Results in Physics 12 (2019) 652–661

Contents lists available at ScienceDirect

Results in Physics
journal homepage: www.elsevier.com/locate/rinp

Synthesis of cobalt-rich alloys with high saturation magnetization: A novel
synthetic approach by hydrazine reduction method
G. Srinivas Reddya, Sumit Ranjan Sahub,c, R. Prakashc, M. Jagannathamb,

T

⁎

a

Undergraduate Program-Materials, Indian Institute of Science, Bengaluru 560012, Karnataka, India
Department of Metallurgical and Materials Engineering, Indian Institute of Technology Madras, Chennai 600036, Tamilnadu, India
c
Centre for Automotive Energy Materials, International Advanced Research Centre for Powder Metallurgy and New Materials (ARCI), Chennai 600113, Tamilnadu, India
b

ARTICLE INFO

ABSTRACT

Keywords:
Cobalt-rich alloys
Hydrazine reduction method
Electron microscopy
Magnetic properties

Cobalt-rich alloys of various compositions (Co33Fe33Ni33, Co40Fe40Ni20, Co50Fe25Ni25 and Co60Fe20Ni20) were
synthesized from their respective precursor salts using a novel hydrazine reduction method. The synthesized
nanosized powders were characterized using X-ray diffraction (XRD), scanning electron microscopy (SEM), and
vibrating sample magnetometer (VSM) techniques. XRD phase analysis results revealed that the Co33Fe33Ni33
alloy was formed with a pure FCC phase. Whereas, Co40Fe40Ni20, Co50Fe25Ni25 and Co60Fe20Ni20 alloys were
composed of both FCC and BCC phases. The average particle size of the alloys was estimated to be in the range of
107–280 nm. The synthesized cobalt-rich alloys exhibited ferromagnetic properties at room temperature with a
high saturation magnetization value up to 138 emu/g. The mixed phase Co40Fe40Ni20 alloy showed higher saturation magnetization and higher coercivity as compared to the other alloy compositions. In mixed phase alloys,
the dominance of the BCC phase over the FCC phase seems to has resulted in the enhancement of the saturation
magnetization value. The obtained results indicate that the hydrazine reduction method was effective in synthesizing cobalt-rich alloys with excellent soft magnetic properties.

Introduction
Magnetic materials are of significant interest to the scientific community because of their potential applications in high-density data
storage, radio frequency devices, magnetic sensors and medical diagnosis [1–3]. Pure Fe, Ni, and Co are the popular materials which exhibit
unique and superior magnetic properties [4]. However, nanosized
particles of these elements have shown better magnetic properties
compared to their bulk counterparts. Transition metal binary alloys FeNi, Fe-Co, and Ni-Co have been studied extensively due to their excellent magnetic properties [5–7]. On the other hand, Co-Fe-Ni ternary
alloys have got much attention due to their promising soft magnetic
properties, such as high saturation magnetization (Ms) and low coercivity values (Hc) [8]. Co-Fe-Ni ternary alloys are interesting soft
magnetic materials that are used in making of write heads for hard disc
drives and high-frequency planar inductors [9,10]. The materials with
low coercivity consume lesser energy during their usage by virtue of
faster magnetization of the core and thus, enabling writing information
on their disks at higher speeds [11]. The magnetic properties of these
Co-Fe-Ni ternary alloys can be varied by controlling the compositional
ratio of Fe, Co and Ni [12]. In previous works, Co-rich and Co-Fe-Ni
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ternary alloys have been synthesized via melt route, mechanical alloying, sputtering method, and electrodeposition techniques and subsequently, their structure and magnetic properties have been studied
[13–17]. The prolonged processing time and particle morphology are
the major disadvantages with the existing preparation methods of these
alloys. The Co-Fe-Ni ternary alloys processed through mechanical alloying reach the saturation magnetization of 144.3–159.9 emu/g and
coercivity of 15–67 Oe [18]. The composition of Co65Fe23Ni12 alloy
with a saturation magnetic flux density of 2.1 T and low coercivity
value of < 2 Oe was processed through the electrodeposition technique
[8]. The most favourable soft magnetic properties are found in Co-Fe-Ni
ternary alloys comprising of both BCC and FCC phases [16]. Chemical
synthesis methods have an advantage over the other conventional
methods as the composition and size of the alloy nanoparticles can be
controlled under specific synthesis conditions, which in turn determines
the magnetic properties of the alloys [5,19].
The focus of the present investigation is to systematically study the
phase formation of Co-rich alloys, the evolved morphology and size and
then, to evaluate their magnetic properties. In this work, Co33Fe33Ni33,
Co40Fe40Ni20, Co50Fe25Ni25 and Co60Fe20Ni20 alloys have been synthesized via hydrazine reduction route and their structural and
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morphological characterizations were carried out. Further, the magnetic properties of the as-synthesized alloys were evaluated. The compositions of the alloys were chosen from the phase diagram reported for
Co-Fe-Ni bulk alloys [17]. Here, one of the selected compositions is
from FCC phase region (equiatomic, Co33Fe33Ni33) and another composition (Co40Fe40Ni20) is from the mixed BCC and FCC phase region.
Whereas, the other two compositions (Co50Fe25Ni25 and Co60Fe20Ni20)
were chosen near to the boundary region of the FCC to BCC phase
transformation.

