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Abstract:

Nanostructured nickel-cobalt-molybdenum alloy powders were electrodeposited from
an ammonium sulfate bath. The powders mostly consist of an amorphous phase and a very
small amount of nanocrystals with an mean size of less than 3 nm. An increase in deposition
current density increases the amorphous phase percentage, the density of chaotically
distributed dislocations and internal microstrains in the powders, while decreasing the mean
nanocrystal size. The temperature range over which the structural relaxation of the powders
deposited at higher current densities occurs is shifted towards lower temperatures. A change
in relative magnetic permeability during structural relaxation is higher in powders deposited
at higher current densities. Powder crystallization takes place at temperatures above 700°C.
The formation of the stable crystal structure causes a decrease in relative magnetic
permeability.

Keywords: X-ray diffraction, Nanostructured materials, Dislocations, Magnetic permeability,
Powder.

1. Introduction

Nanostructured metallic alloys have been extensively used in electrical engineering,
electronics and other industries due to their specific physical and chemical properties [1-4].
Nanostructured powders of metallic alloys have also found wide application in modern
technologies [5-7].

Nanostructured nickel-cobalt alloys exhibit good electrical and magnetic properties
[9-24]. Small additions of molybdenum to these alloys improve their corrosion resistance,
thermal stability and mechanical properties [15,16,24-29].

The metallurgic production of nanostructured nickel-cobalt-molybdenum alloy
powders is a rather expensive process due to high energy consumption. Therefore, the
development of electrochemical procedures for the fabrication of amorphous alloys has
recently been the focus of many studies [9-29]. The properties of electrochemically obtained
powders are often quite different from those of the powders of the same chemical composition
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produced by other methods[9-35]. Chemical and physical properties of electrochemically
obtained alloys are dependent on kinetic and operating electrolysis parameters.

Pure molybdenum cannot be obtained by electrolysis from aqueous solutions.
However, it can be codeposited along with iron-group metals [15,16,24-29,36-39]. A number
of studies explaining the kinetics and mechanism of codeposition of molybdenum and iron-
group metals have been published [15,16,24-29,36-39].

Effects of current density and solution composition, temperature and pH on the
chemical composition, phase structure, mechanical, electrical and magnetic properties,
corrosion and wear resistance and thermal stability of electrodeposited nickel-cobalt-
molybdenum alloys have been reported [15,16,24-29,36-39].

Amorphous alloys exhibit a metastable structure. Annealing at temperatures below

the crystallization temperature results in structural relaxation in these alloys [14-18,25-29,40-
42]. Structural changes occurring during relaxation and crystallization lead to changes in the
mechanical, electrical, magnetic and chemical properties of these alloys.
The objective of this study was to evaluate the effect of electrodeposition current density on
the chemical composition, microstructure and magnetic properties of nickel-cobalt-
molybdenum alloy powders obtained from an ammonium sulfate bath. Moreover, the effect of
annealing temperature on the microstructure and magnetic properties of the alloys was also
dealt with in this research.

2. Experimental

Nickel-cobalt-molybdenum alloy powder was deposited from an ammonium sulfate
bath onto a titanium cathode. The composition of the electrolyte solution was as follows:
0.176 mol dm™ NiSO,; 0.044 mol dm™ CoSo,; 0.035 mol dm™ (NH,)¢Mo0;0,4. 0.53 mol dm™
NH4CI. The temperature and pH of the solution during the electrolysis were 22+2°C and
10.6+0.1, respectively. The pH of the solution was adjusted by addition of 0.6 mol dm™
NH4OH. The solution was prepared using analytical grade chemicals and double-distilled
water. The volume of the electrolyzer was 5.5 dm™. The anode was a 100 cm® Pb/PbO, plate.
A 32 cm® plate-shaped titanium cathode was positioned parallel to the anode. During the
electrolysis, a standard electrical circuit comprising an automatic rectifier and ammeter was
used. Powders were deposited under galvanostatic conditions at current densities of 400; 800
and 1600 mAcm™. Upon electrolysis, the powders were washed with distilled water and, then,
with 0.1 wt.% benzoic acid solution.

The chemical composition of the powders was determined by energy dispersive X-ray
spectroscopy (EDS) (JEOL-JSM 5300 equipped with an EDS-QX 3000 spectrometer) as well
as by atomic absorption (PEKTAR-A A 200-VARIAN).

X-ray diffraction (XRD) was recorded on a Philips PW 1710 diffractometer using
CuK,, radiation (A=0.154 nm) and a graphite monochromator. XRD data were collected with a
step mode of 0.03” and collection time of 1.5 s step™.

