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Cobalt-Nickel alloys have been widely used for decoration, in magnetic recording devices and corrosion resis-
tance applications, etc. In this study, the influences of cobalt amount in electrolyte on the magnetic and structural
properties of the electrodeposited Co-Ni alloys were investigated. An electrolyte solution, consisting of cobalt
sulfate, nickel sulfate, nickel chloride and boric acid, was used in electrodeposition. The electrochemical investi-
gation of Co-Ni alloys was completed using cyclic voltammetry and galvanostatic studies. The morphological and
structural analyses of the alloys were performed using inductively coupled plasma, scanning electron microscopy,
X-ray diffraction and vibrating sample magnetometer techniques. The effect of cobalt concentration on the mag-
netic properties, phase structure and grain size of the alloys was investigated. Magnetic hysteresis results indicate
that the amount of the cobalt content in the electrolyte has a strong influence on the ferromagnetic behavior of
fabricated alloys. Results of the study show that changing the electrodeposition parameters, such as composition
of electrolyte solution, allows to fabricate alloys with different properties.
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1. Introduction

Co-Ni alloys have been widely studied in recent ye-
ars due to their unique physical and chemical pro-
perties [1, 2]. It has been reported that Co-Ni coatings
display high adhesion, heat-conductivity, thermal stabi-
lity, corrosion resistance, mechanical, chemical and also
superior magnetic properties [3–5]. Co-Ni coatings could
be used as soft magnetic materials and shape memory
alloys [6].

It is known that Co-Ni alloys have excellent magne-
tic properties. Co-Ni alloys have superior permanent
magnetic properties than the pure metals [7]. Additi-
onally, changing composition of the magnetic alloys of-
fers a way of modification of their magnetic properties,
such as controllable coercivity and improved saturation
magnetization [7].

Various methods can be used for the deposition of co-
atings, such as sputtering [8], vapor deposition [9], spin
coating and electrodeposition [10–12]. Nonetheless, with
the exception of electrodeposition, these methods are not
effective for creation of coatings of high quality and well
controlled magnetic layers [13].

Electrodeposition is a coating method with many
practical advantages, such as ability to coat complex ge-
ometries, low operation temperature, and control of co-
ating composition [14]. Electrodeposition method has
been widely used for fabrication of Co-Ni coatings due to
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anomalous codeposition behavior of these elements [15].
Electrodeposited Co-Ni alloys have high hardness, ex-
cellent wear and corrosion resistance, anti-corrosion,
heat-conductive, magnetic, and electrocatalytic proper-
ties [16, 17].

It is known that properties of the electrodeposited co-
atings are affected by such deposition parameters as the
electrolyte composition, electrolyte pH, applied poten-
tial and current, temperature and substrate material [18–
20]. Variation of the experimental parameters can lead
to deposition of alloys with different composition, surface
morphology, and magnetic properties. Recent studies in-
dicate that magnetic properties of Co-Ni alloys can be
controlled via modificaton of structural properties [21].

The aim of this study is to investigate the effect of
the Co content in electrolyte, as an electrodeposition pa-
rameter, on the elemental composition, structure, mor-
phology, electrochemical and magnetic properties of the
Co-Ni alloys.

2. Experimental

Commercially provided aluminum sheets were used as
substrates. Al substrate allows to easily stripe the deposi-
ted Co-Ni alloys from surface, to protect the coating from
the influence of the aluminum in further analyzes. Prior
to electrodeposition, Al substrates were polished and dip-
ped into 1 M NaOH at 70 ◦C for 5 min, to etch the surface,
and cleaned with ultrapure water. All electrolyte solu-
tions were prepared from reagent grade chemicals and
ultrapure water. A saturated calomel electrode (SCE)
and a platinum wire were used as the reference and the
counter electrodes, respectively.
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Cyclic voltammetry (CV) studies were performed to
determine appropriate potential and current values and
to determine reaction of the substrate under the posi-
tive and negative polarizations, for each electrolyte solu-
tion. A 10 mV s−1 potential scan was carried out between
0.5 V (initial voltage) and −1.6 V and ended at 0.5 V.
All potential values in electrochemical experiments were
recorded versus SCE.

Co-Ni alloys were deposited galvonostatically onto Al
substrates with a surface area of 2.9×10−4 m2. A current
of 50 mA, corresponding to current density of 173 Am−2

was applied in electrodeposition experiments. Solution
pH was adjusted to 4.5 by 1 M HCl and 10% NaOH solu-
tions (Hanna Scientific pH-meter). All electrolyte soluti-
ons were stirred during deposition, to maintain the homo-
geneity of the solutions. Temperature was kept constant
at 50 ◦C.

