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Ni85.8Fe10.6W1.4Cu2.2 alloy powder containing nanocrystals of an FCC-structured solid solution of iron, tungsten, and copper in
nickel embedded in an amorphous matrix was electrodeposited from an ammonia citrate solution. The alloy exhibits thermal
stability in the temperature range between 25∘C and 150∘C. Over the range 150−360∘C, the alloy undergoes intense structural
relaxation which considerably increases the electron density of states and, hence, its electrical conductivity. Less intense structural
relaxation takes place at temperatures between 360∘C and 420∘C. In the temperature range of 420∘C to 460∘C, relatively more
intense changes in the electron density of states at the Fermi level occur, as induced by the structural relaxation resulting from the
stabilization of larger less mobile tungsten atoms and copper atoms.The large decrease in electrical resistivity and the high increase
in the electron density of states at the Fermi level in the temperature range 460−520∘C are due to amorphous matrix crystallization
and FCC-phase crystal grain growth.

1. Introduction

Nowadays, nanostructured materials are extensively used
in many technologies due to their specific chemical and
physical properties [1–4]. Nickel/iron alloys have good
mechanical, electrical, and magnetic properties and a high
catalytic activity for some electrochemical reactions [5–
7]. Alloying these alloys with small quantities of tungsten
improves their thermal stability, wear resistance, corrosion
resistance, microhardness, and high-temperature oxidation
[8–17]. NiFeW alloys may exhibit the key properties of
NiW and FeW alloys while eliminating the unwanted prop-
erties of the two-component alloys. They are widely used
in industries, mainly as inductor cores for electromagnets
[18–20], magnetic devices [21], microwave noise filters [22],
magnetic recording heads [23], and tunable noise suppressors
[24]. They are also used as cathodes for the electrochemical
production of hydrogen. The metallurgical fabrication of
these nanostructured alloys is expensive due to tungsten’s

high melting point. Therefore, other procedures for their
production have been developed, such as mechanical alloy-
ing, sputtering, or electrolytic deposition from water baths
[8–15, 25–27].

Nanostructured coatings and powders of nickel/iron/
tungsten alloys can be obtained by electrolysis from envi-
ronmentally friendly citrate ammonia solutions [8–11, 16].
Electrolysis can produce alloys that differ in microstructure
and, hence, in electrical, magnetic, and mechanical proper-
ties, thermal stability, and corrosion resistance from those
of the same chemical composition prepared by metallurgy
routes. The properties of electrochemically deposited alloys
depend on the kinetic and operational parameters governing
electrolysis [8–15, 28, 29].

Nanostructured alloys are in a metastable state. Anneal-
ing at high temperatures causes changes in their struc-
ture. Structural relaxation takes place at low temperatures,
whereas crystallization occurs at high temperatures. Struc-
tural changes affect mechanical, electrical, and magnetic
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properties, catalytic activity, thermal stability, and corrosion
resistance [8–15, 28, 30]. Structural changes in nanostruc-
tured alloys also lead to changes in the value of the thermo-
electromotive force of the nanostructured alloy-crystal alloy
(metal) thermocouple [31–34].

Many products made of nickel/iron/tungsten alloys,
which are widely applied in industry, agriculture, and
medicine, can be obtained in desired shapes and sizes by
sintering the powders of these alloys.This is a simple and low-
cost procedure which requires a minimum investment.

Nanostructured nickel/iron/tungsten alloy powders hav-
ing a suitable particle size cannot be deposited from an
ammonia citrate bath at high current efficiencies. The code-
position of nickel, iron, tungsten, and small amounts of
copper can result in the production of nickel/iron/tungsten/
copper alloy powders with a desired particle size and good
electrical and magnetic properties at relatively high current
efficiencies from environmentally friendly alkaline citrate
ammonia solutions [35, 36].

