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Correlation between the electron state density and the
electrical resistivity in the nanostructured powder of the
Ni-Mo alloy
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The nanostructured powders of the Nigs4M046 and NiggMo; alloys were obtained by the electrochemical deposition from
ammonium solutions of nickel and molybdenum salts. The differential scanning calorimetry DSC and measurements of the
temperature dependence of the electrical resistivity, magnetic permeability and the thermoelectromotive force were used to
examine the structural changes of the powders. The nanocrystalline alloys Nigs 4M046 and NiggMo; were stable up to about
460 K. The thermal stabilization of the alloys take place within the temperature interval of 460 K to 570 K resulting in a
decrease in electrical resistivity and increases in magnetic permeability as well as electron state density in the proximity of
the Fermi level. The crystallization temperature was dependent upon the current density of powder formation. The
nanocrystalline alloy Nigs.4sMo4s obtained at j = 70 mA.cm™? was crystallized within the temperature interval of 650 K to 840
K, and the NigMo; alloy was obtained at j = 180 mA cm? in the 580 K — 950 K interval. The crystallization of the
nanocrystalline alloy brought about decreases in the electrical resistivity and magnetic permeability and an increase in the
electron state density near the Fermi level. The electrical resistivity decrease recorded during the structural changes is due
to an increase in the electron state density in the proximity of the Fermi level as well as to an increase in the mean free path

of conduction electrons.
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1. Introduction

The development of new technologies and modern
scientific and technical progress has been greatly
facilitated by an expansion of the development of new
materials. In the last few decades, many new materials
have been obtained by powder sintering. Nanostructured
alloy powders, in particular, due to their specific electrical,
magnetic and corrosive properties have been widely
applied [1-16]. Powders with specific characteristics can
be obtained by electrochemical deposition [8,16-24]. By
making an appropriate choice of the composition and
temperature of a solution, nature of the cathode, the
interelectrode distance, the deposition growth rate, the
solution circulation rate and the current density, powders
with specific chemical composition can be obtained [8, 16-
24]. The deposition current density has a significant effect
on the nature of the deposit. At low current densities
smooth coatings are formed. Crystal powders develop in
the boundary diffusion current range, whereas the
nanostructured ones are created at much higher
overpotentials [8,16-24]. The nanostructured alloys are in
a metastable state, and when heated the process of
structural relaxation takes place followed by the process of
crystallization, which in turn affects mechanical, electrical,
magnetic and other properties of these materials [9, 16].
During the structural relaxation, free volume decreases, on
the one hand, causing a decrease in the diffusion mass
transfer, and a partial arrangement of the alloy structure
takes place, on the other, increasing its readiness to
crystallize [6,25,26]. During the crystallization, an

arranged structure is formed and significant changes in the
physico-chemical properties of the alloy occur. The
processes of relaxation and crystallization of the alloy
change the electron state density at the Fermi level N(Ey),
bringing about changes in the thermoelectromotive force
of the thermocouple prepared by the alloy and other metal
[27,28].

Nanocrystalline Ni and Mo alloys have been widely
applied lately due to good corrosion and heat ressistance
and electrochemical activity towards cathodic hydrogen
evolution and anodic oxigen evolution [29-33]. Apart from
metallurgical way of alloy production, which is very
expensive because of high Mo melting temperature, other
methods of their obtaining like mechanical alloying,
sputtering or electrolytic deposition from water baths
seems to be the most convenient method of alloys
production.

The aim of this paper was to identify the thermal
stability of the electrochemically obtained nanocrystalline
Nigs 4Moy46 and NiggMo; alloys. Investigations were made
of the effect of heating on their electrical and magnetic
properties and the electron state density at the Fermi level.