To understand the effect of Co amount in the solu-
tion, four different electrolyte solutions were prepared,
having different concentrations of Co from 0.04 to 0.10 M.
The experimental parameters of electrochemical deposi-
tion and electrolyte compositions, used to fabricate the
coatings, are shown in Table I. After completing electro-
deposition Co-Ni coatings were removed from aluminum
substrate for further analyzes.

TABLE I

Bath conditions of the Co1−xNix alloys electrodeposition.

Electrolyte in materials [Mol l−1]

SN
NiSO4

·6H2O
NiCl2
·6H2O

H3BO3
CoSO4

·7H2O
Temp.
[ ◦C]

pH

Co52Ni48 0.10 0.20 0.25 0.04 50 0.45
Co64Ni36 0.10 0.20 0.25 0.06 50 0.45
Co72Ni28 0.10 0.20 0.25 0.08 50 0.45
Co75Ni25 0.10 0.20 0.25 0.10 50 0.45

A Rigaku diffractometer was used to analyze crystal-
line structure of coatings. The X-ray diffraction (XRD)
experiments were performed at 30 mA and 40 kV, with
a 2θ rate of 0.05◦/0.5 s between 5◦ and 90◦. Surface
morphology of the deposited alloys was analyzed with a
scanning electron microscope (SEM, JEOL JSM-5500LV,
Japan). Inductively coupled plasma (ICP) analyzes were
performed to determine elemental composition of the de-
posited films. A vibrating sample magnetometer (VSM)
was used to determine magnetic behavior of the alloys.
Magnetic measurements were performed in a magnetic
field range from −75 to +75 kOe at 300 K.

3. Results and discussion

Electrochemical characteristics of the four different
electrolyte solutions with varying cobalt concentrations
were determined in CV studies, as shown in Fig. 1. The
scans were initiated at open circuit potential points. Du-
ring potential scan towards the negative direction, a rapid
increase of the cathodic current was observed, especially

with increase of Co amount in the solution. Deposition
potential of all Co-Ni alloys started at -0.76 V. The ano-
dic scan of alloys shows anodic dissolution at -0.61 V vs
SCE (Fig. 1). It is suggested that film dissolution occurs
under −0.61 V.

Fig. 1. Cyclic voltammogram for deposition of Co-Ni
alloys.

The XRD analysis of the deposited Co-Ni alloys has
shown that electrodeposited Co1−xNix alloys have dif-
ferent crystal orientations along (111), (200) and (220)
planes, as seen in Fig. 2. Co-Ni Alloys have a broad pro-
minent peak at 44◦, corresponding to the (111) plane of
face centered cubic (fcc) phase [21]. Different Co concen-
trations in the electrolyte did not changed crystal orien-
tation but, a slight shift in peak position was observed
with the increase of the Co amount, from 2θ = 44.37◦

to 2θ = 44.56◦. Additionally, distance between parallel
lattice planes, the d-spacing value, had decreased from
2.0401 to 2.0320 Å with the increase of the Co concen-
tration, as seen in Table II.

The dominant crystal orientations of the electrodepo-
sition depend upon the experimental conditions, such as
bath composition, deposition potential, and pH [19, 22].
Co-Ni alloys with Ni content higher than 25% have mos-
tly the fcc phase [23]. The observed fcc phase of the
deposited Co-Ni coatings is in accordance with the re-
ported phase diagram of Co-Ni binary alloy [21, 24].

TABLE II

XRD analysis data of the Co1−xNix alloy films deposited
at varying cobalt concentration

SN
2θ

[deg.]
d

[Å]
Height
[cps]

FWHM
[deg.]

Grain size
[nm]

Co52Ni48 44.370 2.0401 176 0.350 259
Co64Ni36 44.420 2.0378 488 0.240 381
Co72Ni28 44.421 2.0378 298 0.258 348
Co75Ni25 44.560 2.0320 248 0.360 247

Scherer formula, Eq. (1), was used to calculate grain
size of the alloys, using values of peak width at the half
maximum β [25, 26]. Calculated grain size values of the
alloys, as a function of Co concentration are given in
Table II.
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Fig. 2. XRD analysis diagrams of the Co1−xNix alloy
films, deposited at varying cobalt concentrations.

D =
0.9λ

β cos θ
. (1)

According to XRD analyzes, Co-Ni alloys have simi-
lar crystalline structures. However, a great difference in
grain size values was observed with the change of Co con-
centration. As shown in Table II, grain size has varied
between 247 and 381 nm with the change of the cobalt
amount in the electrolyte.

Fig. 3. Changes of film content produced by varying
cobalt concentration in the electrolyte.

