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2Faculty of Chemistry, University of Belgrade, Belgrade, Serbia

Powders of Ni-Co alloys containing small amounts of Cu were produced by electrodeposition from an ammonium bath. Cathodic
polarization curves were recorded and partial current densities for alloy deposition and hydrogen evolution were determined. At a
current density of 100 mA cm−2, the electrodeposition process resulted in Ni79.1Co18.6Cu2.3 powder with an average grain size of
6.8 nm, composed of an amorphous matrix and FCC nanocrystals. The deposition of Cu with Ni and Co led to a higher proportion of
the amorphous phase, smaller nanocrystals and smaller powder particles in the electrodeposit than in the alloy without copper. During
annealing at temperatures ranging from 25◦C to 160◦C, no structural changes occurred in the powder. Upon structural relaxation in
the temperature range of 160–350◦C, the powders cooled at 25◦C showed greater magnetic permeability. At temperatures between
350◦C and 430◦C, the amorphous phase exhibiting relatively lower magnetization underwent crystallization, accompanied by the
formation of small-sized FCC nanocrystals, which had relatively higher magnetization values, leading to an increase in the magnetic
permeability of the cooled powder. At temperatures above 430◦C, the formation of large crystalline grains at the expense of small
ones caused a decrease in magnetization.
© 2018 The Electrochemical Society. [DOI: 10.1149/2.0441811jes]
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Owing to their specific physical and chemical properties, nanos-
tructured materials are extensively used in a wide range of technolo-
gies such as preparation of composite nanofibers encapsulated with
nanostructured materials, novel nanosensors and new packaging ma-
terials, new membranes with antimicrobial properties, polymer com-
posite materials for biomedical applications etc.1–5 Nanostructured
nickel-cobalt alloys have good mechanical, electrical and magnetic
properties, and exhibit high values of thermal, stability, wear resis-
tance, corrosion resistance and catalytic activity for some electro-
chemical reactions. Ferromagnetic nickel-cobalt alloy powders are
widely applied in conductive inks, magnetic fluids, and high density
recording materials.6 Fine particles of nickel-cobalt alloys, when dis-
persed in an insulating material, exhibit resonant absorption in the
microwave region,7 which may lead to their use as electromagnetic
absorbers. F. Fievet et al.8,9 have shown that nickel-cobalt alloy pow-
ders having the desired particle size can be obtained through the
polyol process, in which the nucleation and growth of metal parti-
cles from simple salts such as hydroxides or acetates are controlled
using ethylene glycol or diethylene glycol. P. Toneguzzo10 has syn-
thesized sub-micron and nanosized particles of nickel-cobalt alloys
from a mixture of acetates in the presence of sodium hydroxide and
a small concentration of silver nitrate or chloroplatinic acid. K. V. M.
Shafi et al.11 have reported the synthesis of nanosized amorphous
powders of Ni80Co20 and Ni50Co50 by sonochemical decomposition
of Co(NO)(CO)3 and Ni(CO)4 in decalin. Y. D. Li. et al.12 have pro-
duced Co(1-x)Nix (0≤x≤1) alloys by a hydrothermal reduction method.
P. Elumalai et al.13 have obtained sub-micron sized (0.2–0.6 μm)
particles of Co(1-x)Nix alloys of uniform composition, comprising
largely non-agglomerated particles, using malonates as precursors.
Xian-Ming Liu et al.14 have synthesized Ni50Co50 particles ranging in
size from 200 nm to 500 nm by reduction with ethylene glycol nickel
and cobalt acetates. Alloy powder crystallites were composed of the
FCC-structured solid solution of cobalt and nickel. The magnetic prop-
erties (saturation magnetization and coercivity) were determined. The
electrochemical generation of nickel-cobalt alloys is a simple and rel-
atively inexpensive process. Most studies focus on the production of
compact coatings.15–37 However, there are studies evaluating the elec-
trodeposition and characteristics of nickel-cobalt powders.38–50 The
deposition of small amounts of copper with iron group metals ensures
the obtainment of powders having an appropriate mean particle size,
nanosized crystalline grains, good magnetic properties and high cor-
rosion resistance.51–60 Electrodeposited ternary nickel-cobalt-copper
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alloys are used as magnetic or magnetoresistive materials, which have
better corrosion resistance than the Co–Cu system.51–58

Nanostructured alloys occur in a metastable state. Annealing these
alloys at elevated temperatures leads to heat-induced changes in their
microstructure, which consequently affect their physical and chemical
properties.46–48,59,60 Annealing nanostructured alloys at temperatures
below the crystallization temperature results in their structural relax-
ation, which involves short-range ordering.46–48,59,60 At higher tem-
peratures, amorphous phase crystallization and crystal grain growth
take place, leading to changes in the mechanical, electrical, magnetic
and corrosion properties of the alloy.46–48,59,60

The objective of this experiment was to examine the effect of the
deposition of small amounts of copper with nickel and cobalt on the
chemical composition, morphology and microstructure of electrode-
posited Ni-Co-Cu alloys, and to evaluate the effect of these properties
and annealing temperature on magnetic characteristics.

