4. 16% ) based on the weight
loss at low temperatures ( 35—200 ℃ ) of the TG dia-
gram［35-36］． It can be seen from Fig． 7 that there is an ap-
parent 14. 66% weight increase from about 288. 9 ℃ to
700 ℃ ． The reaction occurring in the above process
could be written as

14FeNi3 + 17 /2N2 = 2Fe4 N + 3Fe2 N + 6Ni4 N +
6Ni3N ( 6)

Fe4N + Fe2N + 3Ni4N + 2Ni3N = γ( 6FeNi3 ) +
7 /2N2 ( 7)

Fig． 7 TG /DSC curve of Fe-Co-Ni sample

At first，the Fe-Ni-Co alloy reacted with the ad-
sorbed N2 species，resulting in the formation of Fe4 N +
Fe2N and Ni4N + Ni3N respectively; when Fe-Ni-Co was
fully consumed and the fcc nitride Fe4N ( γ) has a nar-
row range of homogeneity around 20% N． The cph nitride
Fe2N ( ε) has a broad composition range from 15% N to

at least 33% N［37］． The N-Ni phase diagram is only par-

tially known． The Ni-rich intermediate phases are Ni4 N

and Ni3N
［37］． The ordered Fe-Ni is the only intermediate

phase in the system． Then it will translate into γ( Fe，Ni)
alloys when the temperature exceeds 800 ℃［38］． The ni-
trogen in Fe4N，Fe2 N and Ni4 N，Ni3 N will be removed
and Fe-Ni alloy will be formed again，and the results cor-
respond with their phase diagram［38］． With regard to the
structural characteristics of 3 d transition metal nitrides，
it can be recognized that the larger metal atoms constitute
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the fundamental structure and the smaller nitrogen atoms
are located at interstitial sites［39］． Generally，stoichiomet-
ric compounds of metal nitrides are not always obtained，
because the metal nitrogen system gives the interstitial
compounds． Co-N films were also prepared［40］ by reactive
sputtering． They are reported to consist of two phases: a
hcp Co and a Co nitride phase． In particular，a Co4 N
phase was identified with a fcc structure made up of Co
atoms with a nitrogen atom at the center of each cubic u-
nit cell．

Fig． 8 χm in dependence on the magnetic field

at room temperature for the Fe-Co-Ni
nanoparticles under different heat
treatments

2. 4 Magnetic properties of Fe-Ni-Co alloys and compos-
ites

The magnetic properties of Fe-Co-Ni alloys nanopar-
ticles were analyzed by the toric AC magnetic field． Fig．
8 shows the susceptiveness curves of the samples． It can
be seen that susceptiveness of Fe-Co and Ni alloy nanop-
articles decreases with elevation of sintered at room tem-
perature． The values of susceptiveness indicate the effect
of heat treatments of the investigated powder on precursor
which transformed from an amorphous state with prefera-
ble magnetic induction． But the intermetallic Fe-Co-Ni at
150—400 ℃ has lower magnetic induction． On the other
hand，from the values of susceptiveness χm in Fig． 8 in
case of the powder itself，the susceptiveness has higher
values than the heat treated and also the sintered one，
because the powdered form has a very fine structure，hav-
ing a single domain structure with higher susceptiveness
values than the consolidated one which has a strong parti-
cle-particle interaction decreasing the susceptiveness．
The susceptiveness χm value decreased with the sintered
increasing． The origin of this behavior may be found in
the competition among different changes occurring in the

evolution of the structure． Likely，at the beginning of sin-
tering，a small grain size and poor homogeneity of Fe-Co-
Ni alloy，besides the presence of metal nitrides( see Sec-
tion 2. 3) are observed; while at higher temperatures and
upon increasing the sintering time，grain growth and Fe-
Co-Ni inner diffusion are responsible for the decrease of
χm． Furthermore，the addition of nitrogen is reported to
progressively reduce the saturation magnetization of Co．
The results of the literature，therefore，indicate that N
can enter solid solution，the Co-Ni alloy，but has an ad-
verse effect on the magnetic properties［40］．

3 Conclusion

Synthesis of alloys containing Fe-Co-Ni nanoparticles
has been carried out successfully by a W/O microemul-
sion of water /Span-80 /n-butanol /n-heptane route． It has
been shown that mixing of iron with cobalt and nickel ions
in the presence of KBH4 leads to the formation of
nanoscales alloy particles when calcined within the tem-
perature range of 250—450 ℃ ． The structural and com-
position distribution of the resultant nanoparticles of Fe-
Co-Ni alloy were performed by means of XRD，TEM，
AFM，ED and TG /DSC analysis． The analysis of typical
Fe-Co-Ni particles diameters indicates an average 150 nm
in length and 20—30 nm in diameter． The Fe-Co-Ni nan-
oparticles show some degree of the crystallization． The
grains formed initially grow with the increase of the an-
nealing temperature，indicating a large number of grains
in the shape of equally sized pine needle shape and hum-
mock grains that are observed in individual clusters． All
DSC scans show several reactions on heating． At low tem-
perature，about 243 ℃，the exothermal process detected
is associated to structural relaxation，which is related to
the crystallization of the amorphous-like alloy and com-
posite． The size of Fe-Co-Ni nanoparticles depends on
annealing，which increases with the rise of annealing
temperature．
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