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OF METAL COATINGS

Abstract. The primary objective of this study is to construct a comprehensive analytical
model describing the electromagnetic processes in a nonlinear electrical circuit of an
electrolyzer operating under pulsed electrodeposition conditions. Special attention is
given to the influence of reversed rectangular voltage pulse parameters on the near-
cathode voltage drop, deposition current, and the general electrochemical behavior of the
system. The goal is to identify optimal operation modes of the pulse power supply that
ensure high-quality metal coatings while minimizing energy consumption and structural
defects.

Methodology. The research employs the method of variable transformation to develop a
set of differential equations describing the dynamic behavior of voltage and current in a
nonlinear electrolyzer circuit during pulsed operation. The model accounts for critical
circuit components: resistive, capacitive, and inductive elements of the electrolyte, as
well as nonlinear conductances reflecting electrochemical properties. Analytical
expressions for voltage drop and deposition current are derived for both the forward and
reverse pulse intervals. The model includes the influence of electrolyte inductance—an
often-neglected factor—which significantly alters the current front shape and ultimately
affects deposition kinetics and coating characteristics. Numerical simulations are

performed to validate the analytical solutions.

Results. Closed-form analytical expressions were obtained for the time-dependent near-
cathode voltage drop and deposition current under pulsed conditions. It was shown that
the electrolyte inductance leads to a rounding of the current front, influencing both the
amplitude and stability of the electrochemical reactions. A parametric analysis identified
that the optimal pulse duty cycle lies in the range of ©/T = 0.73 to 0.78. Within this

interval, the maximum near-cathode voltage drop does not exceed 0.6 V, while the peak
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voltage and total current remain within safe technological limits (up to 13 V and 150 A,
respectively). The average partial discharge current at the cathode remains stable at
approximately 70 A, ensuring consistent deposition rates.

Scientific novelty. This work introduces a novel analytical approach to modeling pulsed
electrodeposition that, for the first time, includes the effect of electrolyte inductance.
Unlike existing models relying heavily on numerical simulations, the proposed model
allows for direct computation of key process parameters. It enables the derivation of
precise criteria for determining the optimal ranges of input pulse parameters—both in
amplitude and duration—necessary to avoid the formation of crystalline defects and to
achieve uniform, high-quality coatings. These innovations significantly advance the

theoretical understanding of pulsed electrochemical processes.

Practical significance. The developed model provides a valuable tool for industries that
utilize electrochemical metal deposition, including microelectronics, galvanics,
mechanical engineering, and power systems. It offers a foundation for designing
advanced pulse power supplies with optimized operation modes and supports the
development of automated control systems for deposition processes. Furthermore, the
model can aid in adapting laboratory results for industrial implementation, improving

coating quality, process efficiency, and operational reliability.

Keywords: metal electrodeposition, pulsed electrolysis, reversed rectangular voltage,
analytical modeling, near-cathode voltage drop, electrolyte inductance, deposition

current, process optimization.
Introduction

In the field of modern materials science and electrochemical technologies, the
process of metal electrodeposition occupies an important place—one of the key
methods for creating thin functional layers, coatings, and microstructures that find
broad application in microelectronics, mechanical engineering, energy, medicine,
and the aerospace industry. The development of this technology is driven by the
constant need to improve deposition efficiency, enhance the physicochemical
properties of the resulting coatings, and optimize the energy consumption of the
process. In particular, there is growing interest in advanced electrodeposition modes
that allow precise control over coating parameters—such as thickness, density,

uniformity, surface morphology, crystalline structure, and adhesion to the substrate.
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Traditional electrodeposition systems widely use direct current (DC) sources.
However, over time, it became evident that the constant energy supply mode has
limitations in terms of controllability of the coating microstructure. Therefore, there
arose a need to introduce alternative methods that would enable more effective
control over the kinetics of electrochemical reactions and coating formation. One of
these promising approaches is pulse electrochemistry—the use of periodically
varying voltage or current to control metal deposition.

A special place among pulse modes is occupied by the use of rectangular pulses,
which can be unipolar or reversed. Unipolar rectangular pulses have already found
wide application in various industries, as they significantly reduce deposit
graininess, increase its density and hardness, decrease porosity, and provide
coatings with improved adhesion to the substrate. However, further improvement of
the deposition process required even more precise control, especially when applying
coatings to complex surfaces or working with microelectronic components.