The objective of this study was to examine the effect of
structural changes during annealing on the electrical resistiv-
ity and thermoelectromotive force of a thermocouplemade of
electrodeposited nanostructured Ni85.8Fe10.6W1.4Cu2.2 alloy
and copper and to use the experimental results to establish
correlations between structural changes, electrical properties,
and thermoelectromotive force.

2. Experimental

Nickel/iron/tungsten/copper alloy powder was electrode-
posited on a titanium cathode from the solution containing
0.2mol dm−3 NiSO4, 0.02mol dm−3 FeSO4, 0.004mol dm−3
Na2WO4, 0.005mol dm−3 CuSO4, 0.24mol dm−3 Na3C6H5
O7, 0.8mol dm−3 NH4Cl, and 0.3mol dm−3 Na2SO4. The
solution temperature during the electrolysis was 60 ± 0.5∘C,
and pH was equal to 9.2 ± 0.2. The pH of the solution was
adjusted by the addition of 0.6mol dm−3 NH4OH (during
electrolysis). The solution was prepared using p.a. chemicals
(Merck) and triple distilled water. During the electrolysis,
a 2 dm3 standard electrochemical glass cell was used. The
anodes were two platinum plates of 12.0 cm2 surface area.
A titanium cathode of 4.0 cm2 surface area and 0.3 cm
thickness was positioned in parallel between the anodes. The
cell was in a thermostat. The powder was electrodeposited
galvanostatically at a current density of 𝑗 = 450mAcm−2.
The standard electrical circuit comprising a programmer
(Universal Programmer, Model 173), a potentiostat (Poten-
tiostat/Galvanostat Model 173), and a voltmeter (Pro’s Kit
03-9303C) were employed during the electrolysis. After the
electrolysis, the resulting powder was washed three times
with distilled water and, then, with a 0.1 wt.% benzoic acid
solution to prevent oxidation. Thereafter, it was dried at
105∘C.The size of powder particles was determined by a Leica
Q500MC automatic device for microstructural analysis.

A PEKTAR-A.A.200-VARIAN atomic absorber was used
to determine the chemical composition of the powder.

Scanning electron microscopy (SEM) analysis was per-
formed on a JEOL-JSM 5300. X-ray diffraction (XRD) was

recorded on a Philips PW 1710 diffractometer using CuK𝛼
radiation (𝜆 = 0.154 nm) and a graphite monochromator.
XRD data were collected with a step mode of 0.03∘ and a
collection time of 1.5 s step−1. Nanocrystallite sizes (D) were
determined from the full width at half maximum (𝛽) by
Scherrer’s formula: 𝐷 = 0.94𝜆/(𝛽 cos 𝜃). The microstrain (𝜀)
was calculated using the relation: 𝛽 = 𝜆/(𝐷 cos 𝜃) − 𝜀tg𝜃.
Minimum density of chaotically distributed dislocations (𝛿)
was calculated from values of mean nanocrystallite size, 𝛿 =
𝐷−2.

A 40mm × 1.2mm × 0.5mm sample obtained by press-
ing the powder at 500MPa was examined for electrical
properties. Electrical resistivity was measured by the four-
point method in the temperature range of 25∘C to 600∘C.
Measurements were performed under argon atmosphere.
Thermoelectromotive force (TEMF) was measured using the
nanostructured Ni85.8Fe10.6W1.4Cu2.2 alloy-Cu thermocou-
ple, obtained by the mechanical coupling of the pressed
powder sample and copper wire. The Ni85.8Fe10.6W1.4Cu2.2-
Cu couple was placed into a specially designed furnace, while
the other end of the sample was submerged into a mixture
of water and ice. The TEMF produced by the thermocouple
during the heating process was measured by a voltmeter
having a sensitivity of 10−5 V.

3. Results and Discussion

Nickel/iron/tungsten/copper alloy powder was deposited
from an ammonia citrate bath at a current density of
450mA cm−2 on a titanium cathode. The chemical composi-
tion of the deposit was determined by atomic absorption. Six
different samples electrodeposited under the same conditions
were analyzed. The results differed by less than 0.5 wt.%. The
average composition of the alloy was 85.8 wt.% Ni, 10.6 wt.%
Fe, 1.4 wt.% W, and 2.2 wt.% Cu (Ni85.8Fe10.6W1.4Cu2.2).

