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Abstract

This paper reviews the present understanding of electrolydgma processes
(EPPs) and approaches to their modelling. Based on the EPP typetearistres and
classification, it presents a generalised phenomenologicadeimas the most
appropriate one from the process diagnostics and cordnol pf view. The model
describes the system ‘power supply- electrolyser- electrode surface’ as a system with
lumped parameters characterising integral properties of the surface ldyeitegral
parameters of the EPP. The complexity of EPPs does not akogrdiving of a set of
differential equations describing the treatment, although sehwach be formalised for
a particular process as a black box regression. Evaluation @milyrproperties
reveals the multiscale nature of electrolytic plasma processes, vancdbe described
by three time constants separated by 2-3 orders of magnitudetésyiseconds and
milliseconds), corresponding to different groups of characteristicthe model.
Further developments based on the phenomenological apmpdgbroviding deeper
insights into EPPs are proposed using frequency responseoduoktgy and
electromagnetic field modelling. Examples demonstrating theierfty of the
proposed approach are supplied for EPP modelling with staticdynamic neural
networks, frequency response evaluations and electromagnetic fielcdtatwl

Keywords: Electrolytic plasma processjr&mart technology; Phenomenological
model; Process diagnostics; Process control; Frequency resgfiasgromagnetic
field

" Corresponding author: Tel. +44 1142 225970, email: a.yeroktiefiied.ac.uk



CONTENTS

L. INTRODUCTION.....ciiiiiiiiiiiiieieieiiieieiieeiiiesesesesesesssesesesesesesesesesesesasasasasasassasasssnsssansrssssasasnsannnsnanananen 4
2. CLASSIFICATION OF ELECTROLYTIC PLASMA PROCESSES AND CORRESPONDING MODELS........... 5
2.1. Brief characteristics of electrolytic pPlasma ProCeSSeSs.......cceeeviiiiiiiiiiiiiiiiiiiiiiiiiiisiissssssssssssssssssssssssssssssssssssssses 5
2.2. ProcCess ClasSifiCAtiON .......cccccceeeiiiiiiiiiiiiiiiiieiieieissssssssnnsssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssnsnnss 6
2.3. (LY7o X (=Y ol Ty T oF 1 o o 11
3. PHENOMENOLOGICAL MODELLING OF ELECTROLYTIC PLASMA PROCESSES .............ccccueuuuunn.... 13
3.1. (1Y T=T = 1R =T I o Vo o 13
3.2. FOrMaliSation POSSTDIIITIES .....cccveeeeeeniiiiiiiieeeeenniieeerreerreenesesereeesrssssssssssesssnssssssssssssssnsssssssssssssnnsssssssssssnnnnsssnns 18
3.3. Dynamic properties of EPPs as MUItISCAle SYSTEMS.......c..uceeeeeeeeennnieeeeieeeeennnieeeerereeennnseeeeseeeennnnsnsesseseernnnnnnnns 20
3.4. Regression modelling and design Of @XPEITMENTS ...cceeunnneeeeeereeeennnieeeeeererennnneeeererreennnssseesessennanssssassessennnnnnnnns 21
3.5. Frequency response approach to the process diagnostics ............................................................................ 23
3.6. EIectromagnetic field modelling ................................................................................................................... 25
3.7. Perspective on phenomenological modellinE and research of electrolytic plasma processes..........ccccueunneees 26
4. EXAMPLES OF EPP PHENOMENOLOGICAL MODELLING ......cccccoivirivininiiiiiiiiirieininiiiireeirerenennnnnnnes 28
4.1. Regression neural network modelling .......................................................................................................... 28
4.2, Frequency response modelling .................................................................................................................... 30
4.3. Electric field modelling.........oooooeeeeeiiiininiiiiiiessi s 31
5. CONCLUSIONS.......ciiiiiiiiiiitiiiieeeeereeittuiieeeeesseressnnnieesesssseesssnnneasesssssssssnsnsesesssssssssssnsnsesssssssssnnnnnns 33
6.  ACKNOWLEDGEMENTS ......uuiiiiiiiiiiiitiiieeeeeeeieitieieeeeeeeeeestnaaeeseeeseresssanaeaseseseressnnnnaseseseressnnnnnnnes 35




List of abbreviations

AC — alternating current

COMSOL - commercial multiphysics modelling software package

DC — direct current

EIS — electrochemical impedance spectroscopy
EP — electrolytic plasma

EPCS — electrolytic plasma coating stripping
EPHT — electrolytic plasma heat treatment

EPP — electrolytic plasma process/processing
EPPo — electrolytic plasma polishing

EPSC — electrolytic plasma surface cleaning

FR — frequency response

GRNN — general regression neural network

Hi-PIMS - high-power impulse magnetron sputtering

NARX — nonlinear autoregressive network with exogenous inputs
NDR — negative differential resistance

PEC/N — plasma electrolytic nitrocarburising

PECVD - plasma enhanced chemical vapour deposition

PEO — plasma electrolytic oxidation

RMS —root mean square (value)

SCR — surface charge region

VGE — vapour-gaseous envelope



1. Introduction

Electrolytic plasma processes (EPPs) have recently gained sigh#ittantion
from coating and metal finishing industries due to theipability to considerably
enhance surface properties and environmental compatibility [1, 2]. Beingra$simn
of conventional electrochemical treatments into high voltageBsHeature electrolyte
boiling and/or discharging phenomena in the vicinity & working electrode [3, 4]
They are also known to exhibit highly non-linear behavioanifested in current-
voltage and boiling characteristics featuring inflections, extrear@ sometimes
negative slope regions [1]. These non-linearities may expléipm EPPs could in
practice surpass their conventional counterparts but represgat challenges for
their theoretical description. As will be discussed Welalthough a range of partial
EPP models has been developed, none of them covers all varieteecessing
conditions ranging from plasma electrolytic oxidation (PEO)tfbtoating stripping
(EPCS) [6] and from heat treatmenEPHT) [7] to surface cleaningHPSC) and
polishing (EPPOo) [8].

In the meantime, electrolytic plasma treatments are highly energysiveeand
achievement of optimum surface properties with minimum energy amé ti
consumption is extremely important from both economic andir@mmental
viewpoints. The solution of such problems in advanced faaturing is often
achieved bythe use of ‘intelligent’ or ‘smart’ technologies incorporating elements of
active diagnostics and feedback loops that would allow real timetia@josof process
parameters accordingp a pre-determined model linking them to desirable surface
properties (Fig. 1). Moreover, variability of modern manufacturing iregu
technology to be adaptive, with process parameters being adgibtable to different
batch sizes and part geometries; this is also addressedceigparation of generic
models of the processes into control circuits. It is not singrito see smart elements,
such as active plasma diagnostics and variable process paramiet recent

developments of plasma-based surface engineering technologid2-€2y.D [9, 10]



and Hi-PIMS [11, 12]; for EPPs however this still remains in anmadtary state
despite some recent progress [13]

This review puts together information regarding electrolytic plasma prodesses
structure which helps in understanding their generic featanes corresponding
electrical characteristics that are important in different practicadicatipns as well as
retrieving observable and controllable variables that can&ibio the process
diagnostics and control. It is also intended to providpesspective into further
possible developments based on the phenomenological appsagell as achieving

better insights into electrolytic plasma processing.

2. Classification of electrolytic plasma processes and corresponding models

2.1. Brief characteristics of electrolytic plasma processes

Electrolytic plasma treatments were introduced in the XJ3@, 15], although
the first reports of underlying physical effects and phenometeabdek to thel 9"
century [16] These processes are used for surface finishing, including case
hardening, nitriding and carbonitriding, [3, 7, 17-20], surfaséation [2125],
cleaning [26, 27] and polishing [28-30] as well as strigpof defective coatings [6,
31].