In this context, the need arises to consider modified pulse deposition methods,
particularly the use of reversed rectangular pulse voltage. This approach involves
alternating cathodic (negative) and anodic (positive) pulses of specific duration and
amplitude, allowing not only deposition but also partial modification of the already
formed coating layer. Such a mode enables the implementation of complex
electrochemical scenarios: surface cleaning, defect reduction, removal of loosely
adhered particles, elimination of excessive crystal growth, as well as suppression of
passivation processes or oxide film formation.

As noted in scientific sources [1, 2], the action of reverse pulses during the
electrodeposition process has a dual nature, depending on the chemical composition
of the electrolyte, the properties of the deposited metal, and the specific parameters
of the pulse signal. In some cases, anodic (reverse) pulses can lead to partial
dissolution of the deposit, especially if deposition occurred unevenly or with the
formation of excessively large crystal structures. This dissolution contributes to
surface "smoothing," removing peaks of micro-roughness, ultimately ensuring a
more uniform metal distribution in subsequent deposition phases. Thus, the use of
reverse voltage allows for optimization of coating morphology and ensures

greater uniformity.
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Another possible effect of anodic pulses is the passivation of the surface
through the formation of salt or oxide films. Under such conditions, active centers
on the deposit surface become blocked, and further metal deposition becomes
possible only with a sufficiently high cathodic overpotential. This leads to the
formation of new crystallization centers, which are distributed evenly across the
entire surface, again ensuring uniform coverage and fine-grained structure. This
approach is especially important when applying electroplated coatings for functional
or decorative purposes, where a homogeneous microstructure with a high-quality
surface is required.

The efficiency of pulsed reverse deposition also depends on the signal
parameters: amplitude of the cathodic and anodic pulses, their duration, repetition
frequency, and the ratio of active to passive phase durations. For example, an
excessively long anodic phase can lead to excessive dissolution or oxidation, while
short positive pulses have only a minor effect on the surface, providing gentle
control over the coating structure. Thus, the development of effective control
algorithms for pulsed modes requires a precise understanding of the electrochemical
behavior of a specific system.

The influence of reversed pulses on the current distribution in the electrolyte
should also be taken into account, as well as the related electromagnetic processes,
which can significantly alter the dynamics of mass transfer in the interelectrode
space. For example, studies [3, 4] numerically analyzed the features of electric field
distribution, current density, and ion concentration in the presence of reversed
rectangular pulses. It was shown that such modes can lead to the emergence of
complex convective flows and local zones of increased or decreased metal
concentration, which directly affects the quality of the deposition.

In this context, studying the mechanisms of action of reversed rectangular
pulse voltage is relevant from both theoretical and practical perspectives. The
combination of experimental approaches with numerical modeling opens new
possibilities for optimizing electrodeposition processes, reducing the cost of coating
production, and increasing the reliability of technologies used in high-tech
industries. Moreover, such modes can also be applied in systems for electrolytic
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polishing, electroforming, nanostructure formation, and the creation of functional
composite layers.

Problem Statement. The aim of this study is a detailed analysis of the impact
of reversed rectangular pulse voltage on the features of the metal
electrodeposition process.

Main Research Section. Pulse power sources with rectangular waveforms have
been used in pulse electrolysis for a long time [2, 5]. The gradual improvement of
these power supplies has expanded the range of possible electrodeposition modes by
enabling adjustments in pulse frequency and duty cycle. In recent years, several
studies have also focused on metal electrodeposition using periodic rectangular
pulses, including [6]. That work examined the electromagnetic processes during iron
deposition under various pulse shapes, including rectangular ones. However, due to
the use of numerical methods for calculations, general patterns linking the key
indicators of coating quality and growth rate with the electrical parameters of the
equivalent circuit remained undetermined. Therefore, we now present an analytical
solution to a similar problem using the method of variable transformation. The
equivalent circuit of the electrodeposition process is shown in Fig. 1. Unlike the
circuit considered in [6], this model includes the inductance of the electrolyte. The
necessity of accounting for inductance arises from its role in the phenomenon of
“current pulse front rounding,” which significantly affects both the rate and
properties of metal deposition in pulse mode [2].

