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Abstract:

Nanostructured Ni-Fe-W-Cu alloy powders were electrodeposited from an alkaline
ammonium citrate solution on a titanium cathode. Powder particles were dendrite- and
cauliflower-shaped. The dendritic particles had a high density of branches made up of
interconnected globules. XRD analysis showed that the powder contained an amorphous
matrix and FCC nanocrystals of the solid solution of Fe, W and Cu in Ni. As the deposition
current density increased, the mean nanocrystal size decreased, and the mean value of
internal microstrain and the total weight percent of Fe and Ni in the alloy increased. The
powders deposited at higher current densities exhibited higher magnetization. During
annealing at temperatures up to 460 °C, the powders underwent short-range ordering, which
caused an increase in magnetization, whereas at temperatures above 460 °C, the
magnetization decreased due to the formation of large FCC crystalline grains.

Keywords: Powder; Magnetization; FCC phase; Amorphous phase; Nanomaterial.

1. Introduction

Nanostructured alloys are increasingly used in a wide range of apparatuses and
devices [1-10]. Nanostructured Ni-Fe alloys have good mechanical, electrical and magnetic
properties, and demonstrate high catalytic activity for a number of chemical reactions [1-10].
Alloying with small amounts of W generates nanostructured alloys exhibiting improvements
in corrosion resistance, thermal stability, wear resistance, microhardness and high-
temperature oxidation behavior. As the result of their good physicochemical characteristics,
Ni-Fe-W alloys are in wide use for the fabrication of various components for devices such as
inductor cores for electromagnets [2-4], magnetic devices [5], microwave noise filters [6],
magnetic recording heads [7-9] and tunable noise suppressors [10]. They are also used in
agriculture and medicine, and as catalysts in the chemical industry [11]. The metallurgic
manufacture of Ni-Fe-W alloys is a highly expensive process due to high energy
consumption. Therefore, much cheaper processes have been developed lately [10-25]. High
quality alloys of these metals can be obtained by electrolytic deposition from environmentally
friendly ammonium citrate baths. Through adjustment of the Kinetic and operational
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parameters of electrolysis, Ni-Fe-W alloys having specific physicochemical properties can be
generated [12, 14, 19, 22, 26-33].

Annealing nanostructured materials at elevated temperatures causes changes in their
microstructure, leading to changes in their physical and chemical properties [12—-22, 34-36].
At temperatures below the crystallization temperature, the alloy undergoes structural
relaxation, whereas amorphous phase crystallization and nanocrystalline grain growth occur
at higher temperatures. These changes affect mechanical, electrical and magnetic properties,
corrosion resistance, thermal stability, and catalytic activity [12-22, 34-36].

Many specifically shaped components of devices and apparatuses are manufactured
from sintered powders of nanostructured Ni-Fe-W alloys. This is a simple and low-cost
procedure which requires a minimum investment.

Nanostructured Ni-Fe-W alloy powders having desired characteristics cannot be
produced from an ammonium citrate bath at high current efficiencies [16, 18, 21].

The deposition of these metals along with a small amount of Cu from
environmentally friendly ammonium citrate solutions at high current densities and high
current efficiencies can result in alloys having good mechanical, electrical and magnetic
properties, and high values of corrosion resistance, thermal stability and catalytic activity,
without any environmental and health risks [16, 18].

The objective of this research was to investigate the effect of current density for the
deposition of Ni-Fe-W-Cu alloy powders on their morphological and microstructural
characteristics and determine the correlation between these properties and magnetization.

Also, the experiment aimed to determine microstructural changes during annealing at
different temperatures and the effect of these changes on magnetization.

2. Materials and Experimental Procedures

Nickel-iron-tungsten-copper alloys were electrodeposited on a titanium cathode, at
current densities of 70-600 mAcm? from the solution containing 0.2 mol dm™ NiSO,, 0.02
mol dm™ FeSO,, 0.04 mol dm™ Na,WOQ,, 0.005 mol dm>CuS0O,, 0.24 mol dm™ Naz;CsHsO5,
0.8 mol dm™ NH,ClI and 0.3 mol dm™ Na,SO, at pH = 9.2+0.1 and t = 60+0.5 °C [18].