EPPs operate in the voltage range 80-1000 V which is higlaer that fo
conventional electrochemical treatments. Aqueous solutionsltef aaids or alkali
with low concentration (from 1 to 20%) are used in most casethese electrolytes
are usually non-toxic and easy to recycle. In the beginning opiheess, high
current density at the surface of the working electrode (whickually smaller than
the counter electrode) leads to intensive electrolyte evaporatexirochemical gas
evolution and oxide formation also take place.

Depending on oxide film conductivity and semiconductopprbes, the formed
Schottky type metal-oxide-electrolyte two junction systemlzaforward or reverse
biased [32, 33]. With the forward biased junction, the EPP rfeséwvapour gaseous
envelope (VGE) surrounding the working electrode. Most of theageldrop occurs
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across the VGE which is a non-stationary object with a highl,fipromotinga
plasma discharge in the gas media. With the reverse biasemfiibhe EPP on the
anode features formation of a stationary oxide film which atthi®snajority of the
voltage drop. Upon achieving a breakdown field strength in thia film,
microdischarges appear on its surface. These phenomena distiB§its from other
electrolytic processes aljuktify the use of term ‘plasma’.

Visualisation of EP processes has been improved by the alrmgilaibi high
speed digital video recording technology. For the procesgbsthre VGE, typical
images are presented in Fig 2 [34, 35], illustrating a pregmesrom gas bubble
evolution (a) to VGE formation (b) and microdischarge developniea) which
results in surface polishing. Typical images of microdischargéseipores of oxide
films are provided in Fig. 3gdemonstrating that both average size and population
density microdischarge events evolve with treatment tineedomplex manner [36-
39].

The main characteristics of EPPs are the current-voltage relatidhsdip, 41]
and boiling characteristics [1, 4Both are substantially non-linear and exhibit at
least one range with a negative slope. This indicates that &RRomplex and non-
linear systems that can be described by neither electrochemricplasmma models
alone; therefore, a synergetic approach should be adopted forlingpdsl these

processes.

2.2. Process classification

EPPs can be categorised by several features as shown in Fig. sarsset]
below.

2.2.1. Working electrode polarity

By the polarity of the working electrode, cathode [43] andlarjd4] treatments
can be distinguished, which are different in the electrochemioakpses involved
and the electron emission mechanism responsible for discharge generation.

The electrolysis of aqueous solutions in EPP exhibits sewdsltrode

processes. Common anode processes include oxygen evolution dlinetal
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oxidation (2). Depending on electrolyte chemical activity, theedatould result in
either surface dissolution or formation of an anodic oxide film [Bydrogen

evolution (4) and/or cation reduction (5) occur on the cathode surface:

2H,O —4e — O,1 +4H" (1)
Me — ne — Me"™" (2)
XMe™ + 3,xnH,0 — Me, Oy, + XNH30* (3)
2H" + 28 — Hot, 4)
Caf*+ ne — Cat™ (5)

For cathode EPP, the working electrode area must be less (by anleader of
magnitude) than that of the anode, to provide high locakotidensities promoting
electrolyte boiling. This, together with hydrogen evoluti@ontributes towards
formation of VGE, whereas deposition of reduced cations changes eééestuidace
composition. The metal electrodethre cathode treatments can be heated up to 1000
°C, which enables plasma electrolytic carburising and nitrodarbgr(PEC/N) and
other diffusion-based treatments [45, 46]. For the anodRs Efie electrode area rati
is less critical. Instead surface passivation of the worldlegtrode is important
which can lead to the growth of oxide films according to reaqf8), giving rise t@a
wide variety of PEO processes [49], or if (3) is overcome, to the surface cleaning
and polishing to a mirror finish [50] as well as case hardgeftit, 52], nitriding [3]
and coating stripping [6].

Pulsed EP treatments, wherein the voltage is supplied ase@difie or square
waves, have been gaining significant attention since early 1980’s. AC and pulsed
bipolar EPPs, in which anodic and cathodic polarisation puése periodically
interleaved, thus combining the benefits of the both tredtmedes [53, 54], often
appear to be more effective than DC ones. The bipolar modes have more dkegrees o
freedom and are therefore harder to optimise, but can provide better perforfance o
the modified layer [18, 55, 56].



2.2.2. Metal substrate type and the main voltage drop in the system

For PEO treatments, the type of metal substrate is of high impergavarious
oxides can be formed on the anode surface according to (3) [32]. Mabads (Al,
Ti, Mg, Ta, Zr) form n-type semiconductor oxide films due ® plnesence of anionic
vacancies at the metal-oxide interface and a space charge region (SGR)thwith
film [57]. The SCR width depends on the concentration of cheageers, oxide
relative permittivity, interfacial potential drop, magnitude andaptyl of applied
voltage. At the anodic polarisation, the surface layer exhibitsclmvductivity (the
valve effect) and the major voltage drop occurs across it. Witls@f thickness
usually being less than a micron, the electric field tla¢neoltages typically applied
in EP treatments can reach breakdown values {V4®n) [33]. PEO treatments can
therefore be easily implemented to grow protective coatingh@®walve metals [2,
58]. For other metals, such as Fe, Cr, Ni, W, Cu etc., that either forme piyge
films (3) or do not form stable oxides at all (2), high anodieptials result in VGE
formation, promoting non-oxidising treatments, e.g. polishing, [&&hough recent
developments of fluorine containing electrolytes also help in carin polishing of

valve metals [60].

2.2.3. Processing conditions and required surface properties

EPPs can also be categorised into several types of processadi¢ated in
Sections 1 and 2.1) intended to achieve different surface characterad
properties, requiring different processing conditions and parameteescontrolled.

EPHT [3, 46] requies film boiling in the VGE. This results in thermal shielgli
of the working electrode; thus, the power dissipating in th&\dGe to Joule heating
contributes to a rapid increase of the surface temperature up to ~1@08&Ceral
seconds [61]. If the treatment is terminated at this stage, hmasiening can be
implemented after the voltage is cut off and the working eleetis left in the
electrolyser. Fig. 5a shows typical cross section of a surface lagerE&HT; a

decrease of the grain size is evident in this image thus congriine case hardening



[40]. For prolongedEPHTS, the bulk of the working electrode can be heatednup
order to achievadesired microstructure and/or phase transformation.

PEO s used to form oxide ceramic surface layers with different thiclesess
phase compositions, protective and functional propertie][1Typical coating
morphologies are shown in Fig. 5b and 5c for Al and Toyalubstrates [62, 63]
Localised microdischarges contribute to the formation of heghperature oxide
phases, such as rutile and corundum, within the coatirmyjding hardness and
chemical stability [64, 65]. Porosity could provide the capatiwith useful
functionality, e.g. by increasing specific surface area; moreover itcorayibute to
internal stress state and improve coating adhesion by redtsfigbal stiffness, but
could also affect such important properties as wear and corrosion resj&nce

EPPo requires bubble boiling in the VGE [67], which helpsi¢crease the
surface roughness down Ra =~ 0.05 um. Although the initial surface state defines
the minimal roughness achievaltlg the treatmenta 4 to 5 fold improvement in the
surface finish can be realised [68]typical surface morphology after EPPo is shown
in Fig 5d; traces of original surface topology can still dscerned, smoothed
significantly by the treatment [13].