Experimental

The electrodeposition of the nickel-cobalt-copper alloy was per-
formed in a 2.5 dm3 glass electrochemical cell. The cell contained
a saturated mercury sulfate electrode used as the reference electrode
connected via the Luggin capillary. The anode was a flat platinum
mesh with a geometric surface area of 16 cm2 (4 cm × 4 cm), and the
cathode was a titanium plate of 4.2 cm2 surface area and 0.3 cm width
placed in parallel to the anode. The cell was placed in the thermostat.
The operating temperature was 27 ± 0.5◦C. Electrochemical measure-
ments were performed using a standard electrical circuit comprising
a potentiostat equipped with a programmer (Potentiostat-Galvanostat
model 173, EG G Princeton, Applied Research, Princeton, USA), an x-
y recorder (Hewlett Packard 7035 B) and a digital voltmeter (Pro’s Kit
03-9303 C). The bath contained 0.176 mol dm−3 NiSO4, 0.044 mol
dm−3 CoSO4, 0.005 mol dm−3 CuSO4, 3.2 mol dm−3 NH4Cl and
2.3 mol dm−3 NH4OH. The pH of the solution was 10.3 ± 0.1, and
was maintained by adding 0.6 mol dm−3 NH4OH. This bath was ap-
propriate because it allowed for the preparation of alloys with specific
magnetic properties having a low Cu content (wt%Cu < 3%) and the
Ni/Co wt ratio of 5/1. The solution was made up from p.a. chemicals
(Merck) and demineralized water. Prior to the recording of polariza-
tion curves, the alloy was galvanostatically deposited at 100 mA cm−2

for 15 minutes, and then the electrode was transferred to the desired
potential. Then, after keeping the electrode for 40 s at the desired po-
tential, the current was recorded. All potentials are expressed relative
to the standard hydrogen electrode. The potentials at the polarization
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curves were corrected for the ohmic potential drop, which was deter-
mined by the galvanostatic pulse method. The current efficiency of the
alloy deposition was determined by measuring the weight of the alloy
deposit and the rate of hydrogen evolution. The time taken for the
graduated burette, located above the working electrode, to fill with the
evolved hydrogen was measured. Current efficiency was calculated
using the mean of four consecutive burette readings. The current for
hydrogen evolution was obtained using the equation for Faraday’s law
applied to the gas evolution process:

J (H2) = nFV0

tVn

Where V0 is the experimentally determined hydrogen volume at given
pressure, p, and temperature, T = 300 K; t is the time of hydrogen
evolution under constant current; Vn is the volume of 1 mol of hydro-
gen under normal conditions (22.4 dm3 mol−1); n is the number of
exchanged electrons and F is Faraday’s constant.

The current efficiency of the alloy deposition was then determined
using the relation:

η = jtot − jH2

jtot
.

In order to prevent oxidation, upon deposition, the deposits were
rinsed four times with 0.1 wt% benzoic acid solution. Then, they were
dried in a drier at 105◦C.

The chemical composition of the alloy was determined by atomic
absorption (Pektar-A-200-Varian). The final composition was the
mean of measurements for three deposit samples.

The microstructure of the deposit was calculated by X-ray analysis
and DSC thermograms. X-ray diffraction (XRD) was recorded by a
Philips PW 1710 diffractometer using CuKα radiation (λ = 0.154 nm)
and a graphite monochromator. XRD data were collected with a step
size of 0.03◦ and a collection time of 1.5 s step−1. Differential scanning
calorimetry (DSC) patterns were obtained on a Shimadzu DSC-50 at
a heating rate of 10◦C min−1 under pure nitrogen flow. Scanning
electron microscopy (SEM) analysis was performed by a JEOL-JSM
5300. The size and shape of powder particles were analyzed by a
Leica Q500 MC automatic device for microstructural analysis.

Upon heating at a rate of 20◦C min−1 up to a defined tempera-
ture, the alloy sample was cooled to 25◦C and then its magnetization
was measured. Magnetization was measured by means of a modified
Faraday method based on the action of an inhomogeneous field on
the magnetic sample. Magnetic force measurements were carried out
with a sensitivity of 10−6 N in an argon atmosphere.