dispersive X-ray spectroscopy (EDS) detector. The magnetic characterization was carried out at room temperature on a Vibrating Sample
Magnetometer (VSM) (Microsense, Model EV9) equipped with a 20 kOe
magnetic field.
Results and discussion
The alloys with the compositions Co33Fe33Ni33, Co40Fe40Ni20,
Co50Fe25Ni25 and Co60Fe20Ni20 were synthesized via hydrazine reduction method. The XRD patterns of the ternary alloys are shown in
Fig. 2a. From the XRD patterns, it can be observed that additional
impurity phases, such as cobalt oxide, iron oxide and nickel oxide are
not present in the as-synthesized alloys. For the synthesized alloys, the
FCC phase was characterized by the five reflections: (1 1 1), (2 0 0),
(2 2 0), (1 1 3) and (2 2 2) and the BCC phase was characterized by two
reflections: (1 1 0) and (1 1 2). The deconvoluted major peaks for each
of the alloys are shown in Fig. 2b. The area under the FCC (1 1 1) and
BCC (1 1 0) reflections were used to calculate the phase fractions of the
FCC and BCC phases, respectively. The pure FCC phase was obtained for
the equiatomic solid solution of composition Co33Fe33Ni33 which belongs to the FCC phase region of the Co-Fe-Ni ternary phase diagram
[17]. In the case of other ternary compositions, Co40Fe40Ni20,
Co50Fe25Ni25 and Co60Fe20Ni20, the XRD patterns comprise of both BCC
and FCC phases. In Co40Fe40Ni20 both the BCC and FCC phases have
formed in significant proportions [20,21] as the composition of the
alloys falls in the mixed BCC and FCC phase region of the phase diagram. Whereas, in the case of Co50Fe25Ni25 and Co60Fe20Ni20 alloys, the
major phase is FCC, along with the minor amount of the BCC phase as
these compositions correspond to the boundary region of the BCC to
FCC phase transformation in the phase diagram. The formation of the
minor BCC phase can be attributed to the possible effect of different
reduction rates of the metal precursor salts, where one of the precursors
started reducing at a slightly faster rate than the other precursors,
during the alloy formation process. The formation of the minor BCC
phase may also be associated with the change in the nucleation and
growth rates in ternary alloys [22,23].
The phases related to the corresponding compositions and their
lattice parameters are shown in Table 1.
The lattice parameter (a) of the cubic phase was calculated using the
following relation:

