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Abstract:

Nanostructured nickel-iron-tungsten alloys were produced by electrodeposition from
an ammoniacal citrate bath. The tungsten content of the alloy ranged from 0.8 wt.% to
11 wt.%, and the crystal grain size of the FCC phase of the solid solution of iron and tungsten
in nickel was between 14 nm and 3.3 nm. The amorphous phase content of the alloy increases
with decreasing crystal grain size. As the amorphous phase content increases, the
magnetization, electrical conductivity and hardness of the alloy decrease. Annealing the alloy
to crystallization temperature results in structural relaxation during which the alloy
undergoes short-range ordering in conjunction with decreases in the density of chaotically
distributed dislocations and internal microstrain level, which increases the exchange integral
value, the electronic density of states at the Fermi level, the mean free path of electrons, the
ordering and the mean size of cluster in the sliding plane and results in more uniform
orientation of dipole moments of certain nanoparticles. These changes: a) increase the
mobility of magnetic domain walls, facilitate the orientation of domains in the external
magnetic field and cause an increase in magnetization; b) cause a decrease in electrical
resistance, and c) impede the sliding of grain boundaries and increase the hardness of the
alloy.

Annealing the alloys at temperatures above 400°C results in amorphous phase
crystallization and larger crystal grains of the FCC phase, along with a decrease in the
density of chaotically distributed dislocations and a decrease in internal microstrain level.

The formation of larger crystal grains reduces the hardness of the alloy, decreases its
specific electrical resistance and impedes both the orientation of certain magnetic domains
and the shift of walls of already oriented domains, thus inducing a decrease in magnetization.

The heat released during the milling of Nig;;Fe;;3W ;.4 alloy with FCC-phase crystal
grains 8.8 nm in average size causes amorphous phase crystallization, FCC crystal grain
growth and an increase in magnetization.

Alloys with relatively high tungsten content (11 wt. %) have an inhomogeneous
composition, a high proportion of the amorphous phase and FCC crystal grains with an
average size of 3.3 nm. This microstructure results in magnetic domains that have different
and relatively low thermal stabilities and relatively low degrees of magnetization.
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1. Introduction

Nanocrystalline nickel-iron-tungsten alloys have good electrical, magnetic and
mechanical properties, high thermal stability and high corrosion resistance. Therefore, they
are extensively used in novel technologies, generally as materials for microelectronics and
microelectromechanical systems and as cathodes for hydrogen evolution [1-18]. More
recently, relatively inexpensive electrochemical procedures have been developed for the
fabrication of these alloys from environmentally friendly citrate ammonia solutions without
any environmental and health risks [2, 9, 15, 17, 18]. Electrodeposition can result in alloys
whose microstructure and physicochemical properties are different from those of
metallurgically prepared alloys having the same chemical composition. The properties of
electrochemically generated alloys are dependent on the kinetic and operating parameters of
electrolysis [19-28]. Tungsten and molybdenum can be electrodeposited only with iron group
metals [2, 29-33]. The mechanism of codeposition of these metals and the effect of
electrolysis parameters on the chemical composition, microstructure, morphology and
physicochemical properties have been examined in a number of studies [17, 24-37].

Amorphous and nanocrystalline alloys occur in a metastable state. Annealing at
elevated temperatures and milling cause changes in their microstructure and morphology, thus
affecting their magnetic, electrical and mechanical properties, catalytic activity, corrosion
resistance and thermal stability [38-42]. At temperatures below the crystallization
temperature, the alloys wundergo structural relaxation, whereas amorphous phase
crystallization and nanocrystal grain growth take place at higher temperatures [38-42].

The objective of this paper was to present a review of research conducted under the
Project Ref. No. 172057 funded by the Ministry of Education and Science of the Republic of
Serbia. Part I presents the effect of synthesis parameters on the chemical composition,
microstructure and morphology of nickel-iron-tungsten alloy electrodeposits. Part II shows
the effect of the chemical composition and microstructure on the magnetic and electrical
properties and hardness of the electrodeposited nickel-iron-tungsten alloy.