The equivalent circuit of the electrolyzer is shown in Fig. 1. The waveform of

the input voltage is presented in Fig. 2.
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where U oy find — Maximum value of the input voltage during the forward

pulse;

U hax rev — maximum value of the input voltage during the reverse pulse.

Then, in the interval of the forward pulse, the process in the circuit is described

by the equation:

0 (£)+ N u, (£))1 (£) + M (u, ()= &y, (2)
where N (u, (t))= g + n,u’(t), (3)
R 21
np=—+—, 4
=17, (4)
323
Np=—=, (5)
CK
M (u, (£)) = myu, () + mau(t), (6)
1 R 21
=—+—, 7
M LC, LC, (7)
R Z3
mgy =——>=, 8
3=Lc. (8)
U max 1t
&, = =21 9
=T ©)
According to the formula
UKmax
IN(u, )du,
Ncpl =2 "= 0 ) (10)
U K Max
where U, .« - the maximum value of cathodic polarization during the
forward pulse interval; we proceed to the equation
Uk(t)+2°nluk(t)+M(uk(t)):81' (11)

Let us write the solution of equation (2) in implicit form:
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g(uk):e_"lt[G:nlcosM+G;zsin N +%. (12)

Let us choose an alternative form of the so-called amplitude function in the

form:
1 2
00, 0)=u, ) my + ). 1)
Then the integration constants are equal to:
* )
Gy = _6 , (14)
G.,=0. (15)
Let us write equation (12) in explicit form:
m 20 5 5,
u(t)=,-—+ (ﬂJ +—{e_”1t(——lcosxltj+—l} . (16)
My m, m, 0 0

Accordingly, the deposition current is:

2 N
iMK(t)zzl' _ﬂ+ ﬂ +£ e_nlt(—iCOSklt\J'|‘ﬁ +
M3 M3 Mg 0 0
m m ? 2 S S 2
+ 25| |- [—1j +—{e_nlt(——lcosklt)+—1} : (17)
M3 M Ma 0 0

B piBHsHHSX (12), (17)
A =10°—n?. (18)

In the interval of the reverse pulse, the electromagnetic process in the circuit is

N

described by the equation:

where Oy = %. (20)

Let us simplify equation (19) using the expression:
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UKmaxz
[N(u, )du,
U .
Nc =2.n, = xmin2 (21)
p2 2 ’
Urcmaxz _Uxmin 2
where Uinax 2, Unin 2 — accordingly, the maximum and minimum values of the

near-cathode voltage drop during the reverse pulse interval.
As a result, we obtain:
0 (t)+2- N0, (t)+M(u(t)=5,. (22)
Proceeding similarly to the previous interval, we write the solution of equation

(20) in implicit form:

g(u.(t)=e " (t_T)(G;3 COSA, (t — T Gy Sin ot — r))+ 8—92 , (23)

where Ay = \/92 — n22 : (24)

To determine the integration constants G.s; and Gns, we use the initial
conditions for the reverse pulse interval. As these initial conditions, we take the
value of the near-cathode voltage drop and its first derivative at the end of the
forward pulse interval, i.e., at t=t. For this purpose, we differentiate equation (12),

substituting into it G,; and G,.. We obtain:

g'(uK(t))-uK(t)z9-uK(t):—nle_nlt(%)coth—

—nlt _
¢ -(ﬁ)sin Mt = O1 gt n, cosAt + L in Mt |, (25)
W\ 0 0 M
. 61 -m7 1 .
u.(t)=—te *'| ncosiT+-—sinit |, (26)
0 "
Then
* )
Gng = 9(U ()= (27)
* 1 .
Gm4 = }\I_(nZ Uy (T)+ euK (T)) (28)
2

Thus, in the interval t...T, the solution for the near-cathode voltage drop in

explicit form can be written as:
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0, 0)- —ﬂ+J[ﬂj2+i{e"2“‘{(g(u,c(r»—%jcosxz(t—rw

ms ms

+%(n2 - () 0u, (c) )sin 2, (t - T)} +8_92} (29)

2
or, in a single-term form

u.(t)= _ﬂ+\/£ﬂJ2+£[e n(t- )AZm sm(kz(t r)+<§2) 692} . (30)

ms ms

Ay —\/(g(u ( (ot ))T | ,
u, () 0u,(r)
xz(g(uk(f))_%zj (32)