Results of the ICP analyzes are presented in Fig. 3.
Cobalt content in the deposited alloy was increased from
52% to 76% with the increase of the Co concentration in
the electrolyte from 0.04 to 0.10 M. It must be pointed
out, that all electrodeposition parameters were the same,
with the exception of Co concentration in the electrolyte.
The change in the elemental composition of the alloy is
completely caused by the change in the electrolyte solu-
tion. As expected, the increase of the Co concentration in
the solution has resulted in an increase of the Co amount
of the deposited Co-Ni alloy [27].

It is reported that Co content in deposited films is al-
ways higher than that in electrolyte solution due to the
existence of anomalous codeposition. This behavior has
been known mainly in codeposition of iron group metals

(iron, cobalt and nickel) and zinc with iron-group me-
tals. Increase of Co2+ concentration results in an incre-
ase in deposition current. Current contribution from Co
is always much higher than that of Ni, even for low Co
concentrations, due to the anomalous codeposition of Co
and Ni [28].

The surface structure of the alloys was analyzed by
scanning electron microscope (SEM), as shown in Fig. 4.
According to the SEM images, surface morphology of the
Co-Ni coatings is influenced by electrolyte composition.
A significantly different surface morphology, with smaller
grain sizes, was observed in the alloy with the highest Ni
content, as shown in Fig. 4a. A porous surface structure
was observed in this alloy. For the film with the highest
Co content, probably an additional precipitation of Co
on the Co-Ni alloy layer was observed, as seen in Fig. 4d.
SEM images of the films with Co content of 64% (Fig. 4b)
and 72% (Fig. 4c) displayed similar surface morphology.
Calculated grain size values of these films are similar and
are smaller, compared to the other films in Fig. 4a and d.
It is suggested, that difference in the grain size values has
resulted in a different surface structure for Co-Ni alloys.

Fig. 4. SEM images of the (a) Co52Ni48 alloy, (b)
Co64Ni36 alloy, (c) Co72Ni28 alloy, (d) Co75Ni25 alloy.

Magnetic properties of the Co-Ni coatings were analy-
zed with VSM. The saturation magnetization, remanence
and coercivity values were measured from the hysteresis
loops, as presented in Fig. 5 and b. According to the mag-
netic analysis results, the coercivity values of the Co-Ni
films have ranged from 70 to 135 Oe, confirming ferro-
magnetic behavior of the alloys. Coercivity values of the
magnetic materials mainly depend on the particle size
and magneto crystalline anisotropy [29–33]. A decrease
in grain size results in a decrease in the magnetic dom-
ain size, which results in lower coercivity values [34]. It
is suggested than in our experiments, the change in the
coercivity values is caused by grain size change of the al-
loys. Co-Ni coatings with larger grain size values have
lower coercivity values, as expected [35].
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Fig. 5. Magnetization versus applied magnetic field
curves of Co1−xNix alloys (a) between −75000 and
+75000 Oe, and (b) between −1800 and +1800 Oe.

As shown in Fig. 5, saturation magnetization Ms va-
lues of the coatings decrease from 120.7 to 81.8 emu/g
with the decrease of Co content in the alloy from 75% to
52%. Ms value of the bulk Co (1420 emu/cm3) is higher
than that of bulk Ni (480 emu/cm3), which probably has
caused the decrease ofMs values of the Co-Ni alloys [36].
Additionally, a decrease in the remanence magnetization
Mr values of the samples was observed with the decrease
of the Co amount in the alloy. The alloy with lowest Co
content of 52% has aMr value of 81.8 emu/g, which is the
lowest Mr value. The decrease of Ms and Mr values with
the decrease of the Co content is due to higher magnetic
anisotropy of Co, compared to Ni [37].
Mr and Ms results indicate that magnetic properties

of the Co-Ni coatings have weakened with the decrease
of the Co ratio in the alloy, as expected, due to magne-
tic anisotropy of bulk Co, which is higher than that of
Ni [38, 39]. It can be said that increase of the Co content
results in a superior magnetic behavior of Co-Ni alloys.

4. Conclusions

Co-Ni alloys were deposited galvonostatically, by elec-
trochemical deposition, onto Al substrates. Effect of the
Co content in the electrolyte solution on the physical and
magnetic properties of the alloys was investigated. Ana-
lysis results indicate that Co content in the solution chan-
ges elemental composition of the deposited alloys, which
further affects the grain size, elemental composition and
magnetic behavior of the alloys. A slight change in sur-
face morphology and crystalline structure of the films
was also observed. Experiment results indicate that Co

content of the deposited film is related to elemental com-
position of the electrolyte. Increase in the Co content
of the film resulted in higher saturation and remanence
magnetization values of the films. Coercivity values of
the films have varied with the grain size values of the
films. Results of this study show that fabrication of mag-
netic coatings with desired properties can be performed
by controlling the electrodeposition parameters.
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