A Pektar-A-200-Varian atomic absorber was used to determine the chemical
composition of the powder. Scanning electron microscopy (SEM) analysis was performed by
a JEOL-JSM 5300. The particle size distribution of electrodeposited powders was determined
by a Leica Q500 MC automatic device for microstructural analysis. X-ray diffraction (XRD)
was recorded by a Philips PW 1710 diffractometer using CuKa radiation (A= 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™.

Magnetic measurements were performed by a modified Faraday method based on the
effect of an inhomogeneous magnetic field on the powder. The magnetic field strength of the
powder was 10 kA m™. Magnetic force measurements were carried out with a sensitivity of
10 N in an argon atmosphere.

3. Results and Discussion

Black Ni-Fe-W-Cu alloy powders were obtained on the titanium cathode from an
ammonium citrate bath at current densities of 70-600 mA cm™. The chemical composition of
the powders was found to depend on deposition current density (Table I).

As shown by SEM micrographs, deposition at all current densities resulted in
cauliflower-shaped and dendritic particles (Figs. 1 and 2, respectively). The dendrites
exhibited a high density of secondary and higher-order branches made up of a series of
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interconnected globules [18]. During further deposition, the dendrites were transformed into
cauliflowers. However, some dendrites, before the completion of their transformation into
cauliflowers, became detached from the cathode surface and fell onto the bottom of the
electrochemical cell.

Tab. I Chemical composition of powders.

j (MA cm?) Composition
70 Nigs.70F €5.66W0.74CUs.90
200 Nigs.30F €8.2/W1.03CUs.40
400 Nigs.00F €9.80W1.30CU2.90
600 Nigs.77F€10.63W1.40CU2.20

Fig. 1. SEM micrographs of Ni-Fe-W-Cu alloy electrodeposited at a current density
of j = 70 mAcm™.
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Fig. 2. SEM micrographs of Ni-Fe-W-Cu alloys electrodeposited at a current density
of j = 70 mAcm™.
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Fig. 3. Relative frequency distribution of: a) maximum, Dpax, and b) minimum, Dy;n,
particle size of alloy powder: obtained at A —j = 70 mA cm?and o — j = 600 mA cm™.
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The size and shape of electrodeposited particles were dependent on current density.
The average particle size decreased and particle roundness increased with increasing
deposition current density (Fig. 3).

The phase structure of the powders was determined by XRD analysis (Fig. 4). The
XRD patterns showed that all powders deposited at current densities of 70-600 mA cm™
consisted of an amorphous matrix and FCC nanocrystals of the solid solution of Fe, W and Cu
in Ni.
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Fig. 4. XRD pattern for NigsooFeggoW13CUse Obtained at 400 mA cm: a) — as-
deposited and b) annealed for 60 minutes at 600°C

As revealed by XRD analysis, the mean nanocrystal size decreased, and internal
microstrain and amorphous phase content increased with increasing deposition current density
[17, 18]. As the deposition current density increased, the cathodic polarization increased,
leading to a decrease in the critical radius of the nucleus and, hence, an increase in nucleation
rate, and the formation of small nanocrystals exhibiting high internal microstrain.

Tab. Il Magnetization of as-deposited Ni-Fe-W-Cu alloy powders at 20 °C.

Alloy Magnetization (A m? kg)
Nigs.70F€5.66Wo.74CUs.90 2.65
Nigs.30F€8,27W1.03CUa.40 2.73
Nigs.00F€9.80W1.30CU2.90 3.15
Nigs.77F€10.63W1.40CU2 20 5.38

Also, higher rates of nucleation and the formation of small nanocrystals were
indirectly facilitated by the presence of Fe, Cu and W in the FCC Ni solid solution. These
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atoms deformed the crystal lattice and, thus, slowed down the growth of nanocrystals, thereby
leading to favorable conditions for faster nucleation. Tungsten atoms were the largest and,
therefore, their effect was the most pronounced. Copper was deposited from the solution
containing complex ions under the diffusion-limiting current at high overpotentials.
Therefore, copper deposition enabled a considerably higher rate of nucleation and the
formation of powder deposits [16, 18].

