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Abstract

One of the main tasks of process chemists and material scientists is to create polyfunctional materials with a high
level of specified properties. Controlling the structure and composition by varying the electrolysis parameters allows
us to produce coatings with unique characteristics. Cobalt coatings have high hardness, corrosion resistance,
reflectivity and magnetic properties. The additional inclusion of refractory components in the composition of
coatings is one of the most promising ways to control their functional properties, and hence the scope of application,
due to the unique physicochemical and physicomechanical properties of such alloys. The process of forming ternary
Co-Ni-Zr alloys in the pulse mode from a citrate electrolyte on a copper substrate has been investigated. The effect of
stirring, electrolyte pH and current density on the composition, surface morphology and current efficiency of ternary
cobalt electrolytic alloys was studied. The resulting coatings are characterised by a uniform surface without cracks.
The use of the pulse mode with the ratio of pulse duration 1:10-3-20-10-3 s and pause duration 2:10-3-20-10-3 s and
the amplitude of cathodic current density 1-10 A/dm2 makes it possible to obtain cobalt-based alloys with zirconium
content up to 2 wt. %. It was found that an increase in the acidity of the electrolyte solution does not favourably affect
the current efficiency, and the dependence of the zirconium content is extreme. The modes of electrosynthesis of
coatings with cobalt-nickel-zirconium alloys with a given level of surface development are substantiated.
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EJIEKTPOXIMIYHI CIIJIABX HA OCHOBI METAJIIB POAUHU ®EPYMY: BIIJIUB YMOB
EJIEKTPOJII3Y
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OaHi€w 3 rojJoBHMX 3aJay XiMiKiB-TeXHOJIOTIB, a TaK0X MaTepia/io3HABLIB € CTBOPeHHS MNOJipyHKIiOHA/IBHUX
MaTepiaJiB 3 BUCOKMM piBHeM 3a/jaHMX BJIacTUBOCTel. KepyBaHHS CTPYKTYPOIO Ta CK/JIaA0OM 32 PaXyHOK BapiloOBaHHS
napaMeTpaMH eJIEKTPOJIi3y A03B0JIAE€ OTPUMATH NOKPUTTA 3 YHiKaJIbHUMHU 03HaKaMH. Ko6a1bTOBI NOKPUTTS MalOTh
BHCOKY TBepJicTb, KOPO3iliHy TPUBKICTb, BiAGUBHY 3aTHIiCTh Ta MarHiTHi BJIaCTUBOCTI. /loJaTKOBe BK/IW4YEHHA [0
CKJIaJy NOKPUTTIB TYromjaBKMX KOMIOHEHTIiB € OJHUM i3 HalilepCneKTUBHILIMX CNOCOGIB ynpaBjiHHA IXHiMU
¢yHKUiOHAaIbHMMM BJIACTUBOCTAMH, a OTXKe, i cdeporw 3acTocyBaHHs, 3YMOBJIEHUMH YHiKaJIbHUMH Ji3UKO-
XiMiYHUMM Ta Qi3MKO-MeXaHIYHUMM BJIACTUBOCTSMM TaKHMX cIIaBiB. locaigkeHo nponec GopMyBaHHS TepHApPHUX
ciiaBiB Co-Ni-Zr B iMmy/ibCHOMy peXXuMi 3 IUTPATHOro eJIEKTPOJITYy Ha MigHii miakaaauni. BuByeHO BI/IMB
nepemMimyBaHHsA, pH e/JeKTpoJiTy Ta IyCTUHH CTPYMy Ha cKJaj, Mopdosorilo moBepxHi Ta BHUXiA 3a CTpyMOM
NOTPiMHUX eJIEKTPOJIITHYHUX CIVIABiB K06abTy. OTpMMaHi NOKPUTTS BiJPi3HAITbHCS PiBHOMipHOIO IOBEpPXHEIO 6e3
TpiluyH. BUKoOpHCTaHHA iMIyJIbCHOro peXuMy 3a CHiBBiJHOWIEHHA TpuBajaocTi iMmysabcy 1.10-3-20-103c i
TpuBaJoCTi nay3u 2-10-3-20-10-3c Ta aMnIiTy Al KaTOAHOI r'yCTHHHU cTPpyMy 1-10 A/aAM2 HaJa€ MOXK/IUBICTD 0JepKaTU
CIUIABU Ha OCHOBi K06GaJIbTYy 3 BMICTOM LIUPKOHiI0 J0 2 Mac. %. BusiBjeHo, 0 miABUILIEHHS KUC/JIOTHOCTi PO3YUHY
eJIEKTPOJIITYy He CHPUSAT/IMBO BIUIMBAE HA BUXiJ, 32 CTPYMOM, a 3a/1€2KHiCTh BMiCTy LUPKOHiI0 HOCUTh €eKCTpeMaJIbHUX
xapakTep. OGIrpyHTOBaHO peXKUMH eJIeKTPOCHUHTe3y NMOKPHUTTIB cljlaBaMHM K0G6a/IbT-HiKe/Ib-IIMPKOHIi i3 3agaHuM
piBHEM pO3BUTKY NOBEPXHi.
Katouosi ca0s8a: criiaBy; TyromaaBKi MeTasId; KO6aIbT; IMITYJIbCHUH PEXKUM; BUXiJ, 32 CTPYMOM; PO3YHH €JIEKTPOJIITY.
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Introduction

