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The paper presents the research results concerning the structure of iron-nickel alloy films obtained with pulse

unipolar current from an electrolyte solution.

It is shown that under the conditions of unsteady

electrocrystallization there are processes on the cathode that lead to the formation of highly nonequilibrium
structures and the change in the growth nature of the coating from columnar to layer-by-layer one.
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I ntr oduction

The development of modern technology, especialy
high technology, creates the need for eaboration of
materials and coatings with improved physico-chemical
properties. The solution to this problem has led to the
creation of various methods for the production and
application of metal coatings, such as vacuum
sputtering, cathode sputtering, ion-plasma sputtering,
chemical deposition, etc. One of the most technologically
simple and cost-effective methods is e ectrodeposition.
Practice has shown that the most effective method for
obtaining electrolytic coatings in comparison with direct
current sputtering is the use of pulse current [1], which is
characterized by such parameters as frequency, duty rate
and shape of impulses.

The control of these parameters in the process of
electrocrystallization can influence the structure of the
coatings formed, which makes it possible to significantly
expand the spectrum of properties of alloys compared to
the alloys obtained using direct current, or significantly
improve the existing ones.

In the process of unsteady eectrocrystallization, the
formation of non-equilibrium and metastable structuresis
possible; they are similar to those that arise as a result of
quenching of alloys from a liquid state [2, 3]. These
metastable structures include the amorphous structure.
Alloys with such a structure represent a new class of
industrial materials intended for use in moden
technology devices.
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|. Experimental technique

For the production of iron-nickd films, we used a
sulfate eectrolyte that had the following composition
(g/): NiSO,-7H,0O - 180, FeSO,-7H,0 - 60, H3;BO; - 8,
NaCl - 8, pH =3-3.5. The correction of acidity was
carried out by adding 5% solution of sulfuric acid. The
deposition was carried out at a temperature of 293 -
298 K by rectangular current pulses with a frequency of
30 - 1000 Hz and a duty rate from 2 to 32 with a congtant
average current density jo, = 1.5 A/md?. The registration
of the time dependences of the pulse current and the
electrode potential was carried out using a two-beam
oscilloscope C1-68 in the eectrochemical cell YCE-2.
The thin structure of the films was determined on an X-
ray diffractometer DRON-3 in monochromatic Co K,
radiation.

The alloy microstructure was investigated with the
metall ographic method using optical microscopes “MIM-
8" and eectron microscopy using scanning-electron
microscopes “REMMA  102-2", “JSM-35" and
transmission e ectron microscope “EMV-100L".

1. Results and discussion

One of the conditions for the emergence and growth
of film coatings from a liquid or gaseous phase is the
creation of non-equilibrium conditions at the crystalline
phase liquid (gas) interface A measure of
nonequilibrium  for such  conditions can be
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supersaturation. The magnitude and time variation rate of
which will affect the size and speed of the emergence of
new phase nuclel, and accordingly the structure and
morphology of the surface in theresulting films.

In the case of dectrochemical separation of metals
and adloys from eectrolyte solutions, cathode
overvoltage can act as supersaturation - # (V), which can
be numerically defined as the difference between the
values of the current (E) and equilibrium (E) cathode
potentials (

The connection between supersaturation and
overvoltage on the cathode [4] hasthe following form:

S==n 1)
RT
where z — valency of deposited metal; F — Faraday
constant.

From this relationship, it can be seen that with the
growth  of  overvoltage, and,  consequently,
supersaturation, the non-equilibrium of the crystallization
process increases; it will rise proportionaly to the
shortening of time for the cathode potential maximum
deviation from its equilibrium value.

The use of pulse unipolar current in the
crystallization process at a fixed average densty jg,
allows to obtain high amplitude (instantaneous) current

densities at the impulse moment, by reducing the pulse
duration and increasing the pause time. Due to the very
little time for the charge to flow through the electrolyte,
this leads to the fact that the discharge of metal ions
proceeds at more negative values of the cathode
potential, in comparison with the conditions of stationary
electrolysis. During the current pause, depending on its
duration, there is a complete or partid alignment of the
ion concentrations in the cathodic region due to their
movement from the eectrolyte volume. The shorter the
impulse, the closer the diffusion front to the surface of
the cathode, and the faster the alignment of the
concentration of discharging ions.

From the time-overvoltage dependencies on the
cathode (Fig. 1-3), it can be seen that with increasing
freqguency and decreasing pulse current duty rate,
overvoltage ripple dies out and the electrocrystallization
process becomes similar to stationary.