Experimental details
The Co33Fe33Ni33, Co40Fe40Ni20, Co50Fe25Ni25 and Co60Fe20Ni20
alloys were synthesized using hydrazine (N2H4·H2O) as a reducing
agent by designing a simple air exhausting device, which avoids the
requirement of an inert atmosphere. A schematic sketch of the synthesis
process is shown in Fig. 1. All the precursor chemicals CoCl2·6H2O, Ni
(NO3)2·6H2O and Fe(SO4).7H2O were of analytical grade and were used
for the preparation of the alloys without further purification. In a typical synthesis, predetermined quantities of the precursors were dissolved in ethanol-water solution at a fixed volume ratio of 3:1 inside a
conical flask. This precursor solution was stirred using a magnetic
stirrer for 20 min to obtain a homogenous solution. Further, NaOH
solution of 6 M was added to the above solution to obtain a pH value of
11. The resultant solution was heated to 100 °C under constant magnetic stirring. Then, 10 ml of hydrazine (N2H4·H2O) was slowly added
into the above the precursor solution. In order to prevent the interaction of air with the reaction vessel, the reaction was carried out inside a
conical flask having a side neck outlet which is connected to a rubber
pipe immersed into a water bath. Gases and vapours released during the
reaction were bubbled into the water. The solution was maintained at
100 °C for 45 min. The resulting black precipitate was filtered and
washed several times with ethanol to remove the chloride and other
contaminant ions. The final product was dried inside a vacuum oven at
60 °C for 4 h.
The phases of the as-synthesized alloys were identified using
X-ray diffractometer (XRD, X’pert PROPANanlytical) with Cu Kα
(λ = 0.154 nm) radiation. The morphology of the alloys and their elemental compositions were observed using a scanning electron microscope (SEM, Zeiss, Operating voltage 15 kV) equipped with an energy

Fig. 1. Schematic sketch of the synthesis process for Co-Fe-Ni alloys via hydrazine reduction method.
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Fig. 2. (a) XRD pattern of Co33Fe33Ni33, Co40Fe40Ni20, Co50Fe25Ni25 and Co60Fe20Ni20 alloys and (b) corresponding deconvoluted XRD peaks.

morphology of the particles changes with the change in the cobalt
content [24]. Several factors affect the particle size and morphology of
the synthesized alloys, such as solvent, crystal structure, elemental
composition and reduction rate of elements [7,25]. Typically, high
cobalt content in the alloy forms dendritic morphology [1,7,26]. Figs. 3
and 4 show that the Co33Fe33Ni33, Co40Fe40Ni20 alloys exhibit spherical
morphology with uniform particle size. With the increase in the cobalt
content (Co50Fe25Ni25 and Co60Fe20Ni20), a very low fraction of

1

a=

(h2 + k2 + l2) 2
2sin

where h, k, l are the Miller indices of the plane of the phase, θ is the
Braggs angle.
The morphology of the Co33Fe33Ni33, Co40Fe40Ni20, Co50Fe25Ni25
and Co60Fe20Ni20 alloys was investigated using SEM and the morphology of the powders are shown in Figs. 3–6 respectively. From the
SEM images of the alloys, it can be clearly observed that the
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atomic percentage of the elements in the alloys were calculated from
the intensity of the peaks corresponding to Co, Fe and Ni in the EDS
spectra. The compositions of the alloys obtained from the EDS spectra
are in good agreement with the actual synthesized compositions. These
elemental analysis results clearly indicate that the metal ions were
completely reduced to their metallic form by hydrazine to form Co-FeNi alloys with the desired composition.
It should also be noted that the EDS spectra of the alloys contain a
minor peak corresponding to oxygen. This could be due to the encapsulation of the surface of the nanoparticles with a very thin oxide
layer and are not identified from XRD analysis. Similar results have also
been reported in previous works [28,29].
The average size of the spherical particles was calculated from the
SEM images for each of the alloy compositions. To calculate the average
particle size, ∼100 particles were selected and their sizes were measured using ImageJ image analyser software. The distribution and
average particle sizes of all the compositions are shown in Fig. 7 which
ranges from ∼107 to ∼280 nm. It could be observed that the average
particle size of the alloys increases with increase in the cobalt content
with an exception in Co40Fe40Ni20 where the average particle size was
found to be the smallest (∼107 nm), which could be due to the competitive nucleation and growth process of BCC and FCC phases [30].
The change in particle size with change in elemental composition has
also been reported in previous works [25,28].
The magnetic properties of the alloys were measured by VSM at
room temperature with an applied magnetic field of −20 kOe
< Hc < 20 kOe. Fig. 8a shows the room temperature magnetic