The formation of multifunctional materials
with the highest possible level of specified
properties still remains to be a priority task for
technologists and materials scientists [1-4]. In
this regard, the technologies used for
electrochemical synthesis gain more importance
due to a number of significant advantages in
comparison to the metallurgical method of
obtaining materials with their physical application
[5-7].

Electrolytic coatings having high hardness act
as hard lubricants during metal-to-metal friction,
and due to high corrosion resistance [8; 9], the
cobalt-coated items can be used in a sulfur-
containing gas environment. The diverse magnetic
properties of cobalt coatings [9] allow them to be
used for space and computer technologies, and
high reflectivity enables the manufacture of
reflectors and mirrors. Along with the positive
properties [10-12] of electrolytic cobalt coatings,
disadvantages should also be noted, in particular
the high cost of this metal and its salts. Therefore,
to reduce the consumption of expensive metal, it is
often suggested to partially replace it with other,
cheaper metals. To reduce the use of pure cobalt
coatings, we have suggested to partially replace
cobalt with nickel [13], which is significantly
cheaper than cobalt and, like cobalt, it belongs to
the iron family.

On the one hand, the addition of refractory
components to the coating composition is one of
the most promising ways to control their
functional properties, and as a matter of fact, the
field of their application, due to the unique
physical, chemical and physical and mechanical
properties of such alloys, and on the other hand, it
significantly complicates the technology of their
production [14].

Some coatings, including alloy and composite
coatings, can only be applied using
electrochemical method, because other methods

of their application are less economically
advantageous or less effective, or cannot be
implemented. This is especially topical for alloy
coatings that contain such refractory elements as
tungsten, zirconium or others [15].

Electrochemical co-deposition of cobalt and
nickel with such refractory metals as tungsten,
molybdenum, vanadium, zirconium and/or their
compounds into composite coatings is
complicated by a significant difference in the
standard electrode potentials of the alloy-forming
components. The use of composite, in particular,
the most effective polyligand electrolytes allows
us to bring the electrode potentials closer together
and, accordingly, to obtain a high-quality coating.
The main difficulty relating to this method of
implementing the electrochemical technology of
alloy application consists in the justified choice of
a ligand for the aforementioned complexing
elements, and it is a fairly urgent task. In recent
years, significant factual material has been
collected covering the results of studying the
conditions of electrodeposition of alloys based on
iron family metals [16-18], but only a few of them
have practical application so far. One of the
reasons for the limited use of the electrolytic
method of coating application with such alloys is
the complicated process control.

The aim of this research is to control the
composition and structure of the galvanic Co-Ni-
Zr alloy by varying the electrolysis parameters.

