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Energetic process modelling of thin-layer electrocrystallization 
 
 

Abstract. A novel method for improving the energy performance of surface thin layer depositions by pulse currents is presented. We introduce the 
periodic pulse reverse current supplying an electroplating reactor and then develop a mathematical model of electrocrystallization processes. Next, 
the energy delivered to the reactor has been determined taking into account particular chemical processes governing the electrocrystallization.The 
improvement of cycling performance is reached by appropriate  matching the period of supplying current to parameters of electroplating reactor.  
 
Streszczenie. W artykule przedstawiona jest nowa metoda ulepszająca sprawność energetyczną nakładania cienkich warstw prądem pulsującym. 
Elektrolizer zasilany jest prądem pulsującym i opracowany został model matematyczny tego procesu elektrokrystalizacji. Następnie wyznaczona 
została energia pobierana przez elektrolizer z uwzględnieniem szczególnych procesów elektrochemicznych. Poprawę procesu elektrokrystalizacji 
zapewnia dopasowaniu prądu pulsującego do reaktora.(Modelowanie energetycznych procesów w elektrokrystalizacji cienkich warstw) 
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Słowa kluczowe: elektrokrystalizacja, prąd impulsowy, sprawność energetyczna, model matematyczny. 
 
 
Introduction 

For producing nano- and micro-crystalline materials the 
electrodeposition appears as versatile technique. Recently, 
much interest in electrodeposition has evolved due to the 
low temperatures involved, the ability to coat geometrically 
complex or non line-of-sight surfaces of porous products, 
the ability to control the thickness, composition, and 
microstructure of the deposit, the possible improvement of 
the substrate/coating bond strength, and the availability and 
low cost of equipment. Despite the proven cost-
effectiveness of these technologies, a significant proportion 
of potential energy efficiency improvements remain 
untapped due to numerous understanding barriers.  
 A novel method for improving the energy performance of 
surface thin layer depositions by pulse currents is 
established. Results of computer simulations are presented. 
 
Pulse and Reverse Pulse Producing of Surface Layers 

During an electroplating process the deposition of 
metals and other substances at electrode surfaces occurs. 
Electrochemical processes use charged electrodes to carry 
out chemical reactions.  A simplified scheme of appliances 
being widely in using as electrochemical reactors and 
systems is presented in Fig.1. Various current waveforms 
supplying the reactors are shown in Fig.2. Metal 
electrodepositions on high-end thin-layers and on other 
products in cutting-edge technologies were at the very limit 
of what DC processes could achieve (Fig.2a). 

 
 

 

 

 

 

 

 

Fig.1. Appliances for electroplating 

 All major process studies concentrate currently around 
the PPRC (Fig.2b,c,d,e) electroplating technology and the 
general metal finishing products. This is common on rough 
parts or when a bright finish is required (Fig.3). The 
morphology and composition of electrodeposits vary 
significantly, and depend on: current density, the nature of 
the anions or cations in the solution, bath composition and 

temperature, solution concentration, power supply current 
waveform, the presence of impurities, physical and che-
mical nature of substrate surface. Typically, such reactor 
elements and characteristics as electrode double layer 
capacitance, electrode kinetics, diffusion layer, solution 
resistance contribute to the electroplating effects [1, 2]. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.2.  Current waveforms for electroplating 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 

Fig.3. Effects of pulse periodic reverse current plating during:  
a) direct pulse , b) reverse pulse (s – substrate, d – surface layer) 
 

By using pulse and reverse pulse plating it is possible to 
obtain deposits with much more optimized properties than 
using DC plating. Despite the proven cost-effectiveness of 
these technologies,   great proportions of potential energy 
efficiency improvements remain untapped due to numerous 
understanding barriers. For these reasons a fundamental 
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appreciation of the processes involved in metal surface 
layer formation is needed to develop a predictive, 
quantitative model for the effects of deposition variables on 
resulting film microstructures. 
 

Mathematical Model of Thin-layer Electroplating  
To improve the energy performance of metal surface 

layer depositing by reverse pulse currents consequences of 
electrode processes exhibiting a number of specific features 
must be taken into account. During the thin layer metal 
electrodeposition the complex reaction of charge transfer 
with intermediate adsorption takes place at least in two 
elementary steps: reagent adsorption is the first and 
product desorption is the second.  The process can be 
described by a mathematical model derived from the 
Maxwell equations and mass balance equations as follows 
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Ji(M,t) and ξi(M,t) denote the potential, electric charge 
density per unit volume, dielectric polarization, 
concentration, current density and the term representing the 
sources, respectively,  of species i at point M and time t.   