The magnetic properties of electrodeposited Ni-Fe-W-Cu alloy powders were
dependent on their chemical composition and microstructure. Table Il. shows the
magnetization of as-deposited alloy powders at 20 °C as a function of chemical composition.
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Fig. 5. Magnetization, M, at 20 °C, as a function of: o — Cu content; A — W content;
and the sum of: o— Ni+Fe, and V — Cu+W contents

Figure 5. presents the dependence of magnetization, M, on: a) — Cu content; b) — W
content; and the sum of the contents of: ¢) — Ni+Fe, and d) — Cu+W. The diagrams show
magnetization as a complex function of the contents of these metals in the alloy, which
increases with increasing sum of Ni+Fe contents, and decreases with increasing sum of Cu+W
contents. If the contents of these metals decreased in the alloy containing 98.4 wt.% (Ni+Fe)
while the microstructure remained unchanged, the magnetization would decrease along the
dashed line. Figure 6. shows that magnetization decreased at a considerably higher rate with
decreasing NitFe content, indicating a considerably greater decrease in magnetization, AM,
due to microstructural changes.
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Fig. 6. Magnetization as a function of the sum of Ni+Fe contents (solid line), and
hypothetical dependence of magnetization upon the sum of Ni+Fe contents if the
microstructure at any composition were identical to that of the alloy containing 98.4 wt.%
(Ni+Fe) (dashed line)
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Figure 7. presents magnetization, mean nanocrystal size and mean internal
microstrain values as a function of electrodeposition current density. The dependences
obtained indicate that current density had a significant effect on microstructure i.e.
nanocrystalline grain size and internal microstrain intensity, and hence on magnetization. As
shown, the magnetization was considerably enhanced as the mean nanocrystalline grain size
decreased from 17.0 nmto 10.6 nm.
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Fig. 7. Magnetization, M, mean nanocrystal size, d, and mean internal microstrain
values, €, as a function of electrodeposition current density.

Deposition current density has both a direct and an indirect effect on alloy
microstructure [12-20, 22, 26,]. The direct effect is due to an increase in cathodic polarization
with increasing current density [15, 17, 20, 21,]. The increase in polarization causes a
decrease in the critical radius of the nucleus, a reduction in the number of atoms in the critical
nucleus, and a decrease in the induction period. The number of atoms in the critical nucleus of
a metal decreases with the square of the deposition overpotential for the metal. These facts
indicate that the increase in current density causes an increase in the rate of nucleation. The
formation of new nuclei prevents the growth of existing crystals. Therefore, small crystalline
grains are obtained during deposition at high current densities. During a slow deposition
process, at low current densities, it is easier for adatoms of metals to build more ordered
crystal structures which exhibit a lower density of chaotically distributed dislocations and
lower internal microstrain. At high deposition densities, small grains are obtained, with a
thick less ordered layer making up the amorphous phase existing between them [17, 19, 26,
37]. Therefore, electrodeposition does not result in an ideal amorphous phase with a
completely randomized distribution of spacings between neighboring atoms; rather, it leads to
the formation of a phase exhibiting any degree of short-range order [38, 39]. The higher the
deposition current density, the greater the disorder. Transmission electron microscopy showed
that Ni-Fe-W alloy with the mean crystalline grain size below 15 nm contained an amorphous
matrix, in addition to the FCC phase. Moreover, the smaller the crystalline grains, the greater
the amorphous phase content [17, 18].

The indirect effect of deposition current density is expressed through the presence of
Fe, W and Cu in the FCC nickel solid solution. Atoms of these metals cause the deformation
of the crystal lattice of nickel. Their presence causes an increase in the mean interatomic
distance in the FCC phase, as recorded by the shift of (111) and (200) plane peak maxima to
lower 20 values. [12-20, 22, 26]. Tungsten atoms are considerably greater than Ni atoms and,
hence, their presence causes the largest deformation in the crystal lattice. The newly arrived
adatoms are difficult to embed into the deformed lattice [12-20, 22, 26]. This favors the
formation of new nuclei which, then, prevent further growth of existing nuclei. The above
considerations show that, in multicomponent deposits, deposition current density has a very
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complex effect on the chemical composition and microstructure of deposits and, hence, their
magnetic properties [15, 21, 29, 30, 33].