EPSC removes rust, oxide scale or organic contansafi@n®6, 27]. It operates
at cathodic polarisation of the working electrode. Spark disekang the VGE
provide cavitation effects at the electrode surface as well as heatirtqgnaaid
resolidificationof a thin surface layer [8]. As a resulie contaminants are removed
by pressure waves aredecomposed in the plasma discharge by thermolytic and/or
radiolytic mechanismsAs shown in Fig. 5ea typical surface morphology exhibits
micro-craters and spheroidal nodules [8], resulting in a tyBi¢al4 fold increase in
surface roughness. This however can be mitigated by applicdtipnlsed current
providing control over the impact of plasma discharge on uhiace [27] Formed
amorphous or nanostructured surface laymuld increase corrosion and erosion
resistance [26] but reduce the fatigue strength of the material [27]

EPCS operates at the anodic polarisation of the working eleetrgtter the

transient type of boiling in the VGE [6, 13]. These candg are similar to the EPPo
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except for anodic dissolution which is intensified by bmling conditions, hence
surface composition, roughness and dimensional toleranaepoetant Typically,

an aluminide coating can be stripped at a rate of 2um-#in* [69]. The stripping
proceeds gradually (Fig 5fwith no pitting corrosion developing on the surface.
After the stripping, a new coating can be applied on thepooent, thus prolonging

its operating life.

2.2.4. Process arrangement

Electric energy consumed during EPP lies within the ranged380a W/cm (4
to 5 kW-h-m?-um™) [25]. Therefore, a technological constraint<d.5 m? is usually
imposed on the treated surface area. Smaller surfaces can be treatdubkes asing
bath immersion configuration (Figap whereas spraying processes carried out avith
specially designed counter-electrode tool (Fig. 6b) are ysajpfiliedto sequentidy
treat larger surface areablost EPPs are implemented in the baih spraying
processes, the electrolyte is pumped through holes focuseddmgiectric nozzle
contacting the workpiece. The VGE appears where the electrolyteetotiahtreated
surface as shown in Fig. 5 f&PHT. A range of counter-electrode tool designs has

also been developed for PEO of large scale marine components [70].

2.2.5. Power supply type

All EPPs require high voltage and high current power supgdbestheir
realisation. For the processes requiring stk (i.e. diffusion, heating and case
hardening, stripping and polishing), voltage-controedrces are normally used, i.e.
the power supplies with low output impedance achieved by & lagpacitor
connected in parallel with the electrolyser or/and by applicatiofltage stabilising
feedback loops. These requirements were well established in earlg {vdrk72]
EPPs involving oxide film growth can also be sustained byolage-controlled
source. If the voltage is stabilised at a certain level, the cucteariges in time
depending on the electrolyte temperature, surface properties aed mthcess

parameters. The typical shape of the current curve is shown in/&id-or the
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processes with VGE, the current decay can be attributed toettieogite heating if

no cooling is provided; for oxidation treatments, the curdacreases due to the
layer growth causing an increase in its resistance, if notstaliclefectsare formed
within it. For the latterprocesses, current-controlled sources can be preferred
provided that the relation of oxide growth Faraday’s law within the operation
window is confirmed. Such supplies contain power inductorseries with the
electrolysers and feedback circuits for current stabilisatioB]. [The process
evolution is usually characterised the voltage transient behaviour (Fig. 7b) which
can be linked to the coating growth.

For pulse and bipolar EPPs, such categorisation also stncks the pulse unit
itself is fed by a voltage or current source. These processdsecdescribed by the
behaviour of average or RMS values of corresponding electrical parame&ewn
in Fig. 7, althougha more sophisticated analysis of dynamic voltage-current curves

and/or voltage/current transients may also be performed [426]74-

2.3. Model classification

The EPP models can be arranged into groups as shown in Fig. 8.

VGE models using differential equations have been proposed lishipg and
heating processes which do not feature formation of oxide dagering the
treatment. These quite complex theoretical models involvablarthermal-physical
parameters related to the electrolyte flow [67] ¥&E shape [77]

A wide range of phenomenological models have been devefop&PHT and
PEO processesAccounting for electrolyte boiling characteristics [42] Iseho
explain the complex dynamics of the electrode temperature vaoigll rise from
100 to 1000 °C in a few seconds. Further development provideaup gf heating
modes [7] which can be used to better understand how tootdh& electrode
temperature during heat treatmeRelationships among different EPPs discussed in
[1] form a phenomenological basis fdPHT, PEO and other processes. A

phenomenological model of coating stripping [78] can alsaudexr to understand

11



various EPPsMicrodischarge evolution in the pores of oxide layers and oxide
crystallisation phenomena during PEO procebse@gbeen discussed in [79-81]

One group of theoretical models focuses on metal-dielectric-@idet
interfaces [33] and analyses of impedance spectra [82, 83]. Taup gs tightly
connected with equivalent circuit models which can be olddwwen the impedance
spectra and current-voltage characteristics. The circuits fobyeesistive elements
[84] are mainly used for DC EPPshereas those made by resistive and capacitive
elements [85, 86] can be used for pulsed PEO and thenaanlcircuits [80] which
apply to AC PEO conditions.

There are also empirical models which include the approximatioroltage
transients are used for galvanostatic DC PEO processesT8&y also include
approximations of dynamic and pulsed current-voltage chardamgriased for AC
and pulsed PEO processes respectively [41, 81]. Empirical segrenodels help to
estimate dependencies between the process parameters (voltage, demsityt
electrolyte temperature) and the surface properties, e.g. coating thickndss
roughness. A range of such models can be found in the uiterfr different EPs
[68, 74].

Thus the most developed models are thoseEfdT and PEO processes, for
which phenomenological and empirical approaches dominate. Howe\griocam
models provide an insufficient level of generality and theenpimenological
approach appears to be more generally applicable. The main prolfertheviatter
approach lies in a lack of means to formalise the behaviours observed imexpeati
studies. For exampléhe descriptie phenomenology of microdischarges during PEO
processes has not changed since 1990s [79] to 2000s [3&) amcknt publications
[88], but no general models quantitatively describing tloegss have been proposed
yet. Therefore, the phenomenological approach pursued here inclunleteps: a
study of the generalised structure of the model and its numsaicaion for selected

EPPsusing modern regression tools.
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3. Phenomenological modelling of electrolytic plasma processes

3.1. Generalised structure

Based on the above analysis, a generalised phenomenologicall strodture
has been proposed (Figs. 9 and 10). The structure is a furtheomgi®ent of the
phenomenological model presented earlier [78]. The model dmmssintegral EPP
characteristics a macro level for volumes substantially exceeding the Debyegadiu
The generalised phenomenological model is based on skensgtic analysis of EPP
mechanisms, and their further decomposition into subsystems.

The following EPP features were considered in the model: oxidadteatjng,
polishing, and coating stripping, all in aqueous electrolytbs. model describes the
system ‘power supply — electrolyser— treated surface’ as a system with lumped
parameters which characterise integral properties of the surface layer amdl integ

parameters of the process.