Magnetization measurements were performed using a modified Maxwell method,
based on the action of an inhomogeneous field on the magnetic sample. Magnetic force
measurements were performed with a sensitivity of 10° N in an argon atmosphere.

3. Results and discussion
Nickel-cobalt-molybdenum alloy powders were deposited from an ammonium sulfate

bath onto a titanium cathode at current densities of 400, 800 and 1600 mAcm™. The chemical
composition of the powders was determined by both atomic absorption and EDS analysis.
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Three atomic absorption measurements were performed per sample to evaluate the average
chemical composition. The values obtained are presented in Fig. 1.
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Fig. 1. Composition of powders obtained at different cathodic current densities:
0 - Mo; A - Ni; o - Co.

Fig. 1 shows that the chemical composition of the powders obtained in the current
density range of 400 to 1600 mAcm™ practically does not depend on current density,
suggesting that the three metals are codeposited under limiting currents.

EDS spectra (Fig. 2) for the samples obtained at the three current densities show that

all three powders have non-homogeneous composition and an oxygen content of about 8
wt.%.
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Fig. 2. EDS spectra for the sample of the powder obtained at 800 mAcm™.
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Fig. 3. X-ray diffractograms for the as-deposited powders obtained at current densities: a) —
400 mAcm™; b) — 800 mAcm™; ¢) — 1600 mAcm™.

Oxygen is most likely present on the powder surface in the form of oxides or
hydroxides of the metals. XRD analysis revealed that the electrochemically obtained nickel
and molybdenum alloy powders contain nickel and molybdenum oxides in the surface layer.
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M. Donten [43] also showed that the electrodeposited alloys of iron-group metals and
tungsten do not contain oxygen in the alloy bulk. The presence of oxygen in the form of
oxides was found only in the thin surface layer. It was assumed that these oxides are the result
of oxidation of the alloy under atmospheric oxygen. Small amounts of nickel and cobalt
hydroxides may form in the alkaline environment to become, thereafter, present as inclusions
in the deposit.

XRD analysis was used to determine the phase structure of the powders (Fig. 3).

XRD patterns show that nickel-cobalt-molybdenum alloy powders deposited from
ammonium sulfate bath in the current density range of 400 to 1600 mAcm™ mostly consist of
an amorphous phase. In the X-ray diffractograms for all three powders (Fig. 3) at 43°<26<46°
two weak overlapping peaks are observed, indicating that these powders also contain a very
small amount of the FCC phase of the solid solution of cobalt and molybdenum in nickel and
the HCP phase of the solid solution of nickel and molybdenum in cobalt with an average
crystal grain size of about 3 nm.
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Fig. 4. X-ray diffractograms for the powders annealed at 700 °C, obtained at current densities
of a) — 400 mAcm™ and b) — 800 mAcm™.

It is well known that at current densities below 400 mAcm™ deposits containing
considerably larger crystal grains of the FCC and HCP phases of solid solutions are produced
from an ammonium sulfate bath having a lower molybdate content [24-29]. However, high
overvoltages, a high electrodeposition current density and a high molybdenum content in the
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alloy cause the formation of an amorphous phase [24-29]. The small value of the relative
integrated intensities of the peaks at 43°<28<46° confirms that the powders mostly consist of
the amorphous phase. An increase in deposition current density decreases the relative
integrated intensities of the peaks, suggesting that the powders obtained at higher current
densities have a higher content of the amorphous phase. The FCC and HCP crystal grains
formed at higher current densities have a lower average size value. EDS spectra for the
powders show that the high current density during nickel-cobalt-molybdenum alloy
deposition causes chemical composition inhomogeneity of the amorphous phase.

The as-deposited powders were annealed for 30 minutes at 550, 650 and 700°C. Then,
they were cooled to 25°C. Their XRD patterns were recorded thereafter. XRD patterns of the
powders annealed at 550 and 650°C were found to match those of the as-deposited powders.
This suggests that amorphous phase crystallization does not take place at annealing
temperatures below 650 °C.

XRD diffractograms for the powders annealed at 700 °C show the existence of peaks
characterizing the presence of the FCC phase of the solid solution of cobalt and molybdenum
in nickel, the oxide phase of molybdenum, MoO,, cobalt CoO and nickel, NiO, and the
intermetallic compound CosMo phase (Fig. 4).

Thus, annealing at 700°C results in the following: amorphous phase crystallization,
FCC crystal grain growth, HCP-FCC phase transformation, formation of oxides of all three
metals, and the formation of the intermetallic compound, CosMo. Metal oxides are produced
through the reaction of the metals with the small amount of oxygen present in the argon. The
ratio of the relative integrated peak intensity in the diffractogram of the annealed powder to
that of the as-deposited powder suggests that the as-deposited powder contains over 90% of
the amorphous phase. FCC phase peaks are shifted towards lower 20 values relative to the
position of the peaks of the pure nickel FCC phase. The shift in the peak maximum indicates
the presence of molybdenum in the FCC phase. Molybdenum causes deformation to the
crystal lattice of the nickel FCC phase since it increases the mean interatom distance.