2. Experimental

Nickel-iron-tungsten alloys were electrodeposited on copper, mild steel and titanium
cathodes. During the measurement, a standard electrical circuit and a glass electrochemical
cell were used. The alloys were produced by the electrolysis of solutions A and B of the
following compositions:

Solution A Solution B
0.2 mol dm™ NiSO4*6H,0 0.012 mol dm™ NiSO4*6H,0
0.02 mol dm™ FeSO, 0.004 mol dm™ FeSO,
0.004 mol dm™ Na,WO,+2H,0 0.01 mol dm™ Na,WO4+2H,0
0.24 mol dm™ Na;CsHs0,°2H,0 0.06 mol dm™ Na;CsH50,°2H,0
0.8 mol dm™ NH,CI 0.5 mol dm™ NH,CI
0.3 mol dm™ Na,SO, 1.0 mol dm™ H3BO;
pH=9.2+0.1 0.15 mol dm™ NaBr
pH=9.2+0.1
t = 65+0.5°C t = 50+0.5°C; 60+0.5°C and 70+0.5°C

The chemical composition of the alloys was determined by energy dispersive X-ray
spectroscopy (EDS) and by atomic absorption. Scanning electron microscopy (SEM) was



N. Cirovi¢ et al./Science of Sintering, 48 (2016) 1-16 3

used to determine the morphology of the electrodeposits. The microstructure of the
electrodeposits was evaluated by X-ray analysis. The size and shape of powder particles were
analyzed by a Leica Q500MC. The as-prepared alloys were milled in an alcohol medium
using a planetary ball mill.

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

The electrical properties of the electrodeposits were investigated using 40 mm x 1.2
mm x 0.5 mm samples obtained by exposing the deposits to a pressure of 100 MPa. Electrical
resistivity was measured by the four-point method.

Hardness was measured using the samples on Cu and Fe substrates with a 0.002 kg
load and loading time of 15 s in cross section. Each value was the average of five readings.

3. Results and discussion

Part I shows that the parameters involved in the electrodeposition and subsequent
treatment of the nickel-iron-tungsten alloys determine their chemical composition,
microstructure and morphology. The effect of these characteristics on the magnetic, electrical
and mechanical properties of the alloys was analyzed in this part (Part II).

Fig. 1. presents the magnetization of the as-produced coatings obtained from solution
A as a function of mean crystallite size of the FCC phase of the solid solution of iron and
tungsten in nickel. As shown in the diagram, magnetization increases with increasing mean
crystallite size from 8.8 nm to 14.0 nm. The increase in magnetization is due to a reduction in
the proportion of the amorphous phase and due to a decrease in the density of chaotically
distributed dislocations.
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Fig. 1. Magnetization of the as-prepared coatings at 25°C obtained by electrolysis from

solution A as a function of mean crystallite size.

The density of chaotically distributed dislocations in both phases and the mean
crystallite size of the FCC phase of the solid solution of iron and tungsten in nickel can
change after annealing at elevated temperatures. Annealing the alloy at t<400°C induces
structural relaxation accompanied by a decrease in the minimum density of chaotically
distributed dislocations and a reduction in the mean internal microstrain value, leading to
changes in magnetization (Fig. 2).
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Fig. 2. Magnetization of the coatings cooled at 25°C as a function of annealing temperature

and deposition current density: o- 50 mAcm>; A - 100 mAcem?; V — 200 mAem; o — 300
mAcm™. The coatings were obtained by electrodeposition from solution A.

Fig. 2. presents the magnetization of the coatings cooled at 25°C and pre-annealed for 30
minutes at specified elevated temperatures. As shown in the Fig., magnetization increases
with increasing annealing temperature to about 400°C. A further increase in temperature leads
to a decrease in magnetization. The increase in magnetization after annealing to 400°C is due
to structural relaxation. Electrodeposition does not result in an amorphous phase with a
completely random distribution of distances between neighboring atoms. No ideal amorphous
phase is formed; rather, a phase with short-range order exhibited to a greater or lesser extent
[43, 44]. Moreover, electrodeposition results in an FCC phase with the density of chaotically
distributed dislocations and internal microstrain levels present to a greater or lesser extent.
The proportion of the amorphous phase, the mean crystallite size of the FCC phase and the
degree of order of both phases are dependent on the deposition current density. As the
deposition current density increases, the proportion of the amorphous phase is increased and
its short-range order is decreased. The mean size of FCC crystallites is decreased, and the
minimum density of chaotically distributed dislocations is increased. During annealing to
400°C, structural relaxation takes place in the alloy. The effect of thermal energy in the
amorphous phase results in short-range ordering of the structure. Also, the FCC phase
undergoes partial short-range ordering of the structure, with a simultaneous decrease in the
minimum density of chaotically distributed dislocations and internal microstrain levels.
Through the thermal energy effect, certain atoms located at higher energy levels cross energy
barriers and reach lower energy levels. At these lower levels, their 3d and 4s orbitals overlap
more effectively with the same type of orbitals of neighboring atoms, thus increasing the
values of the exchange integral and the electron density of states at the Fermi level [13, 14,
22-26, 28, 43, 44]. Short-range ordering also leads to an increase in the mean free path of
electrons [13, 14, 22-26, 28, 43, 44]. Then, the atoms arriving at lower energy levels adjoin
the energetically more favorable domain. The lower density of chaotically distributed
dislocations, upon structural relaxation, enhances the mobility of magnetic domain walls and
facilitates the orientation of these domains in the external magnetic field. These changes
enable magnetic domain expansion and, hence, an increase in magnetization. [13-16, 22-26,
28,33, 42, 45]