Results and Discussion

The electrodeposition of Ni-Co-Cu alloys from the ammonium
bath was analyzed by recording cyclic voltammograms and polariza-
tion curves and by measuring the current efficiency for alloy deposi-
tion.

In order to compare the deposition of alloys with and without Cu
and analyze the results, cyclic voltammograms for Ni and Co elec-
trodeposition on the titanium substrate from the ammonium solution
were recorded (Fig. 1).

The cyclic voltammograms, with the cathodic limits more negative
than −0.85 V, exhibit two anodic peaks (I and II) whose maxima shift
toward more positive potentials as the cathodic limit potential becomes
more negative. If the cathodic limit potential is more positive than
−0.80 V, only one anodic peak (I) located at potentials more positive
than −0.35 V appears. At potentials more negative than −0.75 V,
as the potential is made more negative, the size of peak I does not
significantly change. Also, the size of peak I remains unchanged when
the potential is stopped for 1.0 to 4.0 minutes at the cathodic limit
of −0.75V. Due to the large roughness of the titanium substrate, it
is difficult to estimate the value of its real surface area. Therefore,
a relatively rough estimate shows that the charge of the first peak
corresponds to the formation of one or potentially two monolayers
of the Ni-Co alloy on the oxidic titanium surface. This monolayer or

Figure 1. Cyclic voltammograms of Ni-Co alloy electrodeposition from the
solution containing 3.2 mol dm−3 NH4Cl, 2.3 mol dm−3 NH4OH, 0.176 mol
dm−3 NiSO4 and 0.044 mol dm−3 CoSO4 at pH = 10.3 and t = 27◦C. Sweep
rate 50 mV s−1.

these two monolayers are formed owing to the strong interaction of
oxidic titanium layer with Ni and Co atoms. It is possible that the
first peak is a consequence of the red/ox process on the Ti substrate
as well. The second peak is formed by the dissolution of the Ni-Co
alloy deposited at potentials more negative than −0.85V. The nickel
content of the alloy deposited in this potential range is dependent on
the cathodic limit. As the cathodic limit potential is shifted to more
negative values i.e. from −0.85V to −1.09V, the nickel content of the
alloy increases. The alloy deposited at −0.90V and −0.95V contains
16 ± 0.1% Ni and about 20 ± 1% Ni, respectively. The increase in Ni
content causes a shift in peak II maximum potential to more positive
values. The considerably narrower ratio of m(Ni)/m(Co) in the alloy
than in the solution is an indication of an anomalous codeposition of
Ni and Co in this potential range.14–17,20–37

Adding 0.005 mol dm−3 CuSO4 to the solution has a considerable
effect on the electrodeposition of the alloy and, hence, on the chemical
composition, morphology, structure and physicochemical properties
of the deposit. Figure 2. presents the cyclic voltammograms of Ni-Co-
Cu alloy electrodeposition from the ammonium bath on the titanium
electrode having different cathodic limits.

The cyclic voltammograms with cathodic limits more negative than
−0.98V have three anodic peaks indicated as I, II and III. Peak I exists
in the same potential range as peak I in the cyclic voltammograms
presented in Figure 1. However, as opposed to peak I in Fig. 1, this
peak increases as the potential is stopped at the cathodic limit of
−0.75V. This indicates that the deposition of Cu with Ni and Co

Figure 2. Cyclic voltammograms of Ni-Co-Cu electrodeposition from the
solution containing 3.2 mol dm−3 NH4Cl, 2.3 mol dm−3 NH4OH, 0.176 mol
dm−3 NiSO4, 0.044 mol dm−3 CoSO4 and 0.005 mol dm−3 CuSO4 at pH =
10.3 and t = 27◦C. Sweep rate 50 mV s−1.
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Figure 3. X-ray diffraction pattern of the Co-Ni-Cu alloy electrodeposited at
−0.94V from the solution containing 3.2 mol dm−3 NH4Cl, 2.3 mol dm−3

NH4OH, 0.176 mol dm−3 NiSO4, 0.044 mol dm−3 CoSO4 and 0.005 mol
dm−3 CuSO4 at pH = 10.3 and t = 27◦C.

enables the formation of a multiple deposit which is dissolved at
potentials more positive than −0.35 V. The structure of the first peak
can be influenced by underpotential codeposition.

Curves 2 and 3 show that the alloy deposited in the potential
range of −0.85 V to −0.98V is dissolved during the anodic sweep at
potentials between −0.60 V and −0.40 V, causing peak II formation.
The X-ray analysis showed that the deposit is composed of an HCP-
structured solid solution of Co, Ni and Cu (Fig. 3).