As presented in Figure 7, magnetization decreased with increasing mean crystalline
grain size. Large crystalline grains hampered the orientation of some magnetic domains and
reduced the shift of oriented domain walls towards expansion [15, 21, 29, 30, 33]. These
phenomena gave rise to an increase in magnetization as the crystalline grain size decreased.
However, this increase took place only up to a critical size of the grain.

Magnetization decreased during a further reduction in crystalline grain size. This
decrease was caused by the increased proportion of the amorphous phase, which exhibited
considerably lower magnetization, to the detriment of the decrease in the content of the FCC
phase, which exhibited considerably higher magnetization. These considerations show the
need to establish an optimum deposition current density for the obtainment of deposits with
the crystalline grain size ensuring maximum magnetization.

Annealing as-deposited powders at elevated temperatures induces changes in their
microstructure and, hence, their magnetic properties [15, 21, 29, 30, 33].

XRD analysis was used to monitor the effect of annealing temperature on the phase
structure of powders. Magnetic properties were assessed by measuring magnetization during
annealing at elevated temperatures as well as by measuring the magnetization of powders
cooled at 20 °C after annealing.

Powders were heated at a rate of 20 °C min™ up to a temperature (limiting
temperature), and their magnetization was concurrently measured. Then, they were cooled at
20 °C, and reheated at the same rate to a higher temperature. Seven successive heating and
cooling cycles were conducted. Each successive heating was performed up to a higher
limiting temperature. Table Il presents limiting heating temperature as a function of the
number of thermal cycles and deposition current density for the powder.

Tab. 111 Dependence of limiting heating temperature upon the number of thermal cycles.

Current density (mA cm?)
70 | 200 | 400 | 600
thl::]r;nat;ecg/gres Limiting temperature (°C)
1 180 170 160 150
2 260 240 220 240
3 380 320 360 360
4 420 420 420 420
5 460 460 460 460
6 485 485 485 540
7 600 600 600 600

For easy reference, Figures 8a, 8b, 8c and 8d present only the curves for the first,
sixth and seventh thermal cycle.

The diagrams presented in Figure 8 show that, during heating of as-deposited
powders obtained at different current densities, in the temperature range of 20 °C to ts (t; =
stability temperature), the magnetization of powders does not change. This indicates that no
structural change takes place in as-deposited powders during annealing in this temperature
range. The temperature t; is dependent on deposition current density (Figs. 8 and 9). As the
current density increases, the stability temperature, ts, of as-deposited powders decreases, as
illustrated in Table V.
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Fig. 8. Magnetization as a function of temperature. Heating rate 20°C min™. a) (--) - second
heating up to 260 °C, (-) - sixth heating up to 485 °C and (- - -) - seventh heating up to 600
°C; b) () - second heating up to 240 °C, () - sixth heating up to 485 °C and (- - -) - seventh
heating up to 600°C; c) (--) - second heating up to 220°C, (—) - sixth heating up to 485 °C
and (- - -) - seventh heating up to 600 °C; d) (---) - second heating up to 240 °C, (—) - sixth
heating up to 540 °C and (- - -) - seventh heating up to 600°C. Powders were obtained at: a) -
70 mA cm™, b) —200 mA cm™, c¢) — 400 mA cm?and d) — 600 mA cm’2.
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Fig. 9. Magnetization of powders cooled to 20°C as a function of the limiting temperature of
the previous annealing cycle. The powders were obtained at current densities: (- - -) -70 mA
cm?; (- - -) - 200 mA cm; (— - —) - 400 mA cm, and () - 600 mA cm™.
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Tab. 1V Stability temperature as a function of current density for powder deposition.
j (MA cm?) 70 200 400 | 600
t; (°C) 180 170 160 150

The powders obtained at increased current densities showed greater instability as they
contained small crystalline grains which exhibited a higher density of chaotically distributed
dislocations and higher internal microstrain values. Therefore, at low temperatures, these
powders were subjected to structural relaxation. During heating of as-deposited powders in
the temperature range of t; to 360 °C, magnetization increased with increasing temperature.
During further heating, at temperatures between 360 and 400 °C, there was a gradual decline
in magnetization, as opposed to its abrupt decrease at temperatures from 400 to 500°C. In the
temperature range of 500 to 600 °C, magnetization decreased slowly again. The diagrams in
Figure 9 show that the powders obtained at different current densities have the same Curie
temperature of 600 °C. The decrease in the magnetization of heated powders, in the
temperature range of 360-600 °C, as induced by increasing temperature, is the result of
magnetic domain reorientation due to the effect of heat.