SEM micrographs of Ni85.8Fe10.6W1.4Cu2.2 alloy powder
are presented in Figures 1(a), 1(b), and 1(c).

Particle size ranges from 10 to 200 𝜇m. The particles are
dendritic in shape and have branches, secondary branches,
and higher-order branches. The high density of branches
indicates a rapid nucleation during alloy electrodeposition at
a current density of 450mA cm−2 in the presence of small
amounts of Cu2+ ions. The polarization curves and the cyclic
voltammogram show that the deposition of Fe, Ni, and W
alloy with Cu at 𝑗 = −450mAcm−2 occurs at a potential
which is about 0.2 V more negative than the deposition
potential of the same alloy without Cu [35]. In the presence of
Cu, dendritic particles with a high density of secondary and
higher-order branches are formed. The deposit has a con-
siderably higher real surface area. This indicates that Cu2+
ions facilitate the formation of nuclei. Nucleus growth is
determined by spherical diffusion, and this causes globule
formation. Before reaching induction time for globules to
develop into needle-like crystals, the formation of new nuclei
takes place both on the tips and on the sides of the branches.
This causes the formation of branches made up of globules.
There are cracks between certain branches (Figure 1(a)).
At the tips of sufficiently large particles made up of many
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Figure 1: SEM micrographs of Ni85.8Fe10.6W1.4Cu2.2 powders electrodeposited at 450mA cm−2, 𝑡 = 60∘C, pH = 9.2.

branches, globules join to create a relatively rough external
surface (Figures 1(b) and 1(c)). Then, the formation and
growth of new globules occur on this surface (Figures 1(a)
and 1(b)). The figures also show a large number of cracks,
indicating high internal microstrains of the deposit. The
surface of the particles exhibits craters, that is, sites of
hydrogen evolution occurring during the deposition.

The phase structure of Ni85.8Fe10.6W1.4Cu2.2 alloy was
determined by XRD analysis (Figure 2). XRD images of
the electrodeposit show only the peaks of the FCC phase
of the solid solution of iron, nickel, and copper in nickel
for the crystal planes (111) and (200). No clearly defined
peaks for the crystal phase of WO3 are observed. Like-
wise, there are no peaks for pure iron, tungsten, and pure
copper phases, nor those for intermetallic compounds of
iron, tungsten, copper, and nickel. The ratio of the rela-
tive integrated intensities of the (111) peak to that of the
(200) peak of the as-produced Ni85.8Fe10.6W1.4Cu2.2 alloy
is the same as the ratio of the peaks of an untextured
(randomly textured) nickel polycrystal. This indicates no
texture existence, that is, no preferred growth along a par-
ticular orientation, and suggests that the strain is distributed
in different directions as in the randomly textured nickel
polycrystal.

The peaks of the FCC phase of the as-deposited
Ni85.8Fe10.6W1.4Cu2.2 alloy are relatively wide and of low
intensity.Their maxima are shifted to lower 2𝜃 values relative
to the 2𝜃 values of the maxima of the pure nickel FCC phase.
Microstructural data for the crystalline FCC phase of the as-
deposited powder are presented in Table 1(A).

As shown in Table 1(A), the crystalline grains exhibit
a relatively small size, a high internal microstrain value,
and a high minimum density of chaotically distributed
dislocations. This microstructure is the result of the high
electrodeposition current density applied as well as of the
presence of iron, copper, and, particularly, tungsten in the
FCC crystal lattice of the solid solution of nickel [7–17, 35].

The presence of tungsten, iron, and copper in the FCC
solid solution of nickel inhibits crystalline grain growth [7–
17]. Tungsten, iron, and copper cause an increase in the mean
interatom distance in the FCC phase, resulting in the shift of
peak maxima to lower 2𝜃 values.