2. Experimental

The powder of nickel and molybdenum alloy was
electrodeposited on titanium cathode from ammonium
solution NISO4‘7H20 and (NH4)6M07024'7H20 [23,24]
The powder was obtained in a 2.0 dm’ glass
electrochemical cell containing a special part with a Lugin
capillary and a saturated calomel electrode. The anode
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used was a Pt electrode with 10 cm? surface area, and the
cathode was a titanium plate with a 6.0 cm® surface area
and thickness of 0.2 cm. The cell was in a thermostat. The
working temperature was maintained at 298 + 1.0 K. The
solution was obtained from p.a. chemicals and triple-
distilled water. It contained 10.0 g dm? NiSO, * 7H,0,
1.3 gdm? (NH;)¢Mo;0.4+7H,0, 0.43 gdm> NaCl and
119.6 cm® 25 % NH,OH per dm’. The standard electronic
circuitry was used. The nickel and molybdenum alloy
powder was deposited galvanostatically at current
densities ranging from 50 mAcm? to 200 mAcm™.
Following the electrolysis, the obtained powder was
washed several times with distilled water. After being
washed with water, in order to prevent oxidation, the
powder was washed with 0.1 % benzoic acid solution and
dried at 378 K. The chemical composition of the powder
was determined by the atomic absorption method.

The crystal structure and grain size of the powders
were determined by X-ray diffraction (XRD) analysis. The
XRD measurements was performed on a Philips MRD
diffractometer using Cug, radiation.

Crystallization of the powder was investigated by the
differential scanning calorimetry (DSC) method.
Thermograms were obtained on a Dupont Thermal
Analyzer 1090 at a heating rate of 20 K min' under a flow
of pure argon. Investigation of the electrical properties was
made using 40 x 1.2 x 0.5 mm samples, obtained by
powder pressing under the pressure of 100 MPa. Electrical
resistance was measured by the four-point method within
the temperature interval of 293 K to 950 K. The
measurements were made in an argon atmosphere.
Measurements of relative magnetic permeability were
performed using a modified Maxwell method, based on
the action of an inhomogeneous field on the magnetic
sample. The magnetic force measurements were
performed with a sensitivity of 10° N in an argon
atmosphere. The pressed powder sample was mechanically
coupled to a copper conductor, forming a Cu — Ni\Moy
thermocouple for measurements of the thermo
electromotive force (TEMF). The Cu-Ni,Mo, 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 thermo electromotive force (TEMF) produced
by the thermocouple during the heating process was
measured by a voltmeter of 10™ V sensitivity.

3. Results and discussion

The chemical composition, phase structure, the size of
crystal grains and the size and shape of powder particles
depend on the electrodeposition current density [23, 24].
As shown previously [23, 24], an increase of the
deposition current density induced powders with lower Mo
content and smaller crystal powder grains. The powder
obtained at j = 70 mAcm? was composed of Nigs sMoy ¢
and crystal grains of about 14 nm on the average, and the
powder created at j= 180 mAcm? was composed of
Nigs4Mo4 and crystal grains of about 19 nm on the
average [23, 24]. The crystal structure is face-centered

cubic lattice (FCC) of the molybdenum-nickel solid
solution (Fig. 1).
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Fig. 1 Xray diffractograms for the a) Nigs 4Mo, s powder
and b) Nl‘ggMOp

Apart from the crystal phase, the powder contained an
amorphous phase as well. The amorphous phase content
increases with an increase of the Mo content [23, 24]. The
electrochemically obtained Mo and Ni powders had
nanocrystalline structure with many defects. Following the
heating of the powders at 750 K and 950 K and cooling
down to room temperature, X-ray diffractograms were
recorded. The results obtained showed that structural
changes occurred during the heating: a) the amorphous
phase of the powder transformed into the FCC crystal one;
b) the crystal grains of the FCC phase grew to 80.0 nm and
¢) the number of dislocations and microstrains of the
crystal lattice considerably decreased [23, 24].

The structural changes of the -electrochemically
obtained powders of the Ni and Mo alloys were
determined by differential scanning calorimetry (DSC) and
by measurements of the temperature dependence of the
changes in the electrical resistivity, magnetic permeability
and  the  thermoelectromotive  force  of  the
copper/molybdenum-nickel-alloy thermocouple.