Experimental

Cobalt-nickel-zirconium alloy coatings were
applied onto a copper substrate M0. Preparatory
operations for surface treatment of specimens
were carried out in accordance with the nature of
the studied material [19]. To prepare the citrate
electrolyte for deposition of Co-Ni-Zr coatings
(Table 1), reagents of “chemically pure” and
“analytical grade” were used. To establish ionic
equilibrium and stabilize the formed compounds,

the electrolyte was held for 8-12 hours.
Table 1

Composition of electrolytes for deposition of coatings with cobalt alloys

Electrolyte composition, mole/dm3

Coating Co-Ni-Zr

CoS04+7H20
NiSO4-6H20
Zr(S04)2-4H20
Na3CeHs07:2H20

0.2
0.2
0.05
0.5

The ligand in this electrolyte has one alcohol
group and three carboxyl groups capable of
forming coordination compounds with divalent
metals, including nickel and cobalt. Stainless steel
plates 12X18N10T were used as the anode
material during alloy deposition. The coatings

were deposited in a pulsed mode in a sealed three-
electrode cell using a PI-50-1.1 potentiostat and a
PR-8 programmer. During the coating deposition
the current amplitude was varied in the range of i
= 1-10 A/dm?, frequency f = 10-250 Hz and the
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pulse duty cycle was Q = 2-10 at a temperature of
20 °C.

The chemical composition of the obtained
cobalt-nickel-zirconium coatings was determined
by the X-ray fluorescence method using a portable
spectrometer "SPRUT" that has a relative standard
deviation of 10-3-10-2. The analysis was carried
out at least at 3 points with subsequent averaging
of the obtained values. The error in determining
the content of components was +0.1 wt. %.

The electrolyte acidity was adjusted by adding
sodium hydroxide or sulfate acid. The values of the
hydrogen index were monitored using a pH-150 M
device with an ESL-6307 glass electrode.

The alloy current efficiency was determined
gravimetrically based on the assumption that the
metals that are part of the coatings are in a
completely reduced state. The initial number of
reagent and the mass of specimens before and
after the deposition of coatings was weighed using
an AXISAD100 electronic scale in accordance with
DSTU 7270:2012.

Visual analysis of the surface of
electrodeposited coatings in laboratory conditions
was carried out using an XSG-109L optical
microscope at 200-fold magnification.

Results and discussion

During deposition of the Co-Ni-Zr alloy from a
citrate electrolyte, the more electronegative metal,
cobalt, is predominantly released. The priority
release of cobalt is due to the fact that in the
presence of its ions, the electroreduction of nickel
ions is inhibited. For the citrate electrolyte
developed for deposition of the Co-Ni-Zr alloy,
with an increase in pH, the degree of protonation

w (Zr), wt.%

of the ligands is decreased, and accordingly, the
strength of the corresponding cobalt and nickel
compounds is increased. Their reduction
potentials will shift to the negative side
approaching the reduction potentials of zirconium
[20]. It leads to an increase in the Zr content in the
Co-Ni-Zr alloy deposited from the studied
electrolyte at pH < 8.5 (Fig. 1). It should also be
noted that with the transition to the alkaline
region, the risk of formation of the metal
hydroxides of the iron subgroup in the electrolyte
is increased and it results in their undesirable
inclusion in the coating composition. A further
increase in pH results in a decrease in the
zirconium content in the alloy, and it can be
explained by the reduction of zirconium (IV) that
exists in an alkaline medium mainly in the form of
the oxocompound HZrOs. It was found that an
increase in pH values in the range of 6 to 9 results
in an increase in the cobalt content in the deposits
in the range of 61.7 wt.% to 84.0 wt.%. It is due to
an increase in the concentration of
hydroxocomposites of the deposited metals and
more intensive adsorption of CoOH* compared to
NiOH* [21; 22].