Magnetization decreases as annealing temperature increases in the temperature range
between 400°C and 700°C. The decrease in magnetization is due to the formation of larger
crystal grains of the FCC phase through amorphous phase crystallization. Large sized crystal
grains impede the orientation of certain magnetic domains and reduce the shift of walls of
already oriented domains [13, 14, 22-26, 28, 33, 42, 45].
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The as-prepared coatings contain an amorphous phase exhibiting a relatively low
degree of magnetization, and an FCC phase containing small grains, which shows a relatively
higher degree of magnetization. Total magnetization depends on the proportion of these
phases in the coatings. The magnetization of the as-prepared coatings deposited at 50 mAcm™
is over three times the magnetization of the as-prepared coatings deposited at current densities
above 100 mAcm™ (Figs. 1 and 2). This finding confirms that these coatings have a
considerably smaller proportion of the amorphous phases compared to those deposited at
higher current densities (j>100 mAcm™). During annealing at 400°C, the magnetization of the
coatings deposited at 50 mAcm™ is increased by 3.16 times, and that of the coatings deposited
in the current density range of 100 to 300 mAcm™ by 5.7 to 7.1 times. The coatings deposited
at 50 mAcm™ have the lowest content of the amorphous phase exhibiting the highest degree
of short-range ordering and the lowest density of chaotically distributed dislocations in the
crystalline FCC phase. Therefore, during relaxation, the smallest structural changes and,
hence, the smallest relative increase in magnetization occur in these coatings. The coatings
obtained at j >100 mAcm™ have less ordered amorphous and FCC phases and, therefore, they
undergo larger short-range structural changes during annealing at 400°C. As a result,
structural relaxation in these coatings causes a higher relative increase in magnetization. The
increase in magnetization during the structural relaxation at 400°C in the coatings deposited at
50 mAcm? is mostly attributed to changes in the FCC phase. Therefore, the increase in the
absolute value of magnetization is the highest in these coatings.

Fig. 3. presents the magnetization of the coatings obtained by electrolysis from
solution A as a function of mean crystallite size and annealing temperature.

The diagrams presented in Fig.s 1, 2 and 3 suggest that the increase in magnetization
causes: a) a reduction in the amorphous phase content; b) a decrease in mean FCC crystal
size, and c) an increase in short-range ordering in both phases. The increase in the
magnetization of the coatings obtained at the current densities between 50 and 300 mAcm™ is
dominantly induced by the decrease in amorphous phase content with decreasing deposition
current density. The change in the magnetization of these coatings during annealing at
temperatures below 450°C is dominantly affected by short-range ordering and that at
temperatures above 500°C by amorphous phase crystallization and the formation of larger
crystal grains of the FCC phase.

Milling and annealing the as-prepared electrodeposit change its microstructure and,
hence, its magnetic properties. Electrodeposition from solution A at a current density of j =
500 mAcm™ results in the formation of Nigs 3Fe ;3 W 4 alloy powder with a mean particle size
of 153.01um and a mean crystal size of 8.8 nm.
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Fig. 3. Magnetization of the coatings cooled at 25°C as a function of mean crystallite size and
annealing temperature: A - as-prepared alloys; o — alloys annealed for 30 minutes at 400°C,
and e — alloys annealed for 30 minutes at 700°C. The coatings were produced by electrolysis
from solution A.
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Fig. 4. presents the temperature dependence of the relative magnetization of the as-
prepared powder, milled powders and the same samples pre-annealed for 30 minutes at
440°C. The relative magnetization is determined by the ratio of the magnetization of the tested
sample at a temperature t to the magnetization of the as-deposited sample at 25°C. The
diagrams in Fig. 4 show that milled powders in the temperature range of 25°C to 440°C have a
higher degree of magnetization compared to the as-deposited powders. During milling,
amorphous phase crystallization produces an FCC phase with nanocrystal grains of an
average size less than 11.1 nm. The reduction in the proportion of the amorphous phase
enables the formation of larger magnetic domains and, hence, a higher degree of
magnetization of the alloy.