The as-deposited Ni85.8Fe10.6W1.4Cu2.2 alloy powders
were annealed for 60 minutes in an argon atmosphere at
300∘C, 400∘C, 500∘C, and 600∘C. Then, they were cooled at
25∘C and their X-ray images were taken. The X-ray images
of the powders annealed at 𝑡 ≤ 400∘C practically coin-
cide with those of the as-deposited powders. This indicates
that at temperatures below 400∘C no crystallization of an
amorphous phase possibly present in the sample and no
FCC crystalline grain growth occur. The X-ray images of the
powders annealed at 500∘C and 600∘C show the existence
of narrower and considerably higher intensity peaks of the
FCC phase of the solid solution of tungsten, iron, and copper
in nickel for the planes (111) and (200). This suggests that,
in the temperature range of 500∘C to 600∘C, amorphous
phase crystallization and FCC crystalline grain growth take
place, along with a decreasing internal microstrain value
and a declining minimum density of chaotically distributed
dislocations (Table 1(B)).
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Table 1: Microstructural data for the crystalline FCC phase of Ni85.8Fe10.6W1.4Cu2.2 alloy: (A) as-deposited and (B) annealed for 60 minutes
at 600∘C.

Unit cell
parameters (nm)

Mean crystallite
size value (nm)

Mean microstrain
value

Minimum density of
chaotically distributed
dislocations (cm−2)

(A) 𝑎 = 0.35324 (3) 11.4 (4) 1.3 (4) ⋅ 103 2.0 (3) ⋅ 1012
(B) 𝑎 = 0.35950 (4) 24.1 (2) 0.3 (2) ⋅ 103 0.08 (3) ⋅ 1012
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Figure 2: XRD images for (a) the as-deposited Ni85.8Fe10.6W1.4Cu2.2 alloy and (b) the alloy annealed for 60 minutes at 600∘C.

The sum of the relative integrated intensities of the (111)
and (200) peaks of the annealed samples is higher than
the sum of the relative integrated intensities of the same
peaks of the as-deposited samples. The ratio of the relative
integrated intensities of the annealed sample to that of the as-
deposited sample is 1 : 0.67. This indicates that about 33% of
the amorphous phase is present in the deposit.

The effect of heat-induced structural changes on the
electrical resistivity of the pressed Ni85.8Fe10.6W1.4Cu2.3 alloy
powder was also recorded. The as-produced pressed powder
was heated from 25∘C to 600∘C at a rate of 20∘Cmin−1. Upon
reaching the maximum temperature (600∘C), the sample was
cooled at 25∘C and, then, reheated to 600∘C. During heating
and cooling, changes in specific resistivity were monitored.
The resulting temperature dependence of electrical resistivity
is presented in Figure 3.

Figure 3 illustrates that electrical resistivity in the tem-
perature range of 25∘C–150∘C increases linearly with increas-
ing temperature. The temperature coefficient of electrical
resistivity (TCER) in this range was 𝛼R 25∘C–150∘C = 4.36 ⋅10−3 𝜇Ωm∘C−1. The resulting dependence presented in Fig-
ure 2 suggests no significant structural changes in the as-
deposited sample during heating up to 150∘C.

The effect of structural changes during the anneal-
ing of Ni85.8Fe10.6W1.4Cu2.3 alloy on electron density of
states at the Fermi level was also examined. The electron
density of states was determined from the temperature
dependence of the thermoelectromotive force (TEMF) of
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Figure 3: Temperature dependence of electrical resistivity: e: first
heating; ◼: first cooling and second heating. Heating and cooling
rate: 20∘Cmin−1.