The higher the supersaturation, the smaller the
nuclesating centers at a faster rate arise on the cathode at
the impulse moment. The relationship between the
magnitude of the overvoltage and the size of the crystal
nucleus arisng [5] isasfollows:
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Fig. 1. Overvoltage change on the cathode during the pulse current period:
1f=200Hz, Q=8;2—-f=200Hz, Q=4.
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Fig. 2. Overvoltage change on the cathode during the pulse current period:
1f=500Hz, Q=4; 2-f=500Hz, Q=2.
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Fig. 3. Overvoltage change on the cathode during the pulse current period:
1f=1000Hz, Q=4; 2-f=1000Hz, Q=2

20V

Ter = Somen )
where ¢ — surface tension coefficient; V — metal mole
volume emitted on the cathode.

The formula does not include the complete
overvoltage, but only part of it, connected with the
crystallization process, which, according to the authors
[6], isthe following of thetotal value:

Ner = 0,104 €)

Strongly non-equilibrium crystallization processes
leading to the formation of a fine-crystalline structure
can aso be observed in metallurgy in the quenching
process or at ultrafast cooling rates of metals and alloys
in a liquid state, with the possibility of formation of
metastable states in them. In this case, the size of the
critical nucleus formed in the liquid phase depends on the
degree of its supercooling [7] as follows:

2yTer
Ter = ap 4
where y — specific free surface energy; T — equilibrium
crystallization temperature, L — latent heat of
crystallization per unit volume; AT — melt supercooling
degree.

By equating the formulas (2) and (4) and taking into
account that o and y are numerically equal to each other,
arelationship can be obtained between the crystallization
overvoltage on the cathode responsible for the size of
critical nucle, the solid phase being formed, and the melt
supercooling degree, at which crystalline nuclei of the

same size are formed (5).
TerzF

AT == Mer (5)

Having determined the time interval of the
overvoltage rise from the oscillographic curves at the
impulse action moment for different deposition
conditions, we calculated the melt supercooling rate
equivalent to them. The calculations showed that the
critical nuclei formed (9-14 nm) a large cathode
overvoltages (0.4 - 0.5 V) correspond to the cooling rates
1.10° - 3-10° K/s. At such cooling rates, in the case of
quenching from a liquid or gaseous state, metals and
aloys are characterized by a fine-crystalline structure or
its compl ete absence (amorphous state).

According to X-ray diffraction analysis, on a direct
current, iron-nickel electrolytes on the cathode form
films with an equilibrium, low-defect structure, whose
mosaic block sizes are about 250 - 280 nm [8]. The

transition to pulsed current deposition, due to
ungteadiness of the processes of nucleation and growth of
crystals, led to decreased sizes of the coherent scattering
regions (CSR) (Fig. 4).

At frequencies of 1000 Hz for a duty rate of 2-4, the
block sizes were 180 - 200 nm, which is comparable to
the CSR size at a constant current. The increase in
supersaturation on the cathode as aresult of adecreasein
the pulse repetition frequency of unipolar current to 30 -
100 Hz and an increase in the pause between them
(Q=16-32) leads to the increased number of
crystallization centers on the cathode surface. The linear
growth of the formed nucle due to the concentration
limitations of the ions of the discharging metas and the
solution ion depletion in the surrounding crystal zone
decreases. This, in turn, leads to the formation of a fine-
crystalline structure, with decrease in block sizes to 40 -
60 nm.

In the framework of the classical theory of
nucleation, V.M. Kozlov [9] calculated the work of the
formation of two-dimensional nuclei in a normal and
incoherent position relative to its own substrate,
depending on overvoltage value. According to
calculations, it was found that, starting from some
overvoltage, exceeding a certain critical one, incoherent
nucleation becomes possible. The established
relationship between crystallization overvoltage and the
subgrain-boundary angle showed that an increase in the
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Fig. 4. Dependence of iron-nickel aloy mosaic block
sizeon frequency: 1-Q = 32, 2-Q =16; 3-Q=4.
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Fig. 5. Structure of iron-nickel aloy in cross section
deposited with unipolar current at 1000 Hz
frequency.

Fig. 6. Structure of iron-nickel aloy in cross section
deposited with unipolar current (f = 100 Hz, Q = 32).

Fig.7. Surface of Fey,3Nis;; dloy obtained with
direct current.

metal deposition overvoltage on the cathode leads to an
increase in the boundary angle. In this case, the distance
between the did ocations forming the subgrain boundary
decreases, which should lead to increase in their density
in the cystal. The reason for the appearance of
dislocations in some cases is also the difference in the
lattice parameters of growing nucld. In the places where
these nuclei grow together, the appearance of defects, in
particular, didocations, plays the role of a compensator
for such discrepancies.

To establish the patterns and characteristics of the
internal  structure of the formed metal films under
ungteady nucleation, they were studied using the methods
of metalography and  electron  microscopy.
Metallographic studies of the end sections of dectrolytic
alloys showed that with an increase in supersaturation
(cathode polarization) at which the formation of metal
films occurs, the nature of their growth changes.