Fig. 2 presents the DSC thermogram and temperature
dependences of the electrical resistivity and of the relative
change of the magnetic permeability of the NigssMogs
alloy obtained at j = 70 mAcm™.

The exo-peak occurrence within the temperature
interval of 663 K to 873 K in the thermogram presented in
Fig. 2 indicated that the powder Nigs;Mo4s had
nanocrystalline structure.
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Fig.2 a) DSC thermal diagram of powders of Nigs ;Mo 4
alloy obtained at current density j = 70 mAcm™. Heating
rate 20 Kmin™ b) Electrical resistivity as a function of
temperature of the pressed powders. Heating rate 30
Kmin'; ¢) Temperature dependence of relative magnetic
permeability of the powders. Heating rate 30 Kmin™.
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During heating of the NigssMogs powder in the
temperature range from 293 K to 460 K, the magnetic
permeability of the alloy did not change and no significant
changes were recorded in the thermogram (Fig. 2). This is
an indication that in this temperature interval structural
changes in the powder did not take place. The linear
resistivity increases in the temperature interval concerned
(from 293 K to 463 K) confirmed the fact that structural
changes did not take place in the alloy. Within the
temperature interval of 460 K< T <570 K the resistivity of
the Nigs4Mo,¢ alloy decreases and relative magnetic
permeability increases. In this temperature interval a
weakly pronounced endo-peak was recorded in the
thermogram (Fig. 2), indicating that the structural
relaxation process take place. The linear resistivity
increase in the 620 K to 680 K temperature range indicated
that, in this interval, no significant structural change of the
powder occurred. The Curie temperature of the powder
Nig5'4MO4‘6 is 663 K.

The diagrams presented in Fig. 2 shows that the
structural change of the Nigs sMo4¢ powder take place in
the 650 K to 840 K temperature interval. In the 690 K to
800 K temperature interval, the increase in electrical
resistivity was slowed down with the temperature increase
due to partial powder crystallization. In the 800 K to
840 K temperature interval, a sudden decrease in electrical
resistivity occurred. In this temperature interval the major
part of the alloy crystallized. Following heating of the
sample at 840 K, the sample was maintained at this
temperature for 30 minutes in order to get the complete
crystallization. The sample was then cooled down and its
resistivity was measured. The resistivity linearly decreased
with the temperature decrease. During further heating of
the sample from room temperature to 840 K, the resistivity
values obtained were identical to the ones registered
during the cooling after the first heating run to 840 K. This
is a confirmation that within the temperature interval of
650 K to 840 K, the process of structural change take place
and that the Nigs 4Mo, ¢ powder obtained at j = 70 mAcm™
has nanocrystalline structure.
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Fig.3 a) DSC thermal diagram of powders of NigoMo,
alloy obtained at current density j = 180 mAcm™.
Heating rate 20 Kmin';  b) Electrical resistivity as
function of temperature of the pressed powders. Heating
rate 30 Kmin'. ¢) Temperature dependence of relative
magnetic permeability of the powders. Heating rate
30 Kmin™.

Fig. 3 presents the DSC thermogram and the
dependencies of the electrical resistivity and relative
change of the magnetic permeability on the temperature of
the NigyMo, alloy obtained at j = 180 mAcm™. An analysis
of the obtained dependences presented in Fig. 3 indicated
that in the 293K <T< 460K temperature interval structural
changes in the NigMo; alloy did not occur. Structural
relaxation takes place in the 460 K< T <580 K interval.
The NigyMo; powder formed at j = 180 mAcm™ started to
crystallize at 580 K, whereas the crystallization of the
Nigs 4Mo4 6 powder obtained at j = 70 mAcm™ commenced
at 650 K. This indicates that the powders evolved at higher
current densities were less stable. The crystallization of the
NigsMo; nanostructured powder affected its resistivity. In
the 690 K< T <790 K temperature interval an increase in
electrical resistivity decreased with the temperature
increase due to partial crystallization of the alloy. In the
820 K< T < 950 K interval a sudden decline in electrical
resistivity occurred. In this temperature interval major part
of the alloy crystallized.