As the electrodeposition potential is shifted to more negative values
i.e. from −0.85 V to −0.98 V, the content of Ni in the alloy is increased
from about 16 wt% to about 20 wt%, and peak II maximum potentials
are shifted to more positive values. If the cathodic limits are more
negative than −0.98V, during the anodic sweep, a new peak i.e. peak
III is formed. Peak III dominates the cyclic voltammograms obtained
after keeping the potential for more than 1.0 minutes at cathodic limits
more negative than −1.0V.

The cyclic voltammograms obtained both in the absence and pres-
ence of [Cu(NH3)4]2+ ions (Figs. 1 and 2, respectively) suggest that
the co-deposition of copper catalyzes the deposition of the Ni-Co-Cu
alloy. This catalytic effect is also confirmed by the polarization curves
presented in Fig. 4.

The electrodes with the Cu-containing deposit have greater real
surface area than those with the deposit containing no copper. Specif-
ically, during the alloy deposition, copper is co-deposited at the lim-
iting diffusion current at high overpotential, which leads to the rapid
formation of nuclei and generation of deposits having large surface
areas.50,59,60

Figure 4. Polarization curves for: ● – Ni-Co-Cu deposition and hydrogen
evolution (in the presence of [Cu(NH3)4]2+) and ◦ – Ni-Co deposition and
hydrogen evolution (in the absence of [Cu(NH3)4]2+) and � – current effi-
ciency of Ni-Co-Cu alloy as a function of the potential (3.2 mol dm−3 NH4Cl,
2.3 mol dm−3 NH4OH, 0.176 mol dm−3 NiSO4, 0.044 mol dm−3 CoSO4 and
0.005 mol dm−3 CuSO4 at pH = 10.3 and t = 27◦C).

Figure 5. Cathodic polarization curves: ● – total cathodic polarization curve;
◦ – polarization curve for Ni-Co-Cu alloy deposition; � – polarization curve for
hydrogen evolution (3.2 mol dm−3 NH4Cl, 2.3 mol dm−3 NH4OH, 0.176 mol
dm−3 NiSO4, 0.044 mol dm−3 CoSO4 and 0.005 mol dm−3 CuSO4 at pH =
10.3 and t = 27◦C).

The current efficiencies of alloy deposition decrease with increas-
ing current density. At the same current density, the current efficiencies
of the copper-containing alloy are higher by about 12% than those of
the alloy without copper. This is mostly due to the lower current den-
sity with respect to the real surface area of the copper-containing de-
posit i.e. due to the greater real surface area of the copper-containing
deposit than of the deposit without copper. In addition, the copper
present on the surface of the alloy, due to the high overpotential value
for hydrogen evolution, also causes a partial increase in the current
efficiency of the alloy.

The total polarization curve and current efficiencies for alloy de-
position were used to determine partial polarization curves for alloy
deposition and hydrogen evolution (Fig. 5).

The Tafel slope of hydrogen evolution is 129 mV. The deposition
of Ni and Co is activation-controlled up to the partial current density
of about 20 mA cm−2. In the current density range of 20–65 mA cm−2,
this deposition is a mixed activation/diffusion controlled process. At
potentials more negative than −1.09V, a limiting diffusion current for
Ni-Co-Cu alloy deposition is established.

The effect of total current density on the chemical composition
of the deposit was investigated. The obtained values are presented in
Table I.

As shown, the chemical compositions of the deposits obtained in
the total cathodic current density range of 100–400 mA cm−2 are not
significantly dependent on current density. In this range, there is no
significant difference in the chemical composition of the deposits since
the deposition of all three metals occurs at limiting or approximately
limiting diffusion currents.

The microstructure, morphology and magnetic properties of the
Ni79.1Co18.6Cu2.3 powder obtained at the current density of j = 100 mA
cm−2 were analyzed in detail. The phase structure was determined by
XRD analysis. Figure 6. presents X-ray diffraction patterns of as-
obtained and annealed powders.

The diagram shows only peaks for the (111), (200), (220) and (311)
planes of FCC crystals of the solid solution of cobalt and copper
in nickel. There are no peaks for pure metals and their oxides and

Table I. Chemical compositions of deposits obtained by the
electrolysis of the solution containing 3.2 mol dm−3 NH4Cl, 2.3 mol
dm−3 NH4OH, 0.176 mol dm−3 NiSO4, 0.044 mol dm−3 CoSO4 and
0.005 mol dm−3 CuSO4 at pH = 10.3 and t = 27◦C.