Normal growth (a close-packed face was located
normal to the substrate surface) of the nuclel was
observed in the coatings obtained at a constant current
and at frequencies of 1000 Hz and more (Fig. 5).

During the transition to the pulsed current
deposition, a change in the nature of crystal growth was
observed in the film structure. Due to the decrease in the
concentration of ionsin the cathoderegion, aswell asthe
occurrence of periodic processes associated with
hydrogen evolution and electrolyte alkalization in the
cathode region, followed by the formation of hydroxides
and their adsorption on the faces of growing crystals, the
columnar growth was suppressed and layer-by-layer
growth of coatings became dominant (Fig. 6).

The layering of two-dimensona nucle formed
under these conditions produced a multilayer or
“package’ of growth, the thickness of which depended
on the degree of supersaturation. As the devel opment of
this multilayer proceeded along the normal, its tangential
growth occurred aong the cathode surface. As the
“package’ reached the cathode edge, the formation and
growth process was repeated. The thickness of the layers
in the coating, with increasing supersaturation, varied

Fig. 8. Surface of FessgNigsy alloy obtained with
pulse current (f = 200 Hz, Q = 8).

Fig. 9. Surface of Feyp3Ni,g7 alloy obtained with the
pulsed current (f = 30 Hz, Q = 32).
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from 0.3-0.6 um t0 0.05- 0.1 pm.

The periodicity of growth processes resulted in the
formation of crystals consisting of many layered-type
sub-grains on the cathode [10]. Electron-microscopic
studies of the surface morphology with the help of coal
replicas indicate that small polarizations form alloys with
a clearly pronounced grain structure (Fig. 7), in which
crystallites of relatively regular form are found.

An increase in overvoltage leads to the fact that the
size of crystals decreases, their shape changes, and they
are fragments of irregular shape with stepwise faces,
which indicatestheir layer-by-layer growth (Fig. 8).

The subsequent increase in overvoltage leads to the
fact that the grain fragments are crushed to such an
extent that their sizes become commensurate with the
size of the mosaic blocks (Fig. 9), the structure is
characterized by high disperson with an implicitly
crystalline structure [11].

The study of the substructure of metal films showed
that with increasng supersaturation, the dislocation
density increases from 10° cm? with small overvoltages
(0.05-1 V) to 10" cm 2 in “hard” deposition conditions
(0.45-0.55). In coatings obtained on constant and
unipolar currents with a frequency of 1000 Hz, we
observed the formation of subgranular polygonal-type
boundaries, which consisted of edge-disocation and
screw-disocation network forming torsion boundaries,
the fragment-boundary inside the grain did not exceed 1°-

2°. Within the fragments, microtwins and packaging
defects were reatively rare. The bulk of structural
imperfections was concentrated in interblock and
intergranular regions.

Conclusions

1 The non-equilibrium crystallization processes
occurring during non-dationary electrolysis, and the
magnitudes and rates of change of supersaturation on the
cathode created by them at the time of the current
impulse, in their effect on the aloy structure are
equivalent to the supercooling rates that occur during
metal quenching.

2. While increasing the supersaturation degree at the
crystallization front, the cathode coating growth
mechanism changes from normal to tangential one.
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P.I1. 'anny, B.O. 3abnynoscebkuii, B.B. Apremuyk

CTpykTypa 3a/1i30-HiKeJeBUX NOKPUTTIB, OTPMMAHMX IMIIYJIbCHUM CTPYMOM

Jninposcokuii HayionanbHutl yHigepcumem 3ani3HU4HO20 MpaHcnopmy, iM. akao. B. Jlazapsina,
eyi. Akao. B. Jlasapsana, 2 49010 [Jninpo, Yrpaina, art_vw@ukr.net

[pencraBneHi pe3ynbTaTH JOCTIDKEHHS CTPYKTYPH IDTIBOK 3aJ1i30-HIKEJIIEBOTO CIUIAaBY, OTpPHMaHi Ha
IMITyJIbCHOMY YHIIIOJISIPHOMY CTpyMi 3 pO34MHY enekTpoinity. [loka3zaHo, o B yMoOBax HecTalliOHapHOI
€JICKTPOKPHUCTANI3allil Ha KaTOAi NPOTIKAIOTh MIPOLECH, sIKi IPU3BOAATH 10 GOPMYBAHHS CHIIBHO HEPiBHOBAXKHUX
CTPYKTYp 1 3MiHHM XapaKTepy POCTy IOKPUTTS 31 CTOBOYACTOro Ha MOIIAPOBE.

KurouoBi ci10Ba: HecTalioHapHUI €JICKTPOIIi3, KATOIHE IIEPEHANPYKEHHS, II0IIApOBE 3POCTaHHS, IIIIBbHICTh
JIUCIIOKAILH, OJIOKH MO3aiKH.
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