3.1.1. Major subsystems

The upper level of the model contains the major subsystemsdjonto two
contours: (i) electric current flow: working electrode, its surfaceerlayapour
gaseous envelope, electrolyte, counter electrode and power suypplheat
exchange: electrolyte, heating and cooling sources. Thew&uat the first contour
reflects the fact that the voltage provided in EPP generally ge@spthermodynamic
kinetic and ohmic components. The former two are essential tovagho¢entials at
which the discharge can be sustained in principle and ensurthéhdesired process
proceeds with required rate; these are addressed by the surfaceatay VGE
subsystems. The ohmic component is associated with esatharacteristics other
subsystems as discussed in Section 3.1.3. The structuresaictived contour reflects
the need to maintain the required temperature in the system gwdogssing. The
first level describes processes in the subsystems (Fig. 9), tbedsand the third
levels contain electrical and other measurable and conteltddaracteristics of the

subsystems (Fig. 10).
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3.1.2. Processes in the subsystems

On the first level of the model, electrodes 1 and 5 featoodia and cathodic
processes typicabf any electrochemical treatment. If the working electrode is
positively polarised, it features anode processes 1.1.1, whereesutiter electrode
features cathodic processes 5.1.1, and vice versa (1.1.2 andréspettively).
Additionally, the processes of thermionic emission 1.1.3 spetficathode EPPs
may occur on the negatively polarised wogkelectrode. Moreover, during cathode
EPHT the workng electrode also features metallurgical processes 1.1.4.

The processes in the electrolyte 4 include processes 4.1.1 tilsandae for any
kind of electrochemical treatment at any polarisation, and prege4sl.2-4.1.4
characteristicof EPPs only. The latter reflect phenomena occurahghe partial
electrolytic cathode and anode formed by the VGE-electrolyefante during anodic
and cathodic polarisation of the working electrode, respectively e Smocessem
this category are common (4.1.2), other depend upon electrodeypdtaritexample,
formation of hydrated electrons and their emission into W&E with further
avalanche evolution of an electric discharge in it occur atilge electrolytic cathode
4.1.3 Otherwise, the electron emission proceeds from the surface of ¢fe m
electrode and the current in tM&GE flows in the opposite direction. This leads to
much more intensive radiolysa the electrolytiaanode 4.1.4.

The processes in théGE 3 are characteristic to EPPs arBBoundary processes
3.1.1 contribute to the VGE formation and evolution duringsmpka electrolysis.
Importanty, in some cases, e.g. during PEO, these could not be intensivgheioou
form a continuous VGE. A vapour gaseous envelope can be chaedtby three
types of boiling, with changes the boiling type occurring intermittdptaccording to
the boiling curve [42]. The processes within VGE 3.1.3 andnpdaprocesses 3.1.4
describe the influence of the vapour gaseous envelope on the treated surface. The VGE
can be perceived as analogous to the electrode gap in electicadherachining;
therefore, the process control for EPPs with VGE is predartijna control of the

vapour gaseous envelope properties.
14



The processes in the surface layer 2 are the most complex insteensynd
they are individual for any EPP type. These include surface layeatiom?.1.1 by
different mechanismsimilar to electrochemical treatments, as well as plasma-
assisted and metallurgical processes 2.1.2 and aré specific to EPPs. The latter
transformational processes define the final properties of the sudgee dfter the
treatment.

Note that control of processes 2.1 in the surface layer can besextloaly
indirectly via the processes 3.1, 4.1, 1.1 and 5.1 (in descendiegad influence) by
controlling the electric power supply 6 and the heat powaplg/, provided that the
properties of the subsystemsblare identified.

3.1.3. Electrical characteristics of the subsystems

The second layer in the structure of the phenomenological modgirises the
electrical characteristics of the subsystems (Fig. 10). This arr@amyaeflects the
fact that the electric power is the major driving force for surfacdiffnations during
EPPs. For all subsystems, the electric phenomena, equivalentt cand
electromagnetic field properties should be considered. No#¢ within the
phenomenological approach to the analysis of integral chasicgri the
electromagnetic field properties are considered as averaged over trep@adiag
subsystem.

Electrical characteristics of both electrodes 1 and 5 are definedregponding
resistances which are often considered insignificant due taaectconductivity
prevailing in metals. The interfacial electric double layer appeainipe counter
electrode is represented as a voltage source in the equivaleut. cihe other
dissimilarity appears in the average current densities, becausetking electrode
usually has at least an order of magnitude smaller surface ardlae Aame time,
electrolyte 4 has ionic conductivity which is typicaliy order of magnitude lower
and shows almost resistive impedance behaviour in the fregimmnd from several

Hz to tens of kHz. Defining the current density distribntin the electrolyte would
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help in assessing the net electrolyte resistance for a certaigwatibn of the
electrolyser.

Electrical characteristics of théGE 3 are dominated respectively by ionic and
electronc conductivity in the absence and presencea plasma discharge. These
conductivity mechanisms define the valuea@orresponding resistive element in the
equivalent circuit. One of the main features of W@E is negative differential
resistance (NDR) which appears in certain regions of current-voltagactdrastics
[1] owing to the following two reasons: (i) the VGE thickness increaséh
increasing voltage due to higher Joule heat, and the current dec({@asesrent-
voltage characteristics of plasmas developed in electric disghdrgeoccur in the
VGE may exhibit NDR. If a continuous VGE is present, almost alpbeg voltage
drops acrosst and this induces strong electric field in the VGE, initiating
distributed electric discharge visible by an unaided eye.

Electrical characteristics of the surface layer 2 depend on itsictivity which
canbe of electron (for metals and some oxides, nitrides and eajbielectron-hole
(for oxides having semiconductor properties)ion (for microdischarges in pores)
type. Relevant resistances in equivalent circuits can correspoertedtronc and
lonic conduction, whereas NDR could reflect the characteristics of eleistitatges
in the pores, and capacitances can be attributed to surface layelswvispecific
conductivity. If a continuous oxide layer is present on the seiredmost all supplied
voltage will drop acrosdt, initiating a strong electric field which would trigger
localised microdischarges in the layer pores and other defects.

Unlike the solid surface layer with low specific conductivitiie VGE is a
‘guasi-stationaryobject existing only during the treatment. Therefore, if the eoxid
film is present on the electrode surface before the treatmenttiauousVGE is not
usually formed. This differentiation can be illustrated byinits differences between
the two anodic DC treatments, EPPo, wherein a bubble boilthghnwhe VGE and a
glow discharge at the electrolytic cathode are observed, and PEQringat
microdischarges localised in the coating pores. Advancd®s ERy. bipolar pulsed

PEO or ERES of a TiN coating, combine voltage drops within the VGE and the
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dielectric surface layer at different stages of the treatment. Thelsnofl these
processes are the most complex. Moreover, in such complex systermmsnot
straightforward to distinguish the VGE from the surface layer @maimbiguously
identify the type of discharge and the subsystem wih@ramarily evolves.

3.1.4. Measurable and controllable characteristics of the subsystems

Each subsystem can be characterised by parameters measurable during the
treatment (observable) and after it (unobservable). Both of them ateliaoe
since they can be influenced by variations in voltage, curradt electrolyte
temperature imposed by an operator.

The electrodes 1 and 5 have different requirements. If the couatéroele has
to maintain its chemical and phase composition 5.3.1, the reartento the
working electrode- i.e. the component being treate@re more formalised in terms
of physical, chemical and mechanical properties 1.3.1 that are measomabhfter
the treatment. During the process, however, it is possbieeasure dg a limited
number of characteristics, such as electrode temperature 1.3.2. Ftacthayee 4,
the majority of its electrochemical, optical and other properties da®ibe measured
during the treatment, while the chemical composition 4.3.1 cbeldaccurately
assessed only after the treatme&SinceVGE 3 does not exist apart from during the
EPP, onlyin-situ measurements 3.3.2 are possible. Significant information beuld
gained from visualisation techniques which supply spatw@racteristics [37, 89]
type of boiling [90] optical emission intensity [4, 91, 92] and spalctontent [38,
93, 94] associated with the VGE. Acoustic techniques doildlso informative [95,
96].