J mA cm−2 Ni wt% Co wt% Cu wt%

100 79.13 18.54 2.33
155.6 79.00 18.79 2.21
200 79.68 18.76 1.56
400 79.71 18.73 1.56
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Figure 6. X-ray diffraction patterns of Ni79.1Co18.6Cu2.3 powder deposited at
100 mA cm−2 from the solution containing 3.2 mol dm−3 NH4Cl, 2.3 mol
dm−3 NH4OH, 0.176 mol dm−3 NiSO4, 0.044 mol dm−3 CoSO4 and 0.005 mol
dm−3 CuSO4 at pH = 10.3 and t = 27◦C. a – as-deposited powder; b – powder
annealed for 30 minutes at 300◦C and c – powder annealed for 30 minutes at
450◦C.

intermetallic compounds, nor are there peaks for the HCP phase of the
solid solution of nickel and copper in cobalt. The peaks are relatively
wide, low in intensity and shifted toward lower 2θ values compared
to the values for the pure nickel FCC phase. This indicates that the
powder contains small crystalline grains with a high minimum density
of chaotically distributed dislocations and a high internal microstrain
value, as illustrated in Table II.

The powders having the same nickel to cobalt ratio and no cop-
per, obtained from the ammonium solution at the same current den-
sity and at the same temperature, were found to have much larger
crystals.49 The incorporation of Cu into the deposited FCC-structured
solid solution of Co in Ni causes the formation of smaller nanocrystals
having a high mean microstrain value and a high density of chaoti-
cally distributed dislocations.49,50 The overpotential for Cu deposition
at Ni-Co-Cu alloy deposition current densities higher than 100 mA
cm−2 is high. At high overpotentials, the critical radius of the nucleus
and the number of atoms in the critical nucleus is smaller than at
low overpotentials. Therefore, the induction time for nucleus forma-
tion exponentially decreases with increasing deposition overpotential.
As the result, during the deposition of Ni-Co alloy with Cu, the nu-
cleus formation rate is considerably higher and, hence, the number of
nuclei on the deposit surface is considerably larger than during the
deposition of Ni and Co without copper. The greater density of nu-
clei on the deposit surface causes the formation of smaller crystalline
grains, which exhibit higher internal microstrain values and a higher
density of chaotically distributed dislocations.49,50,59,60 As the mean
nanocrystal size decreases, the mass percentage of the amorphous ma-
trix located between the nanocrystals increases.61–64 Therefore, Ni/Co
electrodeposits with Cu have a larger amount of the amorphous phase
compared to those without copper.

The highest (111) peak intensity indicates texture existence. The
development of this texture is associated with the preferred growth
along (111) orientation due to the lower strain associated in that
direction.60–63 The ratio of the relative integrated intensity of the (111)
peak to that of the (200) peak of the FCC phase of the powder elec-
trodeposited at j = 100 mA cm−2 is the same as the ratio of the relative
integrated intensities of the (111) peak to the (200) peak of the nickel
polycrystal obtained by powder metallurgy. This suggests that the
strain is distributed in different directions as in the randomly textured
nickel polycrystal. The low mean crystallite size value, 6.8 nm, sug-
gests that Ni79.1Co18.6Cu2.3 powder contains not only nanocrystals,
but also an amorphous phase. The presence of both the amorphous
phase and the nanocrystalline phase in electrodeposited powders has
also been reported elsewhere.61–64 Transmission electron microscopic
observations of electrodeposited Ni-W binary alloys have also shown
the distribution of nanocrystals in an amorphous matrix.64

Annealing nanostructured alloys at elevated temperatures changes
their microstructure and, hence, their physicochemical characteristics.

Ni79.1Co18.6Cu2.3 alloy samples were annealed at 160◦C, 200◦C and
260◦C for 30 minutes in an argon atmosphere. Thereafter, they were
cooled to room temperature and, then, their diffraction patterns were
recorded. The obtained diffractograms were identical to those of as-
prepared samples. This indicated that no phase transformations took
place in the samples during annealing at temperatures up to 260◦C.
There are small differences between the diffraction pattern of the al-
loy annealed at 300◦C and that of the as-prepared sample (Fig. 6b).
The microstructural changes determined from the diffraction pattern
are presented in Table II. As shown in the table, during annealing at
300◦C, the minimum density of chaotically distributed dislocations
and the mean microstrain value decreased, whereas the mean crystal-
lite size slightly increased. This indicates that, at this temperature, the
alloy undergoes structural relaxation and short-range ordering. The
small increase in crystalline grain size is probably due to short-range
ordering in the thin part of the amorphous layer next to the crystalline
grains. In this part of the amorphous layer, there is the highest level
of structural order; therefore, a relatively small amount of ordering
is sufficient to transform it into the crystalline phase. The diffraction
pattern (Fig. 6b) also shows weak peaks of the HCP phase of the solid
solution of cobalt, nickel and copper, with P63/mmc symmetry and the
unit cell parameters a = b = 0.24470(6) nm, c = 0.4094 (1) nm, α =
β = 90◦ and γ = 120◦C. The traces of oxygen present in the furnace
enabled the formation of a small amount of Ni79.1-xCo18.6-yOx+y oxide
having a spinel structure (Sp) with Fd–3 m symmetry and the unit cell
parameters a = b = c = 0.80926(9) nm and α = β = γ = 90◦C.