4

0 T T T Ll
0 200 400 gy 600

Fig. 4. Temperature dependence of relative magnetization: o — as-deposited powder; as-
milled powders: A - 4 h, V- 8h, o — 12 h; powders pre-annealed for 30 minutes at 440°C: ® —

deposited and annealed powder, A — powder milled for 4h and annealed, ¥ — powder milled
for 8 h and annealed, and m — powder milled for 12 h and annealed. The powders were
obtained by electrolysis from solution A at 500 mAcm™. Heating rate was 30°C min.

The relative magnetization of the as-prepared and as-milled powders does not
significantly change during heating in the temperature range between room temperature and
80°C. This indicates that in this temperature range no significant structural relaxation takes
place. With an increase in temperature in the range of 80 - 440°C, magnetization increases,
reaching maximum at a certain temperature, but decreases thereafter with a further increase in
temperature. The temperature of the magnetization maximum depends on alloy milling time.
The longer the milling time, the lower the temperature of the maximum.

The magnetization of the pre-annealed samples does not change during heating from
25° to temperature Tc, indicating that during annealing for 30 minutes at 440°C the alloy
undergoes irreversible structural relaxation. The cooled samples pre-annealed at temperatures
below 440°C exhibit lower magnetization at 25°C compared to samples pre-annealed at
440°C. This suggests that during annealing at temperatures lower than 440°C only partial
structural relaxation occurs in the alloy powder. At temperatures above Tc, the magnetization
of the alloy decreases abruptly with increasing temperature. The decrease is due to the change
in the orientation of magnetic domains through the effect of heat.

Fig. 5. presents the relative magnetization of the as-prepared and annealed samples,
the mean crystal size and the relative integral of X-ray diffraction peak intensities as a
function of milling time. The relative magnetization is determined by the ratio of the
magnetization of the tested sample at 25°C and that of the as-deposited sample, also at 25°C.



N. Cirovi¢ et al./Science of Sintering, 48 (2016) 1-16 7

T (h)
Fig. 5. Relative magnetization of: o — as-deposited samples, ® — samples annealed for 30

minutes at 440°C; V — mean size of non-annealed crystallites, and o0 — the relative integral of

FCC X-ray diffraction peak intensities, I,, of non-annealed samples as a function of milling
time. The powders were obtained by electrolysis from solution A at 500 mAcm™,

During annealing at temperatures above 440°C, the alloy undergoes amorphous phase
crystallization and crystal grain growth of the FCC phase of the solid solution of iron and
tungsten and nickel. These structural changes cause changes in the magnetization and Curie
temperature. Fig. 6. presents the temperature dependence of the relative magnetization of the
as-deposited samples, as-prepared samples milled for 12 h and samples milled for 12 h
followed by annealing at 440°C and 600°C.
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Fig. 6. Temperature dependence of the relative magnetization of: o — as-deposited sample;
e — sample milled for 12 h; A — sample milled for 12 h and annealed for 30 minutes at 440°C,
0 — sample milled for 12 h and annealed for 30 minutes at 600°C. The powder was obtained

from solution A at 500 mAcm™. Heating rate was 30°C min™".
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The Fig. 6. shows that the sample annealed at 600°C has a considerably lower
magnetization and a lower Curie temperature compared to the as-milled sample and the
sample milled and annealed at 440°C. This also serves as a confirmation of the finding that
the formation of large sized crystal grains during annealing at 600°C causes a reduction in
magnetization due to the impeded orientation of magnetic domains and decreased mobility of
their walls. Due to the high proportion of the amorphous phase, the magnetization of the as-
deposited sample is lower than that of the milled sample annealed at 600°C. The increase in
the mean size of FCC crystallites of the solid solution of iron and tungsten in nickel shifts the
Curie temperature towards lower values.
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The results show that an appropriate choice of deposition current density, milling
time and annealing temperature can lead to nickel-iron-tungsten alloys with a low tungsten
content (>1.5wt.%) and specific magnetic characteristics.

The tungsten content of the alloy affects its microstructure and morphology and, to a
significant extent, its magnetic properties. Fig. 7. presents the temperature dependence of the
relative magnetization of NigFexW,; alloy electrodeposited from solution B at
500 mAcm™[13].