In the pH range of 6 to 7.5, the coatings with a
high level of adhesion to the substrate and a
current efficiency of 55 to 60% are formed, a
further increase in the electrolyte pH to 9.5 results
in a sharp decrease in the current efficiency. This
can be explained by the fact that denser
compounds are discharged with a higher
overvoltage, and, accordingly, the telic process of
coating formation is inhibited in favor of the
partial reaction of hydrogen emission resulting in
a decreased current efficiency.

CE, %

2

1,5 A1

60

- 55

- 50

- 45

T 35

9 pH 10

Fig.1. The influence of the acidity of the electrolyte of the deposition of the Co-Ni-Zr electrolytic alloy on the
zirconium content and the current efficiency
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It has been experimentally established that
zirconium is not deposited together with cobalt
and nickel in the galvanostatic mode at room
temperature, whereas uniform fine-crystalline
coatings of Co-Ni-Zr alloys are formed from the
multiplex citrate electrolyte in the pulsed mode in
the current density range of i =2 - 10 A/ dm? (Fig.
2).

The reason for such behavior can be explained
from the standpoint of the effect of the combined
partial reaction of hydrogen emission on the

e, S = w i
i 3 ! :; ;

mechanism of the alloy formation reaction. We
believe that the reactive hydrogen ad-atoms
formed in the cathode pulse chemically reduce
zirconium compounds during the pause period,
similar to the formation of ternary
alloys/composites with the participation of
tungsten and molybdenum oxoanions [23 - 25].
The dependence of the zirconium content on the
pulse/pause period duration ratio speaks in favor
of this opinion.

Co-60.9

Ni-38.3

Zr-0.8 Zr-1.8
i=6A/dm? i=10A/dm?2

Fig. 2. Morphology (x200) and composition ® (wt. %) of Co-Ni-Zr coatings, precipitated by a unipolar pulsed current

In the range of pulse current amplitude of 2 to

10 A/dm2 and constant pulse/pause duration

ratio of t; / t, = 2 ms / 2 ms, the zirconium content

in the Co-Ni-Zr alloy is increased linearly (Fig. 3)
w (Zr), wt.%

2

and it reaches a maximum of ~1.8 wt.%, a further
increase in the current density results in a
decreased content of the transition metal in the
alloy.

CE, %

70

- 60

- 50

- 40

T T 30
8 10 12

i,A/dm?

Fig. 3. The effect of current density on the zirconium content and current efficiency of the Co-Ni-Zr electrolytic
coating

The dependence of the current efficiency of the
electrolytic Co-Ni-Zr alloy on the current density
has also an extreme pattern (Fig. 3), in particular
the current efficiency is increased from 20 % to

63 % with an increase in current density in the
range of 5 to 7 A/dm?, while a further increase in i
reduces the process efficiency to 40 %. Such
behavior may be associated with the
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intensification of the side reaction of hydrogen
release with significant fluctuations in the cathode
potential. Electrolyte stirring also has a significant
effect on the surface morphology and chemical
composition of the alloys. Thus, at room
temperature, microcracked coatings of the Co-Ni-

Zr alloy are formed, in which the mass fraction of
zirconium during precipitation under stirring
conditions is no more than 0.4 mass % and it is
decreased with an increase in the number of
revolutions of the magnetic stirrer (rpm)
according to Fig. 4.

w, %
7 20 —04—— 0.1
Ni Ll 26.0 29.9
82.22
Co 73.6 70.0
0 200 500
rev/min

Fig. 4. The influence of stirring on the composition of the Co-Ni-Zr electrolytic coating

The reason for this phenomenon may lie in the
direct effect of stirring on the formation of
adhesive equilibrium in the near-electrode layer,
which, on the other hand, can serve as a tool for
controlling the coating composition.

Conclusion

Thus, on the basis of the conducted studies, it
was found that electrolytic coatings Ternary Co-
Ni-Zr with a zirconium content of up to 2.0 wt. %.
Ternary Co-Ni-Zr alloys deposited in a pulsed
mode from citrate electrolytes are characterized
by a uniformly developed surface and the absence
of a crack network on the surface.
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