The results presented show that the microstructure of the electrodeposited nickel-cobalt-
molybdenum alloy powders is dependent on deposition current density and annealing
temperature. Magnetic properties are governed by the microstructure [14-18,25-29].

Fig. 5. shows the relative change in the magnetic permeability of the powder deposited at 400
mAcm™ as a function of temperature.
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Fig. 5. Relative change in the magnetic permeability of the powder deposited at 400 mAcm™
as a function of temperature: o — first heating to 360°C, ® — second heating to 420 °C; A - third
heating to 500 °C; A — fourth heating to 600 °C;  — fifth heating to 650 °C; V - sixth heating

to 750 °C; 0 — seventh heating to 600 °C. Heating rate: 20 °C min™".
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Magnetic permeability was measured during heating. The as-deposited powder was
heated to 360°C. Then it was cooled to 25 °C and reheated to 420 °C. Multiple heating and
cooling runs were performed.

The diagrams in Fig. 5 show that magnetic permeability values are in agreement
across the first four heating cycles, suggesting that heating to 500 °C does not cause
irreversible structural changes. However, the magnetic permeability of the sample cooled
after heating to 600°C is about 6% higher than that of the as-deposited powder. The cooled
sample of the powder pre-heated to 650°C exhibits an increase of about 10% in magnetic
permeability compared to the as-deposited powder.

The increase in the magnetic permeability of the powder cooled after annealing in the
temperature range of 500°C to 650°C indicates that structural relaxation takes place in this
temperature range. During structural relaxation, the alloy undergoes heat-induced structural
short-range ordering. Owing to the higher energy obtained through heat, certain atoms cross
the energy barrier and reach somewhat lower energy levels. At these lower levels, their 3d
and 4s orbitals overlap to a higher extent with the same type of orbitals of neighboring atoms,
thus contributing to an increase in both the exchange interval and the electronic density of
states near the Fermi level [14-18,25-29]. At the same time, the mean length of the free
electron path is increased [14-18,25-29]. The atoms translocated to lower energy levels attach
to an energetically more favorable magnetic domain. The lower density of chaotically
distributed dislocations formed during structural relaxation enables higher mobility of
magnetic domain walls and facilitates their orientation in the external magnetic field [14-
18,25-29]. These changes allow magnetic domain expansion and, hence, an increase in
magnetic permeability.

The magnetic permeability of the powder annealed to 750°C and cooled to 25°C is
about 33% lower than that of the as-deposited powder. The decrease in permeability is due to
amorphous phase crystallization and FCC crystal grain growth. In the stable crystal structure,
the orientation of certain magnetic domains is hampered and the mobility of the oriented
domain walls is reduced.

Increasing the temperature of the as-deposited powder and the powders pre-annealed
at temperatures below 650°C, in the temperature range of 280°C to 420°C, leads to an abrupt
decrease in their magnetic permeability. A further increase in temperature in the temperature
interval between 420°C and 620°C causes the magnetic permeability of the powders to
decrease at a considerably lower rate.

0.0 4

0 100 200 300 400 500 600
t(°C)
Fig. 6. Relative change in the magnetic permeability of the powder deposited at 800 mAcm™
as a function of temperature: o — first heating to 420°C; @ — second heating to 520°C; A - third
heating to 600°C; A — fourth heating to 650°C; o — fifth heating to 750°C; m- sixth heating to
650°C. Heating rate: 20 °C min™.
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At high electrodeposition current densities, clusters with different concentrations of
nickel are formed in the amorphous phase. The orientation of the domains or part of the
domains made up of clusters with a high nickel content is lost, due to heat, in the lower
temperature interval (280°C-420°C). However, the magnetic domains made up of clusters rich
in cobalt lose their orientation at higher temperatures (420°C-620°C).

Fig. 6. presents the temperature dependence of the relative magnetic permeability of
the nickel-cobalt-molybdenum alloy powder electrodeposited at 800 mAcm™.

The functions presented in Fig. 6. show that the structural relaxation of the powder
obtained at 800 mAcm™ is initiated at a temperature 80°C lower than the starting temperature
of relaxation for the powder obtained at 400 mAcm™. This is due to the lower degree of short-
range structural order of the powders obtained at higher current densities. At higher current
densities, smaller FCC and HCP crystals and a less ordered amorphous phase with clusters
having a lower average size, higher density of chaotically distributed dislocations and higher
internal microstrains are formed [14-18,25-29].