As shown in Fig. 7, during the first annealing up to 50°C, there is no significant
change in the relative magnetization, which suggests that no significant structural change
takes place in the alloy in this temperature range. During heating in the temperature range of
50 - 350°C, the relative magnetization shows a gradual decrease. The Curie temperature is
about 350°C. This value is close to the value for pure nickel, T.n; = 358°C. The reorientation
of magnetic domains at relatively low temperatures suggests their low thermal stability. The
wide temperature range in which magnetization is gradually decreased indicates the
coexistence of magnetic domains that have different thermal stabilities. The high deposition
current density and the high tungsten content in the alloy cause: large local inhomogeneities
of nickel, iron and tungsten contents (as determined by EDS point analysis); a high proportion
of the amorphous phase and small crystal grains of the FCC phase with a high number of
chaotically distributed dislocations and a high level of internal microstrain. Such a structure
results in magnetic domains that exhibit different degrees of relatively low thermal stability
and in alloys that have a considerably lower magnetization as compared to that of the alloys
obtained at low current densities with a low tungsten content used (>1.5 mol%) [38]. The
curves of the temperature dependence of the relative magnetization obtained during the
second, third and fourth heatings in the temperature range of 50 - 425°C show several waves.
The coexistence of these waves suggests the existence of different sets of domains. The
domains making up one set have approximately the same chemical composition and the same
structure and, hence, the same thermal stability. The domains with higher iron contents have a
higher Curie temperature.
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Fig. 7. Temperature dependence of the relative magnetization of NigsFe,sWy; alloy: o — first
heating; o — second heating; V — third heating, and e — fourth heating. The alloy powder was

produced by electrolysis from solution B at 500 mAcm™ and at t=65°C. Heating rate was 30°C
- -1
min” [13].

After the first annealing up to 400°C, the relative magnetization of the alloy cooled at
room temperature is increased by approximately 12% and the Curie temperature is increased
by about 75°C (Tc=425°C). This is the result of structural relaxation taking place during the
first annealing in amorphous phase clusters and FCC crystal grains of the solid solution of
iron and tungsten in nickel. After the second heating to 500°C, the alloy was cooled and, then,
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heated for the third time to 525°C. Then, it was cooled again and subjected to the fourth
heating up to 625°C. The curves obtained during the third and fourth annealings show that the
relative magnetization of the alloy cooled at 25°C is by about 5% and 8% lower than that of
the as-prepared alloy. The decrease in magnetization at room temperature after the second and
third annealings is caused by the crystallization of the amorphous portion of the powder and
by crystal grain growth of the FCC-structured solid solution. As shown in Fig. 5., the increase
in the number of annealings results in curves with more pronounced waves. During annealing,
nickel and iron atoms diffuse and occupy energetically more stable sites, while forming
different sets of clusters and crystal grains. Particles within the same set exhibit similar
microstructures and chemical compositions. Similar particles build magnetic domains that
have approximately the same thermal stability. The results show that the relatively high
tungsten content of 11 wt. % in the Nig Fe,yW, alloy reduces the magnetization of the alloy
and the thermal stability of magnetic domains.

Changes in the microstructure of nickel-iron-tungsten alloy electrodeposits during
annealing and milling induce changes in their electrical resistivity. The as-obtained milled
Nig73Fe 13Wi 4 electrodeposits were heated to 550°C while electrical resistivity was measured.
Fig. 8. shows the temperature dependence of the electrical resistance of the as-obtained and
milled Nig;3Fe ;W 4 electrodeposit [14].
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Fig. 8. Temperature dependence of electrical resistivity: m — as-deposited powder; ® — powder

milled for 8 hours, and A — powder milled for 12 hours. Heating rate 30°C min™. The deposit
was obtained from solution A at =500 mAcm™[14].

As shown in the Fig., the resistance is the highest for the as-obtained deposit and
lowest for the powder milled for 12 hours. The resistance decreases with increasing milling
time. All diagrams show a maximum and a shoulder. The decrease in electrical resistivity
after the maximum causes structural relaxation. In the range between the temperature of the
maximum and the temperature of the shoulder, short-range ordering (most probably) takes
place mostly in the amorphous phase. The decrease in resistivity after the shoulder is most
likely the result of dominant microstructural relaxation changes in nanocrystals. Due to the
relatively rapid heating and short time in the temperature range of 400 - 550°C, there was no
substantial crystallization of the amorphous phase and, accordingly, there was no significant
decline in specific electrical resistance in this range.

Fig. 9. illustrates specific electrical resistance at 25°, 200°C and 500°C and the mean
crystallite size as a function of the relative integral of peak (111), (200), (220) and (311)
intensities in adequate X-ray diffractograms. The value of the relative integral of peak
intensities for the sample heated for 60 minutes at 600°C was taken as the reference value i.e.
1. It was assumed that the values of the mean crystallite size and the proportion of the
amorphous phase during a short period of heating at 500°C showed no significant change. The
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diagrams show that electrical resistivity is higher in (structurally non-relaxed and relaxed)
alloys that have a higher amorphous phase content.
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Fig. 9. Specific electrical resistance at @ - 25°C, A - 200°C and V¥ - 500°C, and o — mean
crystallite size as a function of the relative integral of peak (111), (200), (220) and (311)

intensities of the deposits obtained from solution A at j=500 mAcm™.