Measurable properties of the surface layer 2 are the required EPP target
characteristics. Usually they are assessed by advanced physiealicalhand
mechanical techniques; therefore, their conventional measuremesitu is
impossible 2.3.1. These target characteristics could also owvéatlaphe properties of
the working electrode 1.3.1; however, the latter commonlpascbnstraints (e.g. the

constraint on the substrate phase composition change dtrengleposition or
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stripping of a coating). Therefore, to retrieve observable andatiable variables
contributing to the EPP diagnostics and control, it is rezggsto apply indirect
techniqgues wherein information regarding properties 2.3.1 isaa®d using
evolution of estimates 3.3.2, 5.3.2, 1.3.2, 4.3.2 obtained e.g. from neakotical
characteristics 1.2.2, 2.2.2, 3.2.2, 4.2.2, 5.2.2 via justified equivalent<ifts, 97].

3.2. Formalisation possibilities

The complexity of the electrolytic plasma system does not rmilyrallow
formalisation in the form of differential equation sets deseglihe treatment of real
components in industrial electrolytes. ¥be sets cannot be formalde
comprehensively and therefore still remain unresolved. As a result
phenomenological approach to EPP description and black dgnession models
using experimentally obtained data appear to be justifiees@hmodels can be
realised using different means of regression analysiSom linear regression
equations to neural networks [98, 99]. All these means perform nalinear
transformation of the space of inputs into the space of outputs.

A typical model structure is shown in Fig. 11a. Column vectomptits X
corresponds to the parameters of eleatramd heating power supplies 6 and 7 in
Figs. 9 and 10; these parameters must be controllable in ortder¢oreproducible
outputs. The inputs could include electrical regimes (e.gv@itage value, or pulse
amplitude, frequency, duty cycle and other parameters describing olteges
waveform) and electrolyte temperature (either initial value or tladtilisied by a
thermostat). Procedures of data scaling to the rarjet{l] and descaling helfp
improve the model quality and contribute to the significanadyars of theinput
variables (Fig. 11b).

The time variable t can also be an input of a regression magemodel is of a
static type, and the physical meaning of this variable is gantent duration. For a
dynamic model the time variable should not appear in the.ihpstead, within the

phenomenological approach pursued here, dynamic models amedbtar finite
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differences, and the time variable is included indirectly as a testtnee step as in
[100].

The column vector of outputS comprises the surface properties after the
treatment and corresponds to blocks 2.3.1 and 1.3.1 in Fig. @é8e Blutput variables
evolve in long time scale so that corresponding time cotsstange into several
minutes. The column vector of outpufs= [C;; C;] includes variables measurable
during the electrolytic plasma process, and it could contharacteristics from
blocks 1.3.2, 3.3.2, 4.3.2 and 5.3.2 in Fig. 10. Instantaneoussvaltli these
characteristics form vectd?;; they evolve in short time scale so that corresponding
time constants range into milliseconds. However, their integredr@ged over time)
values which form vectoC, evolve more sloly. These functions are the most
informative for the process diagnostics, although the @btameraging parameters
must be considered individually for a particular EP process,tlaadask is very
complex and at the state of the art [101].

For characteristics 5.3.2.1 and 5.3.2.2 (Fig. 1Ogurrent and voltage are
connected by Ohm’s law, and they cannot both together be inputs or outputs. If the
voltage is an input, the current is an output, and viceavetiere we consider the
voltage as an input and the current as an output, whitypical for EPPs with the
VGE. For PEO type processes, the opposite consideration can somdt@mes
beneficial but this does not alter the concept of the phenomenologockdm

A particular composition of vectods, S andC is defined by measurement tools
available to a researcher; however, the most crucial ones for igatest and
modelling of the electrolytic plasma processes should be considered asfollo

- vector X: average, effective (RMS) and instantaneous (waveform) values of
voltage 5.3.2.2; average (over volume) electrolyte temperature 4.3.2.1;

- vector S. phase composition 2.3.1.1 and 1.3.1.4; coating thisk2e3.1.7;
roughness 2.3.1.4; specific weight change 1.3.1.5; corrosion pesp&13.1.3;
fatigue strength 1.3.1.2;

- vector C: average, effective (RMS) and instantaneous (waveform) values of

current 5.3.2.1; working electrode temperature 1.3.2.1; type of VGE bail&3.2.
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Expansion of vectorS provides a deeper understanding of surface layer
transformation as a result of EPP. Expansion of veCt@ontributes to the EPP
diagnostics and control possibilities. Any expansionhafsé vectors improves the

understanding of the process mechanism.

3.3. Dynamic properties of EPPs as multiscale systems

Now consider changing rates of EPP characteristics anda¢galarresponding
time constants as the first order measures of the system inertialativmal of
dynamic properties for various PBis shown in Tablé.

The most common data concerning EPP dynamics describe the surface
properties comprising vectd®. Typical examples are collated in Fig. 12 as time
dependencies for EPPo [68], PEO [39] &RCS [69] processeat optimal values of
voltage (U) and electrolyte temperature (T). As seen from Fig. 12, &PHEPCS
processes, which are intended to produce a change of thaaudddifer thickness,
run at approximately constant rate from 1 to 3 um/min. The EPPo process which
primary objective is to reduce surface roughn@ashas much higher rate in the
beginning of the treatmerdnd this can be described by an exponential fall [68]. A
typical EPP duration reaches tens of minutes, with the longestriéBfhents lasting
up to several hours [25, 73, 10dJherefore, for vectof5, the time constant value
ranges into hundreds of seconds (Table 1); this corresporids process evolution
in the long time scale and can be adequately described witmpling period in the
range of minutes.

Another type of the data represented in the voltage and cumereéforms
included into vectoiC; are instantaneous values of the measured variablesaFor
PEO treatment at 50 Hz, typical waveforms are shown in Rg. [103]. For
potentiostatic DC EPPo, a typical waveform of the curierdepicted in Fig.3b
[104]. Spectral analysis of the EPPo waveforms provides an effduaivdwidth
characterising EPP: from 0 to 10 kHz (Fig. 14); this is ctaisiswith the data
reported elsewhere [4, 71, 105, 10Bptained from the power spectral density P, the

time constant estimates for the short time scale in the ERfe feom hundreds of
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microseconds to hundreds of milliseconds (Table 1). Data isaiog with
appropriate sampling rates of tens and hundreds of kHz gemesasignificant
volume of often noisy data which needs statistical signal processing.

The third type of data comprises RMS voltage and current chronsgram
averaged values of the instantaneous waveforms or instrueahings included into
vector C,. Fig. 15 (a, b) shows typical voltage and current chronogram®E®
processes with stabilised RMS current and voltage respectively 108Y,, whereas
Fig 15(c) presents a typical current chronogramaoEPP witha VGE [6]. The
curve shapes which are generally similar to those in Fig.¥ihghe evaluation of
time constants for the characteristics in vedir(Table 1) Corresponding values
range into tens of seconds, which provides a compromise tiate t® enable formal
EPP description and modelling.

For better understanding, diagnostics and control of EPPscomwollable and
observable parameters with time constants close to thosesfoatiables in vectod
should be found by appropriate integration techniquesectric, acoustic or optical
characteristics and put into vect@. This is a new, important and challenging
problem, solutions for which just started to appear [95, 97, 109, 110

Thus, electrolytic plasma processes are multiscale systems deduyiltecke
time constants which are separated by 2-3 orders of magnitudeomedpond to
different groups of characteristics in the phenomenologicaleindo obtain a finite
difference dynamic model for a particular ER® discrete time step size At should
correspond to the time constants for vedr rangng from seconds to tens of
seconds. To put together the multiscale data from ve8ids andC,, the data from
vector C; must be averaged, and the data from ve&amust be interpolated.
Correctness of the data representation for veStes ensured by the slow raté
surface layer evolution during the treatment. Correctness of the gatsartation
for vectorC; is ensured by the ergodicity interval for the instantaneoligesaeing

similar to the step sizaf the discrete compromise time scale [86].