The samples annealed at 450◦C exhibit only prominent peaks of
the FCC phase of the solid solution of Co and Cu in Ni. The intensity
of these peaks is considerably higher and their width at half height
smaller than in unannealed powder samples (Fig. 6c). This is the re-
sult of amorphous phase crystallization and FCC crystalline growth,
accompanied by decreases in internal microstrain and minimum den-
sity of chaotically distributed dislocations (Table II). The presence
of the amorphous phase in the as-deposited powder and its crystal-
lization during annealing are confirmed by the increase in the ratio
of the relative integrated intensities of the (111) and (200) peaks of
the FCC phase of annealed vs. unannealed powders. The diffraction

Table II. Microstructural data for Ni79.1Co18.6Cu2.3 powder.

Crystal Unit cell Mean crystallite Mean microstrain Minimum density of chaotically distributed
structure parameters (nm) size value (nm) value dislocations (cm−2)

as-deposited powder

FCC a = 0.35505(4) 6.8 3.1 · 10−3 6.5 · 1012

powder annealed for 30 minutes at 300◦C
FCC a = 0.35420(5) 8.9 2.5 · 10−3 3.7 · 1012

powder annealed for 30 minutes at 450◦C
FCC a = 0.35360(4) 17.1 1.8 · 10−3 1.0 · 1012
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Figure 7. SEM micrographs of Ni79.1Co18.6Cu2.3 powder electrodeposited at
100 mA cm−2 from the solution containing 3.2 mol dm−3 NH4Cl, 2.3 mol
dm−3 NH4OH, 0.176 mol dm−3 NiSO4, 0.044 mol dm−3 CoSO4 and 0.005 mol
dm−3 CuSO4 at pH = 10.3 and t = 27◦C.

pattern of the alloy annealed at 450◦C shows very weak peaks of the
Ni19.1-xCo18.6-yOx+y cubic phase.

SEM images show that the Ni79.1Co18.6Cu2.3 alloy powder elec-
trodeposited at j = 100 mA cm−2 is composed of two shapes of parti-
cles: large cauliflower-like particles and small dendritic ones (Fig. 7).
Dendritic particles have a high density of secondary branches and
higher-order branches. The density of branches is considerably greater
in dendrites of Ni79.1Co18.6Cu2.3 powder than in those of powders with-
out copper (Ni80Co20), due to the higher rate of nucleation during the
alloy deposition in the presence of Cu2+ ions than in their absence.59,60

Dendrites are made up of a series of interconnected globules.40,59,60

Secondary and higher-order branches form angles of mostly 30–90◦

with the main branch. Globular branches are formed because, after
nucleus formation, spherical diffusion is established in a relatively
short period of time. Before globules are transformed into needle-
like crystals, new nuclei are formed at the tips of globules and are
transformed into new globules over time. This process involving the
formation of new globules continues, resulting in the formation of
globular branches. At the same time, nuclei are formed on the sides of
branches, and are transformed into globules. Then, the formation of
a series of globules on these lateral globules results in the formation
of lateral branches. When the number of branches reaches the critical
value, globules at the tips of branches merge to form a cauliflower.
Thereafter, new globules are formed on the rough cauliflower surface
(Fig. 7). The appearance of a large number of cracks indicates that the
deposit has high internal microstrain values (Fig. 7). There are craters
at some places on the deposit particle surface. These are hydrogen
evolution sites. Gas bubbles at these places prevent the deposition of
metals. There are needle-like dendrites at the bottom of some craters.
Bubbles evolved from these craters before the powder separated from
the cathode. The dendrites are needle-like crystals since planar dif-
fusion takes place in the crater. There are no dendrites in the craters
from which no bubbles evolved before the separation of the powder
from the cathode.