It is possible elaborate models which lead to satisfied 
results when matching them with experimental data. By 
making a certain number of hypotheses we can generally 
simplify the governing equations (1) and present them as 
follows  

 (2)          

0)()()(

   ,0)()(
)(

),()(
)()(







tVtIRtE

tVtIR
dt

tdI
L

tItI
R

tV

dt

tdV
C

prse

Fct
F

prsF
p

 

where Iprs(t) denotes the current of the supplying source, 
and system parameters C, Rp, L, Rct, and Re are related to 
the whole surface of the working electrode. 

The solution of (2) gives a possibility to explain why the 
process energy efficiency increases under periodic pulse 
reverse current conditions, proposing that the lowering of 
electroplating efficiency was caused by the no matching 
conditions of the supplied current waveform to the given 
electroplating reactor. Next, the energy delivered to the 
reactor can be determined taking into account particular 
processes governing the electrocrystallization.  

The pulse reverse current supplying the reactor (Fig.1) 
can be represented by 
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where Tk, Is,k, with k = 1, 2, 3, 4, denote the switching 
moments and magnitudes, respectively, of the pulse 
reverse current of the supplying source.  

Using more convenient formula we can represent the 
pulse reverse supplying current (3) by 
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where we have introduced the unit Heaviside functions 
Hk(t,Tk), k = 1, 2, 3 which are shifted at the portions Tk of 
period with respect to the origin point t = 0. An illustration 
plot of a pulse reverse current wave produced by a 
supplying generator with Is,1 = I1, Is,2 = 0, Is,3=I2 and Is,4 =0 
with T=T4 is shown in Fig.4a. Surface morphologies of 
copper films electrodeposited on a technical copper 
substrate are presented in Fig.4b,c,d, respectively. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.4. Copper surface electrodeposits; a) PPRC waveform, b) DC 
surface morphology, c) PPRC surface morphology at f = 0.5 kHz , 
d) PPRC surface morphology at f =10 kHz, ( (c), (d) with T2-T1=T4 
-T3=0 and I1=2A, I2=-1A) 

Solutions 
Possible improvements of cycling performance can be 

determined by the following analysis. 
A steady-state periodic solution of equations (2) 

depends on system eigenfrequencies 
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It is easily seen from (2) and (3) that the resulting steady 
state voltage E(t) can be expressed as follows 
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where Ek(t), k=1,2,3,4 denote the voltage components in 
the successive parts, respectively, of the supplying current 
period. When t ( Tk, Tk+1) and the supplying current is 
equal to Is,k with k = 1, 2, 3, 4 we obtain 
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where Ef,k denotes the steady state term forced by Is,k, and 
Ak and Bk are constants to be determined from continuity 
and periodicity conditions fulfilled by respective components 
of the whole system response [3]. 

The steady state forced term Ef,k follows from equations 
(2) when successively substituting Is,k, respectively. In 
results we get 

(8)                       ksekf IRRE ,, )(                     

where k = 1, 2, 3, 4 and R=RpRct/(Rp+ Rct) denotes the 
equivalent resistance of parallel connection of resistances 
Rp and Rct. To determine integration constants Ak and Bk we 
take into account the continuity and periodicity   conditions 
which are fulfilled by the voltage V(t) and current IF(t) [3, 4].  
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Results of Computations 
Results of computer simulations performed for an 

electrodeposition process characterized by the following 
system parameters: Re=12.78Ω, C=0.3075µF, Rp =2690Ω, 
Rct = 0.47472Ω and symmetric supplying current source 
with Is,1 =7A, Is,2 = -7A and 2T1 ≈ T0 =0.1859s and 2T2 = 4T1 

are presented in Fig.5, respectively. Comparing the 
responses exhibited by the electrolyzer for different periods 
of the supplying pulse reverse currents but with the same 
magnitudes it is easily seen that the electrode voltage is 
strongly sensitive on the rate of supplying current period T 
with respect to natural period T0 of the electrolyzer. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.5. Time responses for 2T1 ≈ T0 