3.4. Regression modelling and design of experiments
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The black b& concept used for the phenomenological modelling (Fig. 41) |
tightly connected with experimental design methodologyiJ1Various researchers
use different designs, from full factorial to complex compositeluding Taguchi
analysis [112, 113]. Design of EPP experiments could be pextbtm address the
following aims:

1) process mechanism investigation;

2) establishment of optimal treatment conditions;

3) development of nonlinear models of the process;

4) development of process diagnostics methods.

To develop verified EPP models including diagnostic mfatiion, detailed
research into a wide range of factors is required. Due to procedmeanty, the
application of full factorial designs with more than two fad@rels is inevitable.
Such designs, including at least voltage, electrolyte temperaturetreaient
duration as the factors, are quite laborious. Investigationoofern EPPs that employ
pulsed bipolar current also requires the factors of the pulse shape anddyeqade
taken into account and this increases the design matrix dimegsiofurther.
Comparison of studies based on different experimental designs, eal ce
composite [78], fractional factorial [86] and full factorial [399],6 shows the
following. The surface properties evolution analysis is seriouslyeded if the
experimental points are abser shifed from the factor level®f the full factorial
design. Mathematical models, even those based on neural networid, allow the
restoration of sufficient information regarding the surface staverdoming these
obstacles require additional experiments, so that theiriataber could eventually
reachthat in the full factorial design. Therefore, in the state smacss-section
corresponding to the technological factors, dl-factorial design is highly
recommended.

The situation with the factor of process duration ishslyg different. When
investigating significantly nonlinear EPPs, e.g. TiN coatstgpping [6, 78], the
treatment history of each sample is of high importance, because rseitfeare nor

VGE state could be replicated when the process is resumed afteraomi Here
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individual experiments are required. However, for near stationary EPPsJrthee

layer is persistent after the treatment termination, and thesedudikperiments with

and without termination would be statistically similar. Forgasses, such as PEO,
EPPo andEPCS, it is possible to obtain several experimental pointsdnyguone
sample which isequentially treated and measured after each run step. This approach
significantly reduces the required number of samples but reliesa robust
measurement technique.

According to the experimental design, measurements of the surigoertpes
are required after each planned treatment duration. This requa@ssg termination
and manipulation with the samples, which can take signifitiam¢. Employing
indirect methods ofn-situ surface state evaluation helps in reducing the design
dimension over the process duration factor.

The problem of an increased number of experiments in order toigatestne
effects of frequency and other pulse parameters could be partly ressivedthe
frequency response (FR) approach which utilises the ergoditigyfor a slow non-
stationary process for performing measurements over frequency [101]hén ot
words, the frequency scans run in the ‘fast’ time for the system which properties
gradually evolve in the ‘slow’ time as shown in Section 3.3. Therefore, the
experimental design dimension can be collapsed over frequenttyatsthe scans
occur in every experiment, thus, contributing to saving samples and runs.

Finally, in EPP studies, it is advisable to apply full factodesigns, wherein,
for every combination of factor levels corresponding to techidbgarameters,
individual experiments are performed using different samplesstimngly non-
stationary EPPs; for ne&s-stationary processes, this can be done uaisggle
sample. Dependencies on the pulse parameters, e.g. frequency, inaaskgated
within every experimental run due to the time scale difference betwesse t

parameters and surface properties.

3.5. Frequency response approach to the process diagnostics
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One of the main problems that slow down industrial EPP @gpns is a lack
of diagnostic tools that provide possibilities for pracesonitoring and control, i.e.
tools that could join vectorS andC together. The reason for the diagnostic tools not
being commonly accepted and widely used is that the surface propéthestreated
components are unavailable for measurements during the treatnenthexefore,
they are considered unobservable (but controllable) state fegriabthe system. As
seen from the phenomenological model structure (Fig.10,kb88.2), several
approaches to the process diagnostics are available, e.g. badesl amalysis of
electrical [104, 114, 115], optical [38, 91, 93, 94, 116] andustco [95]
characteristics, video imaging [36, 37], and their various coations [4, 96, 117]
Only a few however are developed enough to be employed in a real-time process
control system, e.g. voltage-current characteristics [73, 110]Jempspectral density
of the current [100], and characteristic line intensities of diggh optical emission
spectra [109]

All of the above diagnostic approaches belong to the dagmssive system
identification. Recently, an active identification approach deasloped on the basis
of the frequency response measurements, both for large and smallrs@des [39,

86]. It was shown that this method allows direct identifaratof the surface layer
properties, e.g. barrier layer specific capacitance [83], and also indeetfication

of non-electric properties, such as coating thickness andhmess [86]. The
methodology of data acquisition and signal processing mwithis approach is
presented in [101whereas the methodology of phenomenological modelling based
ondiagnostics information is discussed below.

The framework of EPP diagnostics and modelling using the frequespgnse
approach (Figl6) runs through blocks 1 to 6 around the core of plasma fundamentals
7 [118]. Within the framework, the EP process 1 comprises thgystems shown in
the phenomenological model structure (Fig. 9). These subsysi@mmbe assessed
through the frequency sweep technique 2 which can be operated in thsignadlor
large signal modes. This imposes certain limitations enwtaveform types, sweep

modes and data acquisition parameters. Supported and extremerst(aliock 3)
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[119] formalise the bounds within which tldR approach can be applied to verify
evidence of processing conditions and surface properties in eéédharacteristics
[120]. The frequency response analysis and simulation 4 irgclagplication of
spectral methods, including electrochemical impedance speqios¢iIS)
approaches to the equivalent circuit structural and parametritfickion resulting
in forming vectorC in the model. Besides conventional resistive and capacitive
components from EIS, negative differential resistance andbditd elements may
appear in the equivalent circuits to fit complex shaped spéidtia.step is tightly
connected with the surface analysis and characterisation 5. &tformobtained
through the coating thickness, morphology, functional grtogs evaluation, as well
as phase and chemical composition assessment forms \&citorthe model.
Uncovering regularities connecting blocks 4 and 5 usingelaimon and other types
of statistical analyses formalises the ways to connect the proleasscteristics and
the surface state. Therefore, block @rocess diagnostics and control usingsitu
and exsitu methods can be realised, leading the development oéldéia&olytic
plasma processes to a new horizon.

Finally, this framework offers a path for further research into EPP fundalmen
and provides a powerful tool for process diagnostics anttatpthus contributing

towards smart electrolytic plasma technologies.

3.6. Electromagnetic field modelling

EPP implementation is partially hampered @lack of mathematical models
allowing the estimation of the treatment uniformityhelVGE formed around the
working electrode is usually considered relatively thin102® m), providing the
highest electrical resistance in the circuit [1]. Therefore, the voltage id the
electrolyte is often neglected, and the current dersityhe electrolyte—- VGE
interface is averaged and considered constant [6, I\&iile the former is fair for the
majority of EPPs witla VGE, the latter holds only when using the simplest electrode
shapes and layouts, e.g. coaxial cylindrical cells. A very limitechber of EPP

related publications discuss primary and/or secondary currentyddistributionsin
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the electrolyte and the VGE respectively [73, 12Zhis is a growing area for
research [123]

Electromagnetic field modelling is well-established for thealysis of
electrochemical processdsis widely used for simulation and structural optimigatio
of electrolysers with liquid metals, especially for Al reductifd24], cathodic
protection systems [125], fuel cells and batteries [126], anoahtings [127] and
other applications. The nonlinearity of EPPs discussed earliedt beuh reason why
it has not so far been explored for this group of proceSsdstion of field problems
for EPPs wuld contribute to the phenomenological modelling, e.g. by detengi
the net electrolyte resistance as a boundary condition for theefreg response
analysis or specifying the boundaries within the phenotogimal approach that

treats the process as a system with lumped characteristics.