The deposition of copper with nickel and cobalt affects the par-
ticle size and shape of the powder. The copper-containing powder
has smaller and more rounded particles compared to the copper-free
powder having the same weight ratio of Ni to Co, obtained at the
same current density. Copper co-deposition enhances the formation
of nuclei and generation of a higher density of higher-order branches
and, hence, the formation of smaller cauliflower-shaped particles with
a higher density of smaller semi-globules on the surface. Due to the
higher rate of nucleation, Cu-containing deposits are formed in pow-

dered form at lower current densities compared to the deposits with-
out Cu. For the sake of illustration, cumulative curves for maximum
and minimum particle size distribution and histograms of the relative
frequency distribution of maximum and minimum particle sizes of
Ni79.1Co18.6Cu2.3 alloy powder are presented in Fig. 8.

The physicochemical properties of the electrodeposited alloys are
dependent on the kinetic and operational parameters of electrolysis, as
well as on the temperature and time of subsequent annealing. Anneal-
ing the as-deposited alloys changes their microstructure and, hence,
their mechanical, electrical and magnetic properties.49,50,59,60 In this
research, the effect of annealing temperature on the magnetic proper-
ties of Ni79.1Co18.6Cu2.3 alloy was investigated. As shown in Figure 9,
the relative permeability μt/μ20 of the alloy cooled at 20◦C remains
unchanged after annealing in the temperature range of 20–160◦C.
This confirms that, during annealing, in this temperature range, no
structural changes occur in the as-deposited Ni79.1Co18.6Cu2.3 alloy.

As the annealing temperature increases in the temperature range
160–640◦C, the relative magnetic permeability of the powder cooled
at 20◦C increases, reaching its maximum at 430◦C and then decreases.
This change in magnetic permeability is due to structural changes.

Differential scanning calorimetry, DSC, was used to evaluate the
effect of annealing temperature on structural changes (Fig. 10). As
shown in the DSC image, there are no pronounced peaks in the temper-
ature range of 20–160◦C, which also confirms that, during annealing,
the powder does not undergo structural changes in this temperature
range.

At temperatures ranging from 160◦C to 350◦C, there are several
weak exo-peaks. The existence of these exo-peaks and the fact that
XRD patterns of the alloys annealed in this temperature range are
approximately the same as those of the as-obtained powder indicate
that structural relaxation takes place in the temperature range 160–
350◦C. Therefore, the increase in magnetization during annealing at
temperatures between 160◦C and 350◦C is due to structural relaxation.

The electrodeposition of the nickel-cobalt-copper alloy does not
produce an ideal amorphous phase with a completely random distri-
bution of spacings between adjacent atoms; it leads to the formation
of a phase with more or less short-range ordered atoms.65,66 During
annealing in the temperature range of 160–350◦C, the as-prepared
Ni79.1Co18.6Cu2.3 alloy undergoes short-range ordering in both the
amorphous phase and nanocrystals, accompanied by concurrent de-
creases in internal microstrain and density of chaotically distributed
dislocations in the FCC phase. Through the effect of heat, metal atoms
drop from higher energy levels across the energy barrier down to lower
energy levels, where their 3d and 4 s orbitals overlap more effectively
with the orbitals of adjacent atoms of the same type and symmetry,
thus increasing the exchange integral value and the electron density of
states near the Fermi level.49,50,59,60 The atoms arriving at lower energy
levels adjoin energetically more favorable domains. The decrease in
the minimum density of chaotically distributed dislocations, resulting
from structural relaxation, enhances the mobility of magnetic domain
walls and facilitates the orientation of these domains in the exter-
nal magnetic field. This causes domain expansion and an increase in
magnetization.

In the temperature range of 350–430◦C, as the annealing tempera-
ture increases, the magnetization of powders cooled at 25◦C increases
(Fig. 9). The thermogram shows the appearance of an exothermic
shoulder at 430◦C and an exothermic maximum at 540◦C. The ap-
pearance of the exothermic shoulder is most likely due to the crystal-
lization of the amorphous phase, which exhibits relatively lower mag-
netic permeability, and the resulting formation of smaller nanocrys-
talline grains of the FCC-structured solid solution, which has consid-
erably higher magnetic permeability. Therefore, this process causes
an increase in relative magnetic permeability. The appearance of the
exothermic maximum at 540◦C is attributed to the growth of larger
FCC crystalline grains at the expense of smaller ones. The formation
of larger crystalline grains during annealing in the temperature range
430–550◦C causes a decline in the magnetization of samples cooled
at 25◦C. The abrupt decline in the magnetization of samples cooled at
25◦C with increasing annealing temperature in the temperature range
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Figure 8. Cumulative curves for the distribution of a) maximum particle size, Dmax, and b) minimum particle size, Dmin, and c) – histograms of the relative
frequency distribution of maximum particle sizes, Dmax, and d) – minimum particle sizes, Dmin, of Ni79.1Co18.6Cu2.3 alloy powder electrodeposited at j = 100 mA
cm−2 (3.2 mol dm−3 NH4Cl, 2.3 mol dm−3 NH4OH, 0.176 mol dm−3 NiSO4, 0.044 mol dm−3 CoSO4 and 0.005 mol dm−3 CuSO4 at pH = 10.3 and t = 27◦C).