the copper-nanostructured alloy thermocouple.The alloywas
annealed for 45 minutes at a defined temperature (25∘C,
150∘C, 360∘C, 420∘C, 460∘C, 520∘C, and 600∘C). Then, it was
cooled at 25∘C and reheated to the previous annealing tem-
perature at a rate of 20∘Cmin−1, with TEMF measurement
simultaneously performed.
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Figure 4: Temperature dependence of the TEMF of the thermocou-
ple: Cu-pressed Ni85.8Fe10.6W1.4Cu2.3 alloy powder: (a) first heating
of the nonannealed sample to 150∘C; (b) second heating of the
preannealed sample to 150∘C for 45 minutes at 150∘C; (c) third
heating of the preannealed sample to 360∘C for 45 minutes at
360∘C; (d) fourth heating of the preannealed sample to 420∘C for
45 minutes at 420∘C; (e) fifth heating of the preannealed sample to
460∘C for 45 minutes at 460∘C; (f) sixth heating of the preannealed
sample to 520∘C for 45 minutes at 520∘C; (g) seventh heating of the
preannealed sample to 560∘C for 45minutes at 560∘C; and (h) eighth
heating of the preannealed sample to 600∘C for 45minutes at 600∘C.

Figure 4 shows the dependences of the TEMF of the ther-
mocouple on temperature: copper-pressed nanostructured
Ni85.8Fe10.6W1.4Cu2.3 alloy powder, annealed at different tem-
peratures.

Figure 4 shows slight differences in TEMF values during
the first and second heat treatments (a and b, resp.) to
150∘C. The slopes of the temperature dependence of TEMF
have approximately the same values (𝛼a = 12.83 𝜇V ∘C−1,𝛼b = 13.0 𝜇V ∘C−1). This also indicates that no significant
structural changes occur in the alloy during annealing in the
temperature range 25∘C–150∘C.

The temperature dependence of electrical resistivity
obtained during the first heating of the as-deposited powder
presented in Figure 3 shows that electrical resistivity increases
more slowly in the temperature range 150∘C–360∘C than in
the range 25∘C–150∘C.Therefore, the temperature coefficient
of electrical resistivity in this range has a lower value
𝛼150∘C–360∘C = 1.6 ⋅ 10−3 𝜇Ωm ∘C−1 < 𝛼25∘C–150∘C = 4.36 ⋅10−3 𝜇Ωm ∘C−1.

TheTEMF values obtained during the third heating of the
sample to 360∘C are higher than those during the second and
first heat treatments (Figure 4). The temperature coefficient
of TEMF was also considerably higher (𝛼c = 14.2mV ∘C−1).

The temperature dependence of both TEMF and electri-
cal resistivity suggests that intense structural relaxation takes
place in the temperature range of 150∘C–360∘C. During the
structural relaxation, short-range ordering of the structure
occurs simultaneously with decreasing internal microstrain
and decreasing density of chaotically distributed dislocations.
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Figure 5: Relative changes in the electron density of states at the
Fermi level as a function of annealing temperature for nanostruc-
tured Ni85.8Fe10.6W1.4Cu2.3 alloy.

The heat applied in the temperature range of 150∘C–360∘C
causes some atoms, mostly nickel and iron atoms having a
higher potential energy, to cross over energy barriers and
move into lower energy states. At these lower levels, their
3d and 4s orbitals better overlap with identical orbitals of
neighboring atoms, thus increasing the electron density of
states in the conduction band at the Fermi level. At the same
time, this short-range ordering of the structure leads to an
increase in the mean free path of electrons [9–11, 30, 34–36].

Relative changes in the electron density of states at the
Fermi level during structural changes in an alloy can be
determined using temperature dependence of TEMF. The
temperature coefficients of TEMF are the function of the
electron density of states at the Fermi level:

𝛼 = 𝑘2𝑒 (
𝑛1
𝑛2 −
𝑛2
𝑛1) , (1)

where 𝑘 is the Boltzmann constant, 𝑒 is electron charge, 𝑛1 is
electron density of states in copper, and 𝑛2 is electron density
of states in Ni85.8Fe10.6W1.4Cu2.3 alloy. The electron density
of states in copper remained practically unchanged during
heating to 700∘C. Equation (1) was used to determine relative
changes in the electron density of states in the alloy during its
annealing at defined temperatures. The values obtained are
presented in Figure 5.