§2 =arctg

Then, the deposition current is

2 2
i (t)=12- —ﬂJr\/(ﬂJ +£[e_n2(t_T)Am2*Sin(7wz(t—T)+§2*)+%} +

M3
3

2 2
izge| -l \/(ﬂ] +£[e_”2(t_T)Am2*sin(X2(t—r)+§2*)+%2} (33)

By using fitting techniques, analytical expressions for the near-cathode voltage

drop and deposition current during the second pulse can be obtained.
As an example, let us perform calculations using the following parameters of the
equivalent circuit for the nickel plating process: (T = 0.02 s, t = 0.75T, Unax,fwa = 12V,
Unax, v = 12 V, R = 0.08 Om, C = 0.8 F, z; = 8.0 S, z3 = 609.5 S/V?, L. = 5 -10°H.
The accuracy of such a calculation for cathodic polarization and deposition current

can be evaluated based on Fig. 3 and Fig. 4.
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Figure 3 - Time dependence of the near-cathode voltage drop: 1 — analytical calculation; 2 —
numerical calculation
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Figure 4 - Time dependence of the deposition current: 1 — analytical calculation;
2 — numerical calculation

Based on the obtained approximate analytical expressions (16), (17), (30), and
(33), let us investigate the influence of one of the parameters of the input
rectangular periodic pulse voltage (Fig. 2) on the key qualitative and quantitative
indicators of coating growth—namely, the duration of the forward and reverse pulses,
assuming equal maximum voltages in both pulses, Usdmax=Urevmax. The maximum
value of the input voltage will be varied in such a way that the average value remains
constant and equal to 6 V. Then, the maximum value of the voltage during the

forward pulse is:

ISSN-print 1991-7848 339
ISSN-online 2707-9457



“Modern problems of metallurgy” N2 28 - 2025

U

(36)

Utwdmax = > : (34)
max Kp =Ky (1— KT)
where Ky = Tl (35)
U fwd max
Kuns -
U revmax

In analyzing the results, we will apply the same criteria used in the previous
subsection to assess the influence of duty cycle on the considered indicators.
As can be seen from Figs. 5 and 7, at low ratios 1/T<0.55, the maximum values of the
source voltage and the total circuit current are excessively high compared to other
operating modes. More importantly, the peak values of the near-cathode voltage
drop are also sufficiently high to reliably cause defects in the crystal lattice of the
coating.

At the same time, for t/T>0.81, the minimum value of the near-cathode voltage
drop becomes positive (Uwmin>0), which indicates the disappearance of the
passivation effect of the deposited layer (Fig. 6).

Therefore, from the perspective of the analyzed factors, the most favorable
operating modes of the pulse voltage source for this electrolyzer lie in the range of
approximately 1/T=0.73...0.78. In this range, the maximum value of Ux does not
exceed 0.6 V, and the peak values of the input voltage and total circuit current are
relatively low (Figs. 5 and 7), reaching up to 13.0 V and 150 A, respectively.

It should also be noted that the modes within the proposed range provide the
same deposition rate, since the average partial discharge current of metal ions at the

cathode remains constant (Fig. 8) and is approximately 70 A.
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Figure 5 - Dependence of the maximum value of the reversed rectangular input voltage on

/T at Uag=const=6V
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voltage drop per period on /T in the nickel plating electrolyzer at Ua,=const=6 V
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The above recommendations were obtained purely through theoretical means
using analytical calculations. Experimental data regarding the advantages of various

deposition modes for iron and nickel, as presented in [2], do not contradict these
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findings. Further refinement of the obtained input voltage parameter intervals is
possible through investigations using a laboratory model of the electrolyzer and

final verification on industrial equipment.

Conclusions

A comprehensive analytical model was developed to describe electromagnetic
processes in a nonlinear equivalent circuit of a pulse-mode electrolyzer. In contrast
to previous models, this approach takes into account the inductance of the
electrolyte, which plays a critical role in shaping the current pulse front and,
consequently, in determining the quality and rate of metal deposition. This inclusion
improves the accuracy of modeling and allows for better control of the
electrochemical process.