Fig. 4 presents the temperature dependence ¢ (T) of
the thermoelectromotive force TEMF of the pressed
powder sample of the NigssMoyg alloy. The line ( — )
refers to the temperature dependence of TEMF during the
first sample heating to 453 K. After the temperature of 453
K had been reached the sample was maintained at the
temperature for 30 minutes and then cooled down to 293
K, following which it was reheated to 453 K. During the
latter heating, as in the former one, a completely identical
temperature dependence of TEMF was obtained,
indicating that in the 293 to 453 K temperature interval
structural changes in the alloy did not occur.
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Fig. 4 TEMF temperature dependence of alloy

Nigs ;Mojs s before (1) and after annealing at 453K (2) ;

523K (3); 763K (4); 853K (5). The duration of annealing

was 30 min. Heating rate 20 Kmin™. (The powders was
obtained at j = 70 mAcm™).
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Fig. 5. TEMF temperature dependence of alloy NigyMo,

before (1) and after annealing at 453K (2); 523K (3);

763K (4); 853K(5). The duration of annealing was 30

min. Heating rate 20 Kmin™'. (The powders was obtained
atj = 180 mAcm™).

Following the 30-minute heating of the samples in the
temperature range within which structural relaxation take
place (523 K) and in the temperature interval where
crystallization occurred (763 K and 853 K), the samples
were cooled down to 293 K to be subsequently reheated.
During the heating linear temperature dependences of
TEMF were obtained (Fig. 4). Different coefficients of
slopes of these linear dependences indicate structural
changes in the samples. The temperature coefficient
TEMF is a function of the electron state density at the
Fermi level:

e 3 2/3
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where h is — Planck’s constant, m, — mass of electrons,
Ni@er — electron state density in copper and Nygp —
electron state density in the Nigs 4Moy ¢ alloy. The electron
state density in copper remained practically unchanged
during heating to 1000 K. The change in the temperature
coefficient of TEMF after heating of the sample at specific
temperature was caused by the change in the electron state
density at the Fermi level in the nanostructured alloy.
Based upon the change in the temperature coefficient of
the direction, the relative change in the electron state
density of the powders caused by the structural relaxation

rel —5.0 %. The relative
1
change in the electron state density of the Nigs 4JMo, ¢ alloy

process was determined to be

“-=15.0 %. The overall
1
change in the electron state density caused by structural

caused by crystallization was

2=20.0 %.

relaxation and crystallization was
1

Fig. 4 shows the temperature dependence of the

TEMF of the pressed powders sample of the NigMo,;

alloy. Based upon the obtained experimental dependences

presented in Fig. 4, using the changes in the temperature
coefficient of the direction, the relative change in the
electron state density caused by the structural relaxation

rel — 4.8 %. The relative
1
electron state

process was determined:

change of the density caused by

< = 21.9 %. The overall change
1
in the electron state density caused by both structural

crystallization was

> =26.7 %.

relaxation and crystallization was
1

4, Conclusions

The electrochemically obtained nanostructured alloys
Nigs 4Moy4 and NiggMo; are stable up to 463 K. Thermal
stabilization of the alloys takes place in the 463 K to 573
K temperature interval with the decrease in the electrical
resistivity and increase in magnetic permeability and
electron state density near the Fermi level. The Nigs sMoy
and NiggMo; powders crystallized in the temperature
intervals from 663 K to 873 K and from 573 K to 950 K,
respectively. The powder crystallization caused a decrease
in electrical resistivity and magnetic permeability and an
increase in the electron state density in the proximity of
the Fermi level. The electrical resistivity decrease during
the structural changes is due to an increase in both the
electron state density near the Fermi level and the mean
free path of conduction electrons.
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