Short-range ordering during the relaxation causes an increase in the electron density of states
in the conduction band at the Fermi level and an increase in the mean free path of electrons

[13-16, 22, 23, 28, 42, 45]. During the process, the dipole moments, p, of certain
nanoparticles seem to be more uniformly oriented [22, 46]. The increase in the electron

—

density of states, n, at the Fermi level, the increase in the mean free path of electrons, /, and

—

more uniform orientation of dipole moments, p, cause a decline in electrical resistivity (an

—_—

increase in electrical conductivity, ¢ ) during the structural relaxation, according to the
equation:

—_ 2
o=l (1)
A%

where: v — average electron velocity. The dipole moment is expressed as:

p=le ... ()
Combining equations (1) and (2) gives the expression:

- ne
= Tp .......... 3)
v
The dipole moment has two contributions:
P=DytP,y, e 4

where: p - — the electron part of the dipole moment, which is little dependent on temperature,

and Py~ the phonon part of the dipole moment which is much dependent on temperature,

since bosons are sensitive to the electron-phonon and electron-magnon anharmonic
interactions [16, 22, 46].

Specific electrical resistance is both directly and indirectly affected by milling. The
direct effect is due to the effect of thermal energy coming from the transformation of
mechanical energy during milling. Through the effect of thermal energy, the amorphous phase
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in the alloy is transformed into a crystalline FCC phase and existing FCC crystal grains grow
as the mean microstrain value and minimum density of chaotically distributed dislocations are
decreased. These processes lead to a reduction in both peak intensity and shoulder intensity
and cause a shift in the temperature of the peak maximum and shoulder temperature towards
higher temperatures (Fig. 8). The indirect effect of milling is due to the evolvement of small
particles which make better contact during pressing.

Under adjusted electrodeposition conditions and through subsequent thermal
treatment of the deposit, alloys exhibiting different chemical compositions, morphologies and
microstructures and, hence, different mechanical, corrosion and catalytic properties are
obtained. This paper examines the effect of electrodeposition current density and annealing
temperature on the hardness of nickel-iron-tungsten alloy coatings electrodeposited from
solution A on mild steel substrate. Fig. 10. presents the hardness of the as-prepared annealed
coatings, the tungsten content and the mean crystallite size as dependent on electrodeposition
current density.
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Fig. 10. Dependence of: O- tungsten content, © — mean crystal size, and e, A, ¥ — hardness
(of @ — as-prepared coating annealed for 60 minutes at: A - 300°C and ¥ — 500°C) on
electrodeposition current density. The coatings were produced from solution A.

Fig. 10. shows that the as-prepared coatings annealed at 300°C and 500°C obtained at
higher current densities in the current density range of 50 to 300 mAcm™ exhibit lower
hardness compared to the coatings obtained at lower current densities. The hardness of nickel-
iron-tungsten alloys is dependent on tungsten content, crystal grain size and amorphous phase
content. The facts that an increase in tungsten content in nickel-iron-tungsten alloys increases
their hardness and that the tungsten content is slightly increased in the tested samples obtained
at higher current densities while their hardness is decreased suggest that the hardness of the
electrodeposited alloys is dominantly affected by mean crystal size and amorphous phase
content (Fig. 10). As the mean crystal size decreases up to a critical value, the hardness of the
alloy is increased (the direct Hall-Petch relation). In alloys with a mean crystal size less than
critical, their hardness decreases with decreasing crystal size (the inverse Hall-Petch relation)
[9, 17, 47-49]. The hardness of the alloy, with crystal grains higher than the critical value, is
determined by dislocation motion. The reduction in crystal grain size increases the proportion
of grain boundaries in the alloy, thus impeding dislocation motion and increasing the hardness
of the alloy. The hardness of the alloy with crystal grains less than the critical value is
determined by grain boundary sliding. The hardness of the amorphous phase is low [7, 50].
The thickness of the sliding planes increases with decreasing crystal grain size and increasing
amorphous phase content. The increased thickness of the plane causes a decrease in hardness
[47]. The coatings formed at current densities of 50 to 300 mAcm™ have an average crystal
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size smaller than the critical size. The coatings with such crystal grains obtained at higher
current densities have a greater thickness of sliding planes and, hence, lower hardness.