General analytical solutions were obtained for the near-cathode voltage drop
and the deposition current during both the forward and reverse intervals of
rectangular pulse voltage. These solutions provide insight into the transient
behavior of the system, making it possible to predict the evolution of key
technological parameters, such as maximum and minimum polarization values, peak
current levels, and the rate of ion discharge.

A parametric study was conducted to analyze the influence of the pulse duty
T

cycle (expressed as T) on the efficiency and stability of the electrodeposition

— < 0.55
process. It was shown that for low values of T , the peak current and voltage

values become excessively high, increasing the risk of structural defects in the

coating due to thermal and electrical overloads.

.

At high values of the duty cycle (T > 081 ), passivation of the cathodic surface
is no longer observed, as indicated by the positive minimum polarization. This effect
can compromise the uniformity and adhesion of the deposited layer, particularly for
coatings requiring fine grain structures and high surface quality.

.
. . . . =% 0.73..0.78
An optimal range for pulse duration was identified as T , Where all

evaluated parameters remain within acceptable technological limits. Specifically, the
peak near-cathode voltage does not exceed 0.6 V, while the maximum source voltage
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and total current are limited to 13 V and 150 A, respectively. Furthermore, the
average partial discharge current of metal ions remains stable at approximately 70 A,
ensuring a consistent deposition rate across this range.

The validity of the analytical model is supported by comparison with numerical
calculations and is qualitatively consistent with experimental results reported in the
literature. This confirms the suitability of the model for practical applications and
process optimization in pulse electroplating of nickel and iron.

The presented theoretical framework may serve as a foundation for the design
of advanced pulse power supplies and control algorithms for electroplating systems.
Further enhancement of this work is possible through experimental validation using
laboratory-scale electrolyzers and eventual adaptation for industrial systems,
enabling improved reliability, cost-efficiency, and coating performance in high-tech

manufacturing environments.
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VIK 620.91
Oner Bonpap, Cepriit CiBepcbkuii, €BreH ['ypiH, Onekcanap KonsimeHko,

Bonogumup baiiko, Bnagucnas Konycos, B'sueciaB IliinneHko

MOJIEJTIOBAHHS EJIEKTPOMATHITHUX MPOILECIB Y HEJITHIMHOMY
KOJII EJIEKTPOJII3EPA IMITVJIbBCHOTO OCAJIJKEHHS
METAJIEBUX ITOKPUTTIB

AHoTamniss. Memow daHoz0 OdocnidiweHHss € hnobydosa aHaximuuHoi Mmodeni
e71eKMpPOMAzHIMHUX NPOUECI8 Y HEIHITIHOMY eIeKMPUUHOMY KOJli eJleKmpoisepa, AKuii
Npayloe 8 pexcumi IMNYabCHO20 0Cad#eHHs memasnesux nokpummis. Ocobausy ysazy
npudineHo eniusy napamempis pesepco8aHoi NPAMOKYMHOI Hanpy2u Ha NPUKAmMoOHull
cnad Hanpyau, Cmpym OCAOM¥EHHS ma 3az2aibHi enekmpogi3uuHi xapakmepucmuku
npouyecy. [locnioneHHs cnpsiMOB8AHO HA BUSIBJIEHHS! ONMUMAJIBHUX pexcumie podomu
Oxcepena xueseHHs, AKI 3abe3neuyoms Haieuuwly sKicmo o0cadieHozo wapy npu

MIHIMANbHUX E€Hepzemu4yHuUxX sampamax.

Zna onucy npouyecie y koai 0y70 8UKOPUCMAHO Memo0d NepemeopeHHsl 3MIHHUX ma
nobydosaHo cucmemy ougepeHuianbHux pisHsHb, W0 8i006paxcae duHamiky Hanpyzu ma
Cmpymy 8 ymMo8ax IMNYAbCHO20 HCUBJIEHHS. Y MoOesli 8paxo8aHo KaKU08i elemMeHmu
KOJIA: aKMueHuti onip, €MHiCmb, iHOYKMUBHICMb eJleKmpoimy, a maxox: HemiHiliHi
npoeioHoCMi, Wo xapakmepusywms eaekmpoxiMiuHy nogediHky cucmemu. /s aHanisy
saKocmi nokpummsi 30iliCHEHO MOOeN08aHHSl 8 THMePBaiax NPMoz0 ma 360POMHO20
iMnynecie i3 nooanvuM BU3HAYEHHSAM MAKCUMANIbHUX 1 MIHIMAIbHUX 3HAYEHb
npukamodHoz2o cnady Hanpyau ma nogHoz2o cmpymy. IIpogedeHo uucenbHe NOPIBHSHHS 3

aHanimuyHuUMU pe3yasmamamu 0 nepesipku mouHocmi Mooei.