Figure 5 shows that the relative change in the elec-
tron density of states in the annealed alloy at 150∘C is
relatively low (Δ𝑛2, 150∘C–25∘C/Δ𝑛2, 25∘C = 1.31) compared
to the as-deposited sample. The low value of the change
suggests that annealing the as-deposited nanostructured
Ni85.8Fe10.6W1.4Cu2.3 alloy sample at 150∘C results in no
significant structural changes in the alloy. In the temperature
range between 25∘C and 150∘C, the heat applied is insufficient
to cause atoms from higher energy levels to move to lower
energy (more stable) levels. Annealing the alloy at 360∘C
gives rise to significant changes in the electron density of
states at the Fermi level in the alloy (Δ𝑛2, 360∘C–25∘C/Δ𝑛2, 25∘C =10.68%) (Figure 5). This substantial change indicates that
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intense structural relaxation takes place in the alloy during
annealing at 360∘C.

The intense structural relaxation and the increase in
electron numbers in the conduction zone in the temperature
range of 150∘C to 360∘C cause a decrease in the coefficient
of electrical resistivity. It is likely that the dipole moment 𝑝⃗
becomes more uniformly oriented for certain nanoparticles
in certain electronic states [34, 36–38].

The increased electron density of states 𝑛2, the increased
electron mean free path ⃗𝑙, and the more uniformly oriented
dipole moment 𝑝⃗ cause a decrease in electrical resistivity
and an increase in electrical conductivity in the structural
relaxation temperature range according to the following
relation:

𝜎 = 𝑛2𝑒2 ⃗𝑙
V
, (2)

where V is the average velocity of electrons. Dipole moment
is given by

𝑝⃗ = ⃗𝑙 ⋅ 𝑒. (3)

Combining (2) and (3) gives the following expression for
electrical conductivity:

𝜎⃗ = 𝑛2𝑒
2𝑝⃗
V
. (4)

The dipole moment has two contributions:

𝑝⃗ = 󳨀→𝑝el + 󳨀󳨀→𝑝ph, (5)

where 󳨀→𝑝el is the dipole moment’s electronic part, which
is less dependent on temperature, and 󳨀󳨀→𝑝ph is the phonon
part, which is more sensitive to temperature as bosons
are sensitive to anharmonic electron-phonon and electron-
magnon interactions [34, 36–38].

Thus, temperature characteristics of electrical conductiv-
ity are influenced by phonon-electron interactions between
the nano-confined electron states and the phonon subsys-
tems, and in particular by anharmonic phonon-electron
interactions.

In the temperature range between 360∘C and 420∘C,
electrical resistivity increases more rapidly with increasing
temperature. This is the result of a negligible increase in the
electron density of states at the Fermi level whichwas induced
by slight structural relaxation in this temperature range.

Upon annealing at 420∘C, the relative change in the
electron density of states in the alloy was onlyΔ𝑛2, 460∘C–360∘C/Δ𝑛2, 25∘C = 1.56% compared to that in the alloy annealed at
360∘C. This suggests that structural relaxation in the alloy
during heating from 360∘C to 420∘C is negligible.

In the temperature range of 420∘C to 460∘C, electrical
resistivity increases more slowly than in the previous range.
The alloy annealed at 460∘C exhibits an increase in the
relative electron density of states at the Fermi level by
Δ𝑛2, 460∘C–420∘C/Δ𝑛2, 25∘C = 4.66% compared to the alloy
annealed at 420∘C. This suggests reintensification of struc-
tural relaxation in the 420∘C–460∘C range. At temperatures

above 420∘C, larger and less mobile tungsten atoms and
copper atoms seem to receive enough heat to overcome
the energy barriers and move from higher energy (less
stable) levels to lower energy (more stable) levels. The
stabilization of states of these atoms enables the stabilization
of some of their neighboring nickel and iron atoms. At
temperatures above 400∘C, in the temperature range between
400∘C and 460∘C, heat causes magnetic domains to lose
their orientation [10, 28, 35, 36]. The reduction in magnetic
domain arrangement leads to reduced interaction between
conduction electrons andmagnons, causing a decrease in the
temperature coefficient of electrical resistivity.