3.7. Perspective on phenomenological modelling and research of elactrolyt
plasma processes
The advancement of electrolytic plasma technologies relies gitroon
availability of adaptive process control systems (Fido,t){ tailoredto particular
processes. Development of essential elements of such systersistutes further
research needs in this field. These include development of:
- dynamic reference models for individual processes;
- new diagnostic tools linking observable process parameters andetea
with key surface characteristics and properties;
- process identification models based on the diagnostic todlmathods;
- robust feedback algorithms and appropriate hardware for their realisation.
The modelling aspect holds the key to further progressidghai direction and
the proposed phenomenological approach could significasdhtribute to this.
Developmentsn EPP modelling and associated research may proceed along the
following possible paths. First of all, most researchers magttdce properties using
regression analysis which results in static models. Theopeapapproach would also

helpin the development of dynamic models essential for process control.
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The other important research direction is development of electrmataband
acoustical methods for process diagnostics and incorporationorresponding
characteristics of into EPP meld. This includes frequency response interpretations
[128, 129], statistical spectral analysis of electrochemio@enin the voltage and
current [130], microdischarge image analysis [131], spectral asabfseptical [93,
116] and acoustic emission [96These analyses should lead to identification of
informative characteristics and establishment of their correfatwith surface
properties.

Electromagnetic field problemare starting to attract attention. This includes
primary current density distribution in the electrolyser and regegy distribution in
the vapour gaseous envelope and the modified layer. These prakeiisallenging
due to the multiscale character of the object and non-linearithheofbbundary
conditions in the vicinity of the treated surface. This $thdacilitate electrolyser
design, including optimisation of electrode layouts and mlgté management
systems for treatment of components with complex geometries.

Yet another important set of modelling problems whose isolutould
contribute to the EPP development includes electric processpswer supplies
Dynamic models of electrical process characteristics, i.e. voltage-tdragnam and
frequency responssfould enable design of specialised power supplies whicldcoul
be stable under such non-linear load¥@&s and plasma discharges featuring NDR.
This could contribute to the design and manufacturing spedak$®P equipment
and scaling up various processes.

The next important route for development is in combininghwother
electrochemical processes in terms of the techniques used foottess diagnostics
and modelling. Quantitatively it is only voltage that separat®nventional
electrochemical processes from EPPs. Therefore, the approaches succgssiieky
in electrochemistry could in principle be adopted to sHysshould the equipment
capabilities permitAn example of such bridging ig-situ impedance spectroscopy
proposed by the authors in [86] and later used elsewhere [129].
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Ultimately, using this approach to bridge between plasma physics, materials
science, electrochemistry, electrical engineering, computational mait® nagid
computer science would contribute to the development of setestrolytic plasma

technologies capable of addressing key challenges of modern manugacturin

4. Examples of EPP phenomenological modelling

4.1. Regression neural network modelling

Let us consider an example of phenomenological modelling of E®ICS
diffusion aluminide coating from nickel superalloy. Experinaéntetails and
resulting surface properties are described elsewhere [31, 69].

A full-factorial experimental design (Table 2) with a total 8 physical
experiments was implementeline runs were made at all combinations of the
voltage and electrolyte temperature with the levels selectgdl(a). According to
the model structures shown in Fig., Hlstatic regression model was developed
Matlab using a general regression neural network (GRNN) [99]. Theorie
structure and its Matlab representation are shown inlBgyc. It has 54 neurons in
the hidden layer and 2 neurons in the output layer. This netwagtrained to
transform the input vector of variables=[U; T] and t into the output vector
S=[h; Ra], with coefficient of determination &R0.99, using 54 learning examples
derived from the physical experiments. The modelling resultsvishin Fig. 19
indicate that the solid lines of the model curves stayinviifie confidence intervals
designated by the dashed lines; therefore, the model is adefuat@odel is clearly
non-linear and the application of conventional regressioateans could not succeed
in creating an adequate model; however, this is not the case for thémetuorks.

For the dynamic model, a nonlinear autoregressive network wibgeaous
inputs (NARX) was used. This is a recurrent dynamic network, vaddback
connections enclosing several layers of the network [132§trgsture is shown in
Fig. 18b, where Z block in the feedback loop represents one step time detay. T
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network has vectoK in the input, and vecto® in the output. Time t is included
indirectly as the time step At = 1 min. The Matlab representation of the model is
depicted in Fig18d, which shows that current values of input vecfoare passed
with zero delays into the hidden layer. The output valuesctiovS are also fed to
the input of the hidden layer with one-step delay. Thismeethat the network
calculates its output from current values of voltage and elgtrtemperature, and
from the surface properties estimated in the previous time inSthigt makes the
model dynamic. After optimisation, the network has 20 neunorike hidden layer
and 2 neurons in the output layer.

To train the dynamic neural network model, a numerical experimentthdth
design shown in Figl7b was performed. The model resolution was increased using
the numerical experiment containing 289 runs with= 1 min, which is an 8-fold
finer resolution than the physical experiment. This predug training set with 6069
learning examples. This NARX network was trained using theritmerg-Marquardt
algorithm with performance validation in order to avoid oaning [99]. The
resulting dynamic neural network model has the coefficient déraknation
R?=0.99, providhg the same modelling results as the static model for constuit i
values as shown in Fi@9 and in Fig. 20b,c, line 1.

The difference between the static and dynamic model appears faptite that
change in time. The reaction of the models to a voltage step300 to 400 V at t=5
min is shown in Fig. 20. The static model shows a stequadien coating growth but
this would be physically impossible during the coatingpging process. The
dynamic model does not show any step; only the rate of the ca#timging changes
according to the process mechanism [69]. Therefore, the dynamic ERPdadded
by the phenomenological approach is capable of estimating the sunfaperfes
during the treatment under arbitrary variations of inputs (withe limits imposed
during the model construction), thus contributing to undedihg of EPP
mechanisms, process diagnostics and control and ultimatetyopng development

of smart electrolytic plasma technologies.
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4.2. Frequency response modelling

The frequency response process diagnostics and modelling epruosedul tools
for the revealing hidden regularities underlying EP phenomen@asitl estimation
of surface properties. Examples of the FR analysis for differemstratd materials
(Al and Ti), and for different surface macro morphology (dense andupobd
samples) are provided in Figs.(&L).

The coatings were obtained on disk sampléte nominal area A=15 cfrin a
conventional alkaline electrolyte with specific conductivityr®-cm? in pulsed
bipolar mode with the frequency sweep from 20 Hz to 20 kHz extfahowing
voltages: Wec = 225 V; Uic = 305 V. The resultant coating thickness on dense
samples was=+20 um. Other experimental details can be found elsewhere [86, 133]

A typical surface morphology is shown in the insets in Eig.

Nyquist and Bode plots in Figladlemonstrate that the impedance of the PEO
process in all the cases exhibits resistive-capacitive belaftioee phase angle is
negative). The Nyquist plots show elliptical arcs whicffedifrom conventional
semicircle plots for RC circuits [134]. Also, the plots have neggagiope at lower
frequencies, which can be explained by microdischarge plasma ingeefiaturing
NDR.