YV pe3ynvmami 0ocnioiceHHs: OMpUMAHO 3AMKHEHI AHANiMu4Hi eupasu, sIKi ONUCyroms
uacoei 3anexHocmi Hanpyeu ma cmpymy ocadxceHHs. Ilokaszano, wjo iHOyKmMueHicmo
eJleKmpoJiimy Cymmeso 6nauedae Ha (opmy imMnyascy cmpymy ma, 6i0nogioHo, Ha
KiHemuky pocmy nokpumms. Bcmanoeneno, wjo onmumansHe Cnie8iOHOWEHHS
mpueanocmi npsmoz20 ma 360pomMHO20 imnynwcie aexcums y mexcax t/T=0.73...0.78. V
ybomy 0dianasoHi MakCUMAnbHi 3HAYEHHS! NPUKamodHozo cnady Hanpyeu He
nepesuwjyiome 0.6 B, a 3azanvHuil cmpym ma Hanpyea oOxcependa 3anutiaromoscs y
Oe3neuHux mexcax (0o 150 A ma 13 B 8i0nosioHo). BooHouac cepedHiii uacmkosuti
cmpym po3psady ioHie memasny Ha Kamodi cmaHosums npubnusHo 70 A, wjo cgiduumo

npo cmaobineHy WeuUdKicme 0CA0HEHHS.
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3anponoHo8aHo HO8Y aHANIMUUHY MOOeNlb eneKmponizepd, sIKa enepuie 8paxosye
[HOyKMueHicme enekmpoaimy 6 imnynscHomy pexcumi. Lle 0o380.un0 po3wiupumu
icHyroui nidxodu 0o M00eN8aHHSl eeKMPOXIMIUHUX Npouecie ma ompumamu mouHi
Gopmynu 0ns  KAwuo8ux napamempie 6e3 HeoOXiOHOCMI N08HOMACUIMAOHO20
UucenbH020 Modento8anHts. Takox 8CMaHOoB8/IeHO KiJIbKiCHI Kpumepii, Wo 8u3Hauawmso

2paHuyHi 3HAYEHHS hnapamempie Hanpyau U Mpueanocmi imMnyavcie, 3a AKux
3abe3neuyemucs MiHiMi3ayis degpekmis KpucmaiiuHoi cmpykmypu noKpummsi.

Pesynomamu  docnioxiceHHss Mmarmmes npukaadHe 3HaueHHsi 0a  2any3eli, Oe
3aCmoco8yeEMbCsl  eNeKMpOoXiMiuHe O0CaAOWEeHHs1 — 30Kpema, Yy MiKpoenekmpoHiui,
2anb8aHOMexHIYi, MawuHo6ydyeauHi ma eHepzemuyi. 3anponoHOBAHY M0OOeb MOXCHA
BUKOPUCMOBY8AMU SIK OCHO8Y 0711 CMBOPEHHS CYUACHUX IMNYJIbCHUX OMHcepel HUBJIEHHS 3
onmumizosaHumu pexcumamu pobomu. Kpim mozo, 60oHa cmaHe 8 npu2odi npu po3poouyi
cucmem aemomamu308aH020 KOHMPOJI0 npoyecie ocadiceHHs ma adanmauii

J1a60pamopHux piuieHs 00 yM0o8 NPoMUCI08020 8UPOOHULMEA.

KiouoBi cyioBa: esiekmpoocadieHHs Memasnis, iMnyabCHULl eIekmpoi3, peeepcosaHa
NPSAMOKYMHA Hanpyea, aHaximuuHe MoOeN08aHHs, NPUKamooHuli cnad Hanpyau,

IHOYKmMueHicme eJ1leKmpoJiimy, Cmpym 0CAOHEeHHS, ONMUMI3auist pexcumy.
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