The increase in temperature over the 460∘C–520∘C range
causes a decrease in electrical resistivity (Figure 3). Anneal-
ing the Ni85.8Fe10.6W1.4Cu2.2 alloy at 520∘C gives rise to a
considerable increase in the electron density of states at the
Fermi level (Δ𝑛2, 520∘C–460∘C/Δ𝑛2, 25∘C = 15.6%) (Figure 5).The
high increase in the electron density of states and the abrupt
decrease in electrical resistivity in this temperature range
result from amorphous phase crystallization and crystal
grain growth in the FCC-structured solid solution of iron,
tungsten, and copper in nickel [19, 20, 36]. Crystallizationwas
confirmed by X-ray diffraction (Figure 2 and Table 1).

Crystallization and crystal grain growth cause an increase
in themean free path of electrons in the conduction band and
an increase in the electron density of states at the Fermi level,
resulting in increased electrical conductivity of the alloy [17,
19, 20, 34, 36].

Annealing the alloy at 560∘C and 600∘C causes no
significant changes in the electron density of states at the
Fermi level (Figure 5). Electrical resistivity increases linearly
with increasing temperature at temperatures above 520∘C
(Figure 4).

Upon heating to 600∘C, the sample was cooled at 25∘ and
reheated to 600∘C, while changes in electrical resistivity were
simultaneouslymonitored. Figure 4 shows that resistivity lin-
early decreased as the temperature declined. During further
heating, resistivity values were identical to those recorded
during the cooling treatment (Figure 4). The changes in the
electron density of states and electrical resistivity indicate
no substantial structural changes in the temperature range
520∘C–600∘C.

The experimental results and their analysis suggest that
the temperature dependence of both TEMF and electrical
resistivity can be used to determine temperature ranges for
structural relaxation and crystallization. Moreover, correla-
tionswere foundbetween structural changes, electron density
of states at the Fermi level, and electrical resistivity.

4. Conclusion

Nanostructured Ni85.8Fe10.6W1.4Cu2.2 alloy powder contain-
ing an amorphous matrix and FCC-phase crystals (with
an average size of 11.4 nm) of the solid solution of iron,
tungsten, and copper in nickel was deposited from an
ammonia citrate bath at a current density of 450mA cm−2
on a titanium cathode. Heating the powder sample pressed at
500MPa in the temperature range of 25∘C to 600∘C induces
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structural changes in the alloy which cause changes in the
electrical resistivity and thermoelectromotive force of the
nanostructured Ni85.8Fe10.6W1.4Cu2.2 alloy-copper thermo-
couple. When heated to 150∘C, the as-deposited powder
undergoes no structural changes. In the temperature range
150∘C−360∘C, intense structural relaxation occurs in the alloy
involving short-range structural ordering and a decrease in
both internal microstrain and density of chaotically dis-
tributed dislocations, leading to an increase in the mean free
path of electrons in the conduction band as well as to an
increase in the electron density of states at the Fermi level.
It is likely that the dipole moment becomes more uniformly
oriented for certain nanoparticles in certain electronic states.
The increase in both the electron density of states and
the mean free path of electrons and the more uniformly
oriented dipole moment cause an increase in electrical
conductivity.The intensity of structural relaxation was found
to be negligible in the temperature range of 360∘C–420∘C,
and somewhat higher in the range 420∘C–460∘C. The heat
treatment at temperatures above 420∘C gives rise to the
stabilization of larger and less mobile tungsten atoms and
copper atoms. The crystallization of the amorphous phase
and FCC-phase crystal grain growth in the solid solution over
the temperature range of 460∘C–520∘C cause a significant
increase in electrical conductivity and the electron density of
states at the Fermi level.
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