The plots of the magnetization of powders cooled at 20 °C as a function of limiting
annealing temperature (Fig. 8) show that the magnetization of the cooled samples increased
with the increase in annealing temperature from t; to 460 °C. The XRD patterns of powders
previously annealed in this temperature range were congruous with those of as-deposited
powders. This congruity indicated that, during the annealing of as-deposited powders in the
temperature range t—460 °C, neither amorphous phase crystallization nor growth of large
grains to the detriment of small ones occurred in the alloys. The increase in the magnetization
of samples annealed at temperatures between t; and 460 °C and, then, cooled at 20 °C is due
to structural relaxation [15, 21, 29, 30, 33].

M(Am’kg")
3

L] L L] L] L] L
0 100 200 300 400 500 609
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Fig. 10. Magnetization of o - as-deposited powders, and A - powders pre-annealed at
460 °C, cooled at 20 °C, as a function of deposition current density.

Electrodeposition did not yield an ideal FCC structure of the solid solution of Fe, W
and Cu in Ni; it led to a structure exhibiting defects in the crystal lattice. Neither did
electrodeposition result in an ideal amorphous phase with a completely randomized
distribution of spacings between adjacent atoms; it produced a structure exhibiting a small or
large degree of short-range ordering [38, 39]. Disorders in both the FCC crystal phase and the
amorphous matrix were larger in the deposits formed at high current densities. During the
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annealing of Ni-Fe-W-Cu electrodeposits, in the temperature range of ts to 460 °C, short-
range ordering occurred in both the FCC crystal phase and the amorphous matrix through the
effect of heat. In this temperature range, as the result of heat, some atoms at high energy
levels cross the energy barrier and settle at lower energy levels. Spacings between the atoms
arriving at lower levels and adjacent atoms are small, and therefore their external orbitals
overlap to a large degree with the orbitals of surrounding atoms of the same type and
symmetry. This increases the exchange integral and the electron density of states near the
Fermi level, and makes it easier for these atoms to adjoin energetically favorable magnetic
domains [15, 21, 29, 30, 33].

The lower density of chaotically distributed dislocations, resulting from short-range
ordering, ensures greater mobility of magnetic domain walls i.e. their expansion, and
facilitates the orientation of these domains in the external magnetic field, thus leading to an
increase in magnetization [15, 21, 29, 30, 33].

Figure 10 presents the magnetization of a) as-deposited powders, and b) powders pre-
annealed at 460 °C, cooled at 20 °C, as a function of deposition current density. The diagrams
presented show the highest increase in magnetization during short-range ordering in the
powder electrodeposited at the highest current density (600 mA cm).

The diagrams presented in Figure 8 show that, after annealing at temperatures above
460 °C, the magnetization of samples cooled at 20 °C decreased with increasing annealing
temperature. Annealing resulted in microstructural changes, which affected the magnetization
of powders, i.e. the crystallization of the amorphous phase (magnetization was lower than that
of the small-grained nanocrystalline phase and higher than that of the large-grained
nanocrystalline phase), growth of large crystalline grains (exhibiting lower magnetization) to
the detriment of small nanocrystals (showing higher magnetization), a decrease in internal
microstrain, as well as in the density of chaotically distributed dislocations, accompanied by
an increase in magnetization. All these changes combined caused a decrease in magnetization,
thus indicating that the magnetization during annealing at temperatures above 460 °C was
dominantly affected by the formation of large FCC crystals of the solid solution of Fe, W and
Cu in Ni. Large crystalline grains mostly hamper or prevent the orientation of magnetic
domains in the external magnetic field [15, 21, 29, 30, 33]. Large crystalline grains also
reduce magnetic wall mobility, thereby preventing the growth (increase) of domains [15, 21,
29, 30, 33].