550–700◦C is due to the relatively rapid formation of considerably
larger crystalline grains at higher temperatures. Larger crystalline
grains hamper the orientation of some magnetic domains and reduce
the mobility of walls of already oriented domains.13,14,22,26,29,35–38

The results show that the electrodeposition from an ammonium
sulfate bath can produce Ni-Co powders containing a small amount of
Cu, with high current efficiencies, exhibiting the desired particle size
and chemical composition, specific microstructure and good magnetic
characteristics.

Figure 9. A relative change in the magnetic permeability μt/μ20 of
Ni79.1Co18.6Cu2.3 alloy powder cooled at 20◦C as a function of previous an-
nealing temperature, t. The powder was first annealed at the heating rate of
20◦C min−1 to a final temperature, and then annealed at the final temperature
for 15 minutes. The powder was electrodeposited at j = 100 mA cm−2 from the
solution containing 3.2 mol dm−3 NH4Cl, 2.3 mol dm−3 NH4OH, 0.176 mol
dm−3 NiSO4, 0.044 mol dm−3 CoSO4 and 0.005 mol dm−3 CuSO4 at pH =
10.3 and t = 27◦C.

Conclusions

Powders of Ni-Co alloys containing small amounts of Cu were pro-
duced by electrodeposition from an ammonium bath at room temper-
ature. Electrochemical characteristics were determined by recording
cyclic voltammograms, the polarization curve and current efficiency
for alloy deposition. The current efficiency was found to decrease
with increasing current density. Alloy deposition at potentials more
negative than −1.09V takes place at the limiting diffusion current.
In the total cathodic current range of 100 to 400 mA cm−2, where
Ni, Co and Cu are co-deposited at the limiting diffusion current, the
chemical composition of the powder does not practically depend on
current density. The Ni79.1Co18.6Cu2.3 powder obtained at 100 mA
cm−2 is composed of an amorphous matrix and nanocrystals with an
average size of 6.8 nm of the FCC-structured solid solution of Co and

Figure 10. DSC pattern for Ni79.1Co18.6Cu2.3 powder electrodeposited at j =
100 mA cm−2 from the solution containing 3.2 mol dm−3 NH4Cl, 2.3 mol
dm−3 NH4OH, 0.176 mol dm−3 NiSO4, 0.044 mol dm−3 CoSO4 and 0.005 mol
dm−3 CuSO4 at pH = 10.3 and t = 27◦C. Heating rate 10◦C min−1.
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Cu in Ni. Powder particles are cauliflower-shaped or dendritic with a
large number of secondary and higher-order branches. The deposition
of Co with Ni and Co causes a higher percentage of the amorphous
phase, smaller nanocrystals, and smaller and more rounded particles
of Ni-Co-Cu alloy powders than the deposition of the alloy without
Cu.

DSC and XRD measurements showed that, during annealing in the
temperature range of 25 to 160◦C, no structural changes take place
in the powder. However, during annealing at temperatures between
160◦C and 350◦C, irreversible structural relaxation occurs in the alloy,
involving short-range ordering, accompanied by a decrease in internal
microstrain and a decrease in the density of chaotically distributed dis-
locations, resulting in increased magnetic permeability of the cooled
samples. In the temperature range of 350 to 430◦C, the amorphous
phase, which exhibits relatively lower magnetization, is crystallized,
and small FCC nanocrystals of the solid solution of Co and Cu in Ni,
having considerably higher magnetization, are formed. These changes
in this temperature range cause an increase in the magnetic permeabil-
ity of samples cooled at 25◦C with increasing annealing temperature.
At temperatures above 430◦C, the formation of large crystalline grains
at the expense of smaller ones causes a decrease in magnetization.

The results show that the proper choice of kinetic and opera-
tional electrodeposition parameters can result in the obtainment of the
desired particle size and chemical composition, microstructure and
magnetic characteristics of powders of Ni-Co alloys containing small
amounts of Cu deposited from an ammonium solution.
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