Table 1
Structural data for the Co-Fe-Ni alloys prepared by hydrazine reduction
method.
Alloy composition

Phase obtained from XRD
(Phase fraction, %)

Lattice parameter (Å)

Co33Fe33Ni33
Co40Fe40Ni20

FCC (100)
FCC (41)
BCC (59)
FCC (70)
BCC (30)
FCC (66)
BCC (34)

3.555
3.545
2.852
3.551
2.838
3.554
2.836

Co50Fe25Ni25
Co60Fe20Ni20

dendrites was observed along with the spherical particles (Figs. 5c, d,
6c and d). The change in the morphology with an increase in cobalt
content may be attributed to the rate of the reduction process of metal
precursor salts by hydrazine under present conditions [27]. Spherical
morphology of the particles is formed due to the faster reduction reaction resulting in faster grain growth. This helps in the growth of
various facets (isotropic growth) and forms particles with spherical
morphology. The dendritic morphology is formed due to the nucleation
of alloys as small nuclei. The small nuclei are unstable because of their
high surface energy and high surface curvature. In order to decrease the
surface energy, several small nuclei aggregate together to form a dendritic structure along a specific direction (anisotropic growth) [26,27].
The EDS pattern for the Co33Fe33Ni33, Co40Fe40Ni20, Co50Fe25Ni25 and
Co60Fe20Ni20 alloys are shown in Fig. 3d, 4d, 5f and 6f respectively. The

Fig. 3. (a–c) SEM images of Co33Fe33Ni33 at different magnifications and (d) corresponding EDS spectrum.
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Fig. 4. (a–c) SEM images of Co40Fe40Ni20 at different magnifications and (d) corresponding EDS spectrum.

hysteresis curve for the Co33Fe33Ni33, Co40Fe40Ni20, Co50Fe25Ni25 and
Co60Fe20Ni20 alloys. From the hysteresis curves, it can be observed that
all the synthesized compositions exhibit ferromagnetic behaviour. An
enlarged view of the hysteresis curve at zero magnetic field is shown in
Fig. 8b. The observed saturation magnetization (Ms) and coercivity (Hc)
values are shown in Fig. 8c. The magnetic saturation of 111.6, 138.1,
131.8 and 135.4 emu/g was obtained for the Co33Fe33Ni33,
Co40Fe40Ni20, Co50Fe25Ni25 and Co60Fe20Ni20 alloys respectively. Saturation magnetization and coercivity are strongly depend on the
composition, particle size, surface anisotropy in different shapes and
the ratio of the BCC to FCC phases [31]. On the other hand, most favourable saturation magnetization properties are found in materials
having both phases [10,31–33]. The dominance of the BCC phase over
the FCC phase in a two-phase alloy is beneficial for obtaining high saturation magnetization [31,34]. Among all compositions, Co40Fe40Ni20
exhibited a larger value of saturation magnetization (138.1 emu/g) due
to the enhancement of magnetic saturation by BCC phase [31,34].
Particle size also has a significant effect on the saturation magnetization
of the alloys. Smaller particle size results in lower saturation magnetization than that of larger particle size. The low saturation magnetization for smaller particles can be explained in terms of its non-collinear
spin arrangement at near the surface of the particle [35]. Therefore, the
saturation magnetization increases as the size of the particle increases.
An increase in the saturation magnetization was observed (111.6, 131.8
and 135.4 emu/g) for the samples Co33Fe33Ni33 (186 nm), Co50Fe25Ni25
(230 nm) and Co60Fe20Ni20 (280 nm), respectively.