The formation of large FCC crystalline grains of the solid solution of Ni, Fe, W and
Cu was confirmed by the XRD patterns of alloys cooled at 20 °C after annealing at 600 °C
(Fig.4a and 4b).

XRD analysis showed that, compared to the XRD patterns of unannealed alloys, the
XRD patterns of annealed alloys had higher peak intensity and smaller peak width at half-
height, and higher values of the relative peak intensity integrals.

The highest magnetization was in the NigsgFe106W14CuU,, alloy obtained at a current
density of 600 mA cm? and annealed at 460 °C. All alloys electrodeposited from an
ammonium citrate solution in the current density range of 70 to 600 mA c¢m™ and annealed at
460 °C were magnetically stable up to 360 °C, and structurally stable up to 460 °C.

4. Conclusion

Nickel-iron-tungsten-copper alloy powders were deposited from an ammonium citrate
bath on a titanium cathode at current densities ranging between 70 and 600 mA cm™.

Powder particles are dendrite- and cauliflower-shaped. The dendrites have a large
density of secondary and higher-order branches made up of a series of interconnected
globules. At high current densities, small rounded particles exhibiting a higher density of
branches are formed.
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Powders contain an amorphous matrix with embedded FCC nanocrystals of the solid
solution of Fe, W and Cu in Ni. At high current densities, the resulting powder has a higher
proportion of the amorphous phase and smaller nanocrystals exhibiting higher internal
microstrain.

The magnetization of the electrodeposited Ni-Fe-W-Cu alloy powders is dependent
upon their chemical composition and microstructure. As the deposition current density
increased, the total weight percent of Fe and Ni increased, the mean nanocrystal size
decreased, and internal microstrain and the mean density of chaotically distributed
dislocations increased, which caused an increase in magnetization. During annealing at
temperatures up to 460 °C, the powders underwent structural relaxation, which caused an
increase in magnetization. At temperatures above 460 °C, FCC crystalline grains of the solid
solution of Fe, Wu and Cu grew to the detriment of small crystals and the amorphous matrix.
Large crystal grains prevented the orientation of some magnetic domains and reduced the
mobility of walls of other domains towards expansion, thus inducing a decrease in
magnetization. Ni-Fe-W-Cu alloy powders electrodeposited from an ammonium citrate
solution at current densities of 70 to 460 mA cm™ and annealed at 460 °C are magnetically
stable up to 360 °C, and structurally stable up to 460 °C.
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Caxicemax:. U3 ankannoe amMOHUjAUHO-YUMPAMHOZ PACMEOPA e1eKmMPOOenoHO8aHU Cy HA
Mumanckoj kamoou Hanocmpykmypuu npaxoeu Ni, Fe, W u Cu. Yecmuye npaxosa umane cy
obauke dendopuma u xKapguona. /JenOpumu cy umaiyu 8eiuxy 2yCmuHy 2paHd CAmKaHux 00
mehycobno nosesanux enobyia. XRD ananuzom ycmanoe/beHo je 0a cy ce npaxosu cacmojanu
00 amopghne mampuye u Hanoxkpucmana FCC ¢ase uspcmoz pacmeopa Fe, W u Cu 'y Ni. Ca
nopacmom gycmune cmpyje oenosuyuje onaoa cpeord OUMeH3Uja HAHOKPUCMANd a pacme
cpeorba 8pedHOCH YHYMPAaultbUuX MUKpoHanpesarsa u yoeo 3oupa mace Fe u Ni y neeypama.
Ilpaxosu oOenonoganu Ha @ehum zycmunama cmpyje umajy eehy macnemuzayujy. YV
npaxoeuma ce moxom ooepesarba 0o 460°C odsuja ypeherwe cmpykmype HaA KPAmMKO Wimo
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y3pokyje noeeharwe macnemuszayuje, 0ok Ha memnepamypama eefium 00 460 °C
MaeHemuszayuja onada ycied gpopmuparea seehux kpucmannux 3pra FCC gasze.
Kwyune peuu: npax, macnemusayuja, FCC ¢asa, amopgna ¢haza, nanomamepujanu.
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