The relative decrease of the amplitude because of 
damping  phenomena during one half of the natural period 
(t =T0/2) equals exp(-αT0/2). So the down and upper 
extreme separations from E1,0 for the left half-loop are 
related to one another through this exponential factor giving 
the damping decay for a half-cycle: (E1m + E1,0) exp(-αT0/2) 
=E1m –E1,0. For the case in which α<<ω0, that is, αT0 << 1 
(electrolyzer with relatively weak damping), we can assume 
exp(-αT0/2) ≈ 1 - αT0/2. Using this approximation in the 
above relation and solving for E1m, we obtain the following 
estimate 
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where the product of the damping constant α and the self 
oscillation period T0 is expressed here in terms of the 
quality factor Q = ω0/2α. 

Equation (9) shows that for the voltage excited by the 
external symmetric pulse reverse current (T = T0) the 
amplitude of steady-state oscillation is approximately Q 
times greater than the magnitude E1,0 induced by stationary 
direct current. When the driving period is an even-
numbered multiple of T0, the maximal voltage of the 
supplying current source in steady-state cannot exceed 
2E1,0. This is easily seen from the shape of the 
corresponding voltage E1(t) presented in Fig.5. For high 
frequencies of the external current, when the square-wave 
period T is very short compared to the natural period T0 of 
the reactor, in steady- state oscillation the voltage executes 
only small oscillations about the mid-point E1,0 = 0.  

 

Energy Consumption by Electroplating Reactor 
The rate of an electroplating process can best be 

described as the electric energy consumption; i.e., a 
measure of the quantity of electric charges moving in a 
certain volume of space during a specified unit of time.  

The steady state energy W(Δt) delivered by the source 
Is(t) to the electroplating reactor during the time interval Δt 
= nT, (T is the period, n >>0 is an integer) is expressed by 

(10)                       TWntW  )(                       

where WT denotes the one-period energy delivered by the 
source. This means that in the periodic state (Fig.4) it is 
sufficient to evaluate WT and by multiplying it by n we obtain 
the energy absorbed by an electroplating element during 
the given time interval Δt. 

The derivation of the corresponding expression for WT  
leads to 
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where q(t) and ψ(t) denote the electric charge and magnetic 
flux delivered by the source Is(t), respectively. 

Several experiments performed on real testing 
specimens verified the efficiency of the method in 
electrochemical process analysis of many practical 
systems. Illustrations are shown in Fig.6. The PPRC 
supplying current leads to the one-period energy loops 
having the form of a rectangle on the ((t), i(t)) plane  

 
 

 
 
 
 
 
 
 
 
 
 
 

Fig.6  One-period energies in reversal pulse plating  
 

Conclusions 
In this work an attempt is put on description of a new 

method for electrocrystallization process realizations which 
takes into account the activation energy and mass transfer 
effects. With use of quantitative methods, many salient 
features of electrolyzer operations can be modeled in 
concise forms. The use of the typical mathematical tools, 
such as the Fourier series and Fourier transforms is 
avoided. Results of appropriate computations are given. 
 

REFERENCES 
[1 ]  B a rd  A . J . ,  F au l k ne r L .R . ,  Electrochemical Methods; 

Fundamentals and Applications. J. Wiley, New York, 2000 
[ 2 ]  T rz as k a  M . ,  T rz as k a  Z ., Straightforward energetic 

approach to studies of the corrosion performance  of nano-
copper thin-layers coatings. Journal of Applied 
Electrochemistry, 37 (2007), 1009 – 1014. 

[ 3 ]  T rz as k a  Z ., A new approach to shaping one-period energy 
of dynamical systems operating in nonsinusoidal states. 
Archives of Electrical Engineering, 54 (2005), 265-287. 

[ 4 ]  T rz as k a  M . ,  T rz as k a  Z ., Electrochemical Impedance 
Spectroscopy in Materials Science. Publishing Office of the 
Warsaw University of Technology, Warsaw, 2010 

Authors: prof. dr hab. inż. Maria Trzaska, Warsaw University of 
Technology, Faculty of Material Science and Engineering, ul. 
Wołoska 141, 02-5076 Warszawa, E-mail: matrz@inmat.pw.edu.pl; 
prof. dr hab. inż. Zdzisław Trzaska, Warsaw  University of Ecology 
and Management, ul. Wawelska 14, 02-061 Warszawa, E-mail: 
zdzislaw.trzaska.@netlandia.pl     

90



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