The hardness of the coatings is significantly dependent on annealing temperature
(Fig. 11). With the increase in annealing temperature up to about 300°C, the hardness of the
coatings electrodeposited at current densities of 50 to 300 mAcm™ is increased. A further
increase in annealing temperature results in decreased hardness.
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Fig. 11. Hardness of nickel-iron-tungsten coatings obtained from solution A as a function of

annealing temperature and deposition current density: o — 50 mAcm?, A — 100 mAcm™ V -
200 mAcm™, and o - 300 mAcm™[15].

During annealing at temperatures up to 300°C, the increase in hardness is dominantly due to
short-range ordering during which ordering and mean cluster size in the sliding plane are
increased and, accordingly, grain boundary sliding is hampered.

Apart from short-range ordering, during annealing, the hardness of the alloy is
increased by the removal of hydrogen [51], carbon and oxygen [44] incorporated during
electrodeposition.

The decrease in alloy hardness with increasing annealing temperature at temperatures
above 300°C is due to a decrease in the level of remaining strain as well as due to larger
crystal grains formed through amorphous phase crystallization. At temperatures above 400°C,
the dominant effect is produced by the formation of larger grains.

The results indicate that solution composition, solution temperature, deposition
current density, annealing temperature and milling time determine the chemical composition,
morphology and microstructure of electrodeposited nickel-iron-tungsten alloys and show the
presence of a correlation between the microstructure and magnetic, electrical and mechanical
properties. This suggests that the choice of appropriate synthesis and subsequent treatment
conditions can help generate alloys that have pre-defined physicochemical properties.

4. Conclusion

Nanostructured nickel-iron-tungsten alloys were produced by electrodeposition from
an ammoniacal citrate bath. The chemical composition and microstructure of the alloys were
found to affect their hardness and magnetic and electrical properties. The magnetization of the
alloys with a low tungsten content (< 1.4 wt.%) increases with increasing crystal grain size
from 8.8 nm to 14.0 nm. The increase in magnetization is due to a reduction in the amorphous
phase proportion and due to a decrease in the density of chaotically distributed dislocations.
Annealing the coatings at temperatures lower than 400°C results in increased magnetization
since certain atoms located at higher energy levels cross energy barriers through the effect of
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thermal energy and reach lower energy levels where their 3d and 4s orbitals overlap more
effectively with the same type of orbitals of neighboring atoms, thus increasing the value of
the exchange integral, the electron density of states at the Fermi level and the mean free path
of electrons. This enhances the mobility of magnetic domain walls and facilitates the
orientation of these domains in the external magnetic field. In the temperature range between
400°C and 700°C, the magnetization decreases with increasing temperature since amorphous
phase crystallization results in the formation of larger crystal grains of the FCC phase which
impede the orientation of certain magnetic domains and reduce the shift of walls of already
oriented domains. During the 12-hour milling of the as-deposited Nig;3Fe;; ;W4 alloy with a
mean crystal grain size of 8.8 nm, the resulting heat causes amorphous phase crystallization
and FCC crystal grain growth to 11.1 nm accompanied by a decrease in the density of
chaotically distributed dislocations, leading to an increase in the magnetization of the alloy.
During the annealing of the milled alloys up to 440°C, structural relaxation and short-range
ordering take place, resulting in an increase in magnetization. At higher temperatures, the
crystallization of the amorphous phase in the milled alloy produces larger FCC crystal grains,
inducing a decrease in the magnetization of the alloy and a shift of the Curie temperature
towards lower temperatures.

The alloys having higher tungsten content, NigsFe,qW;; have large local
inhomogeneities of nickel, iron and tungsten contents, a high proportion of the amorphous
phase, and small crystal grains of the FCC phase with a high number of chaotically distributed
dislocations and a high internal microstrain level. Such a structure results in different
magnetic domains that exhibit relatively low thermal stability, and low magnetization of the
alloy. The domains with higher iron content have a higher Curie temperature.

Amorphous phase crystallization and FCC crystal grain growth during the milling of
Nig73Fe;13Wi4 alloys with a mean crystal size of 8.8 nm cause a decline in the specific
electrical resistance of the alloys. Electrical resistivity decreases with increasing annealing
temperature at temperatures below the crystallization temperature due to structural relaxation
during which the electron density of states at the Fermi level and the mean free path of
electrons are increased and the dipole moments of certain nanoparticles are more uniformly
oriented.