The structural relaxation of the powder obtained at 800 mAcm™ causes an increase in
its relative magnetic permeability at 25°C by about 14%. The crystallization of the powder at
750°C causes its relative magnetic permeability to decrease at room temperature to a value
that is about 34% lower than the relative magnetic permeability of the as-deposited powder.
The powder obtained at a current density of 1600 mAcm™ has the smallest FCC and HCP
crystals and the highest content and the lowest degree of order of the amorphous phase
containing clusters that are lowest in average size. Hence, the relaxation of this powder takes
place at the lowest temperatures, with the powder exhibiting the highest increase in relative
magnetic permeability during the structural relaxation (Fig. 7).
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Fig. 7. Relative magnetic permeability of the powder deposited at 1600 mAcm™ as a function
of temperature: o — first heating to 360°C; @ — second heating to 420 °C; A - third heating to
600°C; A — fourth heating to 650°C; o — fifth heating to 750 °C; m- sixth heating to 600°C.

Heating rate: 20°C min™".

Structural relaxation occurs in the temperature range of 360°C to 600°C. The relative
magnetic permeability of this structurally relaxed cooled powder is about 50% higher than
that of the as-deposited powder. Heating the powder obtained at 1600 mAcm™ to 700°C
causes a decrease in its relative magnetic permeability at 25°C to a value that is about 30%
lower than that of the relative magnetic permeability of the as-deposited powder. The
decrease is due to amorphous phase crystallization and FCC crystal grain growth.

The present results and the analysis thereof show an important effect of
electrodeposition current density and annealing temperature for nickel-cobalt-molybdenum



O. Pesic¢ et al./Science of Sintering, 46 (2014) 117-127 125

alloy powders on their microstructure, and reveal a correlation between microstructure and
magnetic properties. This suggests that the choice of electrodeposition current density and
annealing temperature can help generate powders with pre-defined magnetic properties.

4. Conclusion

Nickel-cobalt-molybdenum alloy powders were electrodeposited from an ammonium
sulfate bath at current densities of 400, 800 and 1600 mAcm™. The powders mostly consist of
an amorphous phase and a small amount of nanocrystals of the FCC phase of the solid
solution of cobalt and molybdenum in nickel and of the HCP phase of the solid solution of
nickel and molybdenum in cobalt. Increasing current densities results in the formation of
powders with smaller nanocrystals and a higher content of the amorphous phase showing a
lower degree of order in the clusters, a lower average size, a higher density of chaotically
distributed dislocations and higher internal microstrains.

The structural relaxation of the powders takes place at temperatures lower than
650°C. The structural relaxation of the powders exhibiting a lower degree of order is initiated
at lower temperatures. The increase in relative magnetic permeability during structural
relaxation is higher in the structurally less-ordered powders obtained at higher current
densities. Annealing at 700°C causes crystallization and, hence, a decrease in the relative
magnetic permeability of the powder.
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Caopicaj: Enexmpooeno3uyujom uz amMoHUujayHo-cyighamuoe Kynamuia 0ooujenu cy npaxoeu
HaHOCMpYKmMypHe ne2ype HuKid, kobanma u moauboena. Ilpaxosu ce yznagnom cacmoje 00
amopgue gasze u 6pro mane KOIUYUHE HAHOCPUCALA NPOCeyHe OuMeH3uje marse 00 3 nm. Ca
nopacmom 2ycmune cmpyje manodcerba y npaxosuma ce nosehasa yoeo amopgue gase,
2ycmuHe XaomuiHo pacnopehenux OUcIoKayuja u YHympauwiroux MuKpoHanpesara a onaoa
npoceuna Oumensuja nawo kpucmana. Temnepamypna obracm cmpykmypue penaxcayuje
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npaxoea OenoHOBAHUX HA 6efium 2ycmuHama cmpyje je NnoMmepeHa KA — HUICUM
memnepamypama. Ilpomena peramugne MacHemue NepMeadbUTHOCNU MOKOM CMPYKMYpHe
penaxcayuje je eehia K00 npaxoea OenoHogamum Ha eehum eycmumama cmpyje.
Kpucmanusayuja npaxosa oodsuja ce na memnepamypama uwum 00 700 °C. Hacmawnak
cmabunte — Kpucmanse — CMpyKmype — Y3poKyje — cMareerbe — pelamugne  MdacHemHe
nepmeadoIHOCmu.

Kuwyune peuu: pendcencka ougpakyuja, HAHOCMPYKMYPHU MAmepujaiu, oucioxayuje,
MazHemHa Napmeadunnocm, npax.