It can be noticed from the magnetic hysteresis curves that the obtained coercivity values of the alloys are relatively higher than that of
the ternary alloys prepared via other wet chemical routes [25,28].
However, the obtained coercivity values are relatively lower than the
alloys processed through the electro-deposition technique at room
temperature [8]. The coercivity of all the compositions was calculated
from the magnetic hysteresis loops. Several factors which affect the
coercivity of nanosized particles, such as composition, surface anisotropy and shape anisotropy [31]. The coercivity values increased with
the increase in the Co and Fe content or decrease in the Ni content as
shown in previous reports [28,36]. Surface anisotropy is created mainly
due to missing of coordinating atoms around the surface of the metal
particle. Compared to other morphology, the particles with spherical
morphology exhibit higher coercivity values. The enhancement of
coercivity with spherical nanosized particles has also been reported
earlier [37]. On the other hand, dendritic morphology of the particle
exhibits shape anisotropy [38,39]. In this context, looking into the
morphology of the synthesized alloys, Co33Fe33Ni33 and Co40Fe40Ni20
exhibit only spherical morphology. The Co33Fe33Ni33 have pure
FCC crystal structure and only spherical morphology. Therefore
Co33Fe33Ni33 exhibited lower coercivity (101 Oe) than other samples.
However, the coercivity of Co40Fe40Ni20 was found to be higher (162
Oe) compared to the other samples. It may be attributed to the finer
particle size (107 nm) possessing a high anisotropy field than that of the
larger particles which have resulted in the higher coercivity value [40].
Moreover, the higher Fe content in Co40Fe40Ni20 alloy results in higher
656

Results in Physics 12 (2019) 652–661

G.S. Reddy et al.

Fig. 5. (a–e) SEM images of Co50Fe25Ni25 at different magnifications and (f) corresponding EDS spectrum.

coercivity. The Co50Fe25Ni25 and Co60Fe20Ni20 exhibit spherical particles along with a small fraction of dendritic morphology. The
Co60Fe20Ni20 alloys exhibit more coercivity (137 Oe) than Co50Fe25Ni25
alloy (113 Oe), due to the formation of more amount of dendrite
morphology (shape anisotropy), as observed in the SEM images. Overall
the saturation magnetization of the synthesized alloys was high, while
the coercivity values are relatively comparable to that of the previous
works [28,41].

Summary and conclusions
Nanoparticles of Co-rich alloys (Co33Fe33Ni33, Co40Fe40Ni20,
Co50Fe25Ni25 and Co60Fe20Ni20) were successfully synthesized via hydrazine reduction route. This method is very simple and fast for preparing nanosized particles of Co-rich alloys. Single FCC phase was
formed in the case of equiatomic composition Co33Fe33Ni33 and different fractions of BCC and FCC phases were observed in other
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Fig. 6. (a–e) SEM images of Co60Fe20Ni20 at different magnifications and (f) corresponding EDS spectrum.

(Co40Fe40Ni20, Co50Fe25Ni25 and Co60Fe20Ni20) compositions. SEM
studies revealed the change in morphology with a change in the alloy
composition. The phase, morphology and particle size of the synthesized alloys were found to have a significant effect on the magnetic

properties of the alloys. The obtained values of saturation magnetization for Co-rich alloys synthesized through this wet chemical reduction
route are found to be in the range of 111.6–138.1 emu/g with coercivity
values are in the range of 101–162 Oe. In conclusion, the alloys
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Fig. 7. (a–d) Distribution of particle size of the synthesized alloys and (e) average particle size measured from SEM images by ImageJ Software.
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Fig. 8. (a) M-H curve of the synthesized compositions, (b) An enlarged view of the hysteresis curve at zero magnetic field and (c) Ms and Hc value for the alloys.

synthesized with this novel hydrazine reduction method possessing
high saturation magnetization and coercivity can be a potential material for high-frequency magnetic applications.
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