The hardness of the nickel-iron-tungsten alloy coatings with a tungsten content less
than 1.4wt.% obtained at the current densities between 50 and 300 mAcm™ decreases with the
decrease in the mean crystal grain size of the FCC phase from 14.0 nm to 9.2 nm. Given that
the mean crystal grain size of these alloys is below the critical value, their hardness decreases
with decreasing crystal grain size due to an increase in the thickness of the sliding plane
composed of an amorphous phase. During annealing up to 300°C, the alloys undergo
structural relaxation, during which short-range ordering and the mean cluster size in the siding
plane are increased, thus impeding the sliding of grain boundaries and, hence, increasing the
hardness of the alloys. At temperatures from 300 to 500°C, the decrease in hardness mostly
causes a reduction in the remaining strain, and at temperatures above 500°C the formation of
the FCC phase with a relatively high mean crystal size is observed.

A correlation was found between the microstructure of the nickel-iron-tungsten alloy
and its magnetic and electrical properties and hardness.
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Caoporcaj: U3 amonujauno-yumpammuoe Kynamuia 0enoHo8amne cy HAHOCMPYKMypHe fie2ype
Huxna, 2eodicha u eoagpama. Caopacaj éongppama y necypu éapupao je 00 0.8 mac% oo 11
mac% a eenuyuna kpucmannux 3pra FCC ¢haze uepcmoe pacmeopa 2eoxcha u ongpama y
Huray 00 14 nm 0o 3.3 nm. Cadpoicaj amopghne paze y necypu pacme ca cmMarberbem Geiuyute
kpucmanuux spua. Ca nopacmom caopoicaja amop@ue ¢hpase onaoa mazHemusayuja,
cneyugpuyna enexmpuuna nposoosueocm u mepooha necypa. Oodepesarvem nae2ypa 00
memnepamype Kpucmanuzayuje y ie2ypu ce 008Uja CMpyKmypHa peiaxcayuja mokom Koje ce
ypehyje cmpykmypa Ha Kpamko npaheHa cmarbervem 2ycmume XAOMUYHO pacnopehenux
oucnokayuja u YHYmpaulibux MUKpOHANpe3ara wmo Yy3poxyje noeeharse epednocmu
uHmespana usmeHe, 2ycmune cmarba eiekmpona y oauzunu epmu Husoa, cpeorbe OyicuHe
Cc10000H02 nyma eiekmpona, ypeheHocmu u cpedrve OUMeH3Uje Kiacmepa y pasHu Kiu3ared u
VHUMOPMHUJY Opujenmayujy OUROIHUX MOMEHama nojeounux Hanovecmuya. Hasedene
npomere y3poKyjy: a) eehy noKpemmsusocm 3u008a MACHEMHUX 0OMEHA, TAKWeE YCMepasare
0OMeHa Yy ChobaulibeM MACHEMHOM Nosby U nogefiare MmacHemusayuje; 6) cmarerve
cneyuguune elekmpuiHe OMNOPHOCMU U 8) OMENCAHO KIU3Are 2PAHuya 3pHa u nogehare
mepoohe necypa.

Ooepesarwem necypa Ha memnepamypama euwum 00 400°C  oosuja ce
Kpucmanuzayuja amopgre paze u opmuparwe eehux kpucmannux 3pra FCC @aze y3
cMarerse 2ycmune XaomuiHo pacnopehenux OUCIoKayuja u YHympauisux MUKpoOHanpe3arsd.
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Hacmanax eehux xpucmannux 3pua y3poxyje cmareerbe mepoohe u cneyugpuune
eleKmpuyHe OMNOPHOCMU U OMeNCA8a YCMepasarbe NOjeOUHUX MASHeMHUX OOMeHA U
nomeparve 3u008a el ycmepeHux 0OMeHa U MAKo CMamyje MacHemu3ayujy.

Tonnoma ocnobohena moxom mnegerwa nezype NigzsFe; ;Wi ca xpucmanuum
spuuma FCC ¢haze npoceune oumensuje 8.8 nm y3poxyje kpucmaiusayujy amopgne ¢pasze,
pacm kpucmannux 3pna FCC gasze u nogeharwe macnemusayuje nezype.

Jlezypa ca penamuseno eenuxum caopoicajem eoagpama (11 mac%) umajy Hexomozen
cacmas, geauxu yoeo amoppue asze u kpucmanua 3pua FCC ¢haze npoceune oumensuje 3.3
nm. [locneduya oee mMukpocmpykmype je e23ucmeHyujd MacHemHux OOMeHd paziuuume u
PenamugHo maie mepmuuKe CMabUuIHOCMu U pelamuero Mdaie MacHemusayuje iezype.
Kuwyune peuu: nanocmpyxmypua neeypa, FCC ¢asa, cneyugpuuna enexkmpuuna omnopHocm,
Maznemuzayuja
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