A comparison of impedance spectra for PEO-Al and -Ti revaalsticeable
difference below 2 kHz, with higher absolute values of thesphangle for PEDi
making the semicircle narrower. This can be explaibgditting the spectra to a
simple model circuit shown in the inset to Fig. 21. The fitting tesudllated in Table
3 indicate that whilsRp values are similar, the capacitance C for the two materials
interfaces is different, being significantly higher for Ti thah According to the
estimate of capacitance as € e Ah, it can be influenced by the relative
permittivity &. of corresponding oxides as indicated in Table 3. Thenspup a
possibility for in-situ monitoring of phase transitions during formation REO
coatings, if the new phase has significantly different dietegroperties. Such an
approach can also provide guidance on how to adjust currésg parameters in

order to control the reactive component of the current wiingimg impedance of
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the system. Moreover this could be useful to achievester understanding of
frequency effects that are commonly observed and studied in AQudset current
EPPs [56, 76, 135-141], yielding partial and often controverdeiances.

A comparison of the impedance spectra obtained for dense and foamiam
substrates shows that bd®p and C are higher for the foam. Taking into account that
the actual surface for the foam samples is much higher than theah@area, this
ratio can be assessed as a ratio of the capacitangegAbdsm = CaensdCioam = 1/5.
However, the ratio oRp for the dense and foam substrates is enlg, indicating
that certain diffusion limitations may occur for the foam inner regiomstributing to
the process non-linear scaling behaviour.

Thus the application of FR methodology for EPP diagnostass reveal the
characteristics of surface state-situ, provided that the correlations between
Impedance spectra and surface properties are sufficiently well watkrdthis can
be facilitated by coupling electrical FR with other observahlgracteristics, such as

optical and acoustic emission.

4.3. Electric field modelling

Knowledge of electric field distribution in the EPP electrolysemportant for
assessment of the treatment uniformity. Despite the fact thastafthwoltage drops
across either the VGE or the oxide layer, the voltage drop over tisogfee should
not be neglected for EPP of complex shape components. Unauemt density in
the electrolyser induced by tank size and stapwell as size, shape and position of
the electrodes leads to non-uniform current density distolb at across the
component surface, resulting in the differential thickness of tltbfied layer.

An example of the PEO treatmeafta component with deep holes is considered
in Fig. 22. It could be envisaged that shielding by the corapowalls would reduce
the current density on the inner surfacgslving boundary problem of the current

density distribution would help in evaluating the deviatiorhef¢oating thickness.
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The vector of current densifyin the electrolytds described by a Kirchhoff’s
law [142]:
divj=0 (6)

Taking into account Ohm’s law
j=ocE, (7)
where E is electric field and 6=4.2 mScn1! is the electrolyte conductivity, and the

relation withelectric potential ¢

E =—gradp, (8)
the boundary problem can be solved numerically using Laplace equation
div grade =0, 9

employng field modelling software utilising the finite elements methee.g.
COMSOL.

For the setup shown in Fig. 22b, the boundary conditions are as follows

¢=0 for the counter-electrode, (20)
¢=500 V for the sample, (11)
E,=0 for the conductive media boundaries, (12)

where index n denotes normal projection of the electric field vector.

Analysis of the electric field and current density distributio the electrolyte
shown in Fig. 22a, by colour filling and contour lines extwely, reveals
particularly high current densities at the edges. Thig edigct blocks penetration of
electric field in the holes which results ansharp drop of local current densitias
about3 mm from the mouth of the hole.

As |, does not change on the sample/electrolgterface, the local charge
density decreases with the hole depth, so as the coatoigheks (Fig 22b)The
reduction is particularly noticeable during the first 3 minthe hole depth, which is
consistent with the field modelling results in Fig. 2&hereas on the outer surface,
the thickness distribution is relatively evarhus, the distribution of current density

in the electrolyte can explain variations of surface characteristitsin the
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workpiece and provide estimates of boundary conditions for FR/sastalt should
therefore be taken into account during phenomenological modelling.

5. Conclusions

From the review of electrolytic plasma processes and approachteito
modelling the following conclusions can be drawn:

1.Two major EPP types featuringGE and oxide film formation can be
distinguished, with more detailed classification made concereirgtrical and
technological features of the processes.

2. Models using partial differential equations, existing theooeprocesses in
the surface oxide layer as well as empirical, phenomenological andleqt circuit
approaches have been developed for EPRs phenomenological models appear to
be the most appropriate for the development of prospectiae stectrolytic plasma
technologies.

3. A generalisd phenomenological model structure has been proposed. The
model describes the system ‘power supply — electrolyser— treated surface’ as a
system with lumped parameters. This model forms a basis deeper EP process
understanding and provides a methodology for their modelkimgnostics and
control.

4.As the generic complexity of EPPs does not currently alloev get of
differential equations describing the treatments to be soliedphenomenological
model of a particular EPP could be formalised as a black box regre®gdéthin this
approach, input and output variables have been analysed and isathgas
controllable supply inputs, unobservable surface propertiehbservable electric,
optical and acoustic characteristics. A general algorithm mgptbe desigrof static
and dynamic process models for a given EPP has been prajpo$aunalise the
phenomenological model.

5. Analysis of dynamic properties demonstrated that EPPs ardscailst

systems which can be described by three time constants sefdaré€egl orders of
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magnitude (minutes, seconds and milliseconds) for the unalidensurface
properties, integral observable characteristics and instantanebasrvable
characteristics. It was justified that the discrete model r&esld be converted to
the range of tens of seconds, for the slower variables by integooland for the
faster variables by integration.

6. Since the phenomenological models rely heavily on experimental dat
regression modelling and experimental design recommendatiave Heen
formulated to optimise the number of experiments required for a particular model.

7. The frequency response approach to diagnostics of unobservaltdees
properties has been proposed. The approach includes spectralsan@iectrical
characteristics, resulting, for example, in impedance spectra &Rharocess; the
evolution of the spectra is highly correlated with the surfaoperties; therefore, a
framework for the frequency response assessment within the phenonmaiolog
approach has been proposed.

8. Electromagnetic field modelling complements the phenomeiualbg
approach by providing boundary conditions for the FR estimataleinform of
electrolyte resistance, representing the electrolyser impedancndteifrequency.
Moreover, it hgbs in assessing the treatment non-uniformity for complex shape
components.

9. Further research needs concerning phenomenological moddiERRs have
been discussed. Bridging between plasma physics, materialencagi
electrochemistry, electrical engineering, computational mathematicxanguter
science using the phenomenological approach could facilieatelapment of smart
electrolytic plasma technologies.

10. Examples of EPP phenomenological modelling have been provided fo
modelling surface properties and their in-situ diagnostiosl, for the electric field
distribution in the electrolyte and at the sample surface. élaenples show the

efficiency of the proposed phenomenological approach.
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Table 1. Evaluation of dynamic properties for variou®&P

Variable change

Time constant

Process Variabe
rate (s)
Hardened layer -~
EPHT [3] thickness h 5...50 um min
[}
C_U . .
" o PEO [1] Coatlnghthlcknes I...4 um min
5 o
5 E f ] 100...500
G_) -+
>o EPPo [68] Surface roughnes 0.05..._0:% pm
S Ra min
EPCS Coating thickness 1 4 um min
[31] h T H
< EPHT [3] 0.1..2 Ams!?
Q
58
Qo PEO [4] 0.1...5 A mst
g g Instant current i 101... 10
= EPPo 02 1 Amst
e
” EPCS 1
[105] 0.1..2Ams
g EPHT [7] Working electrode 30,50 °C st
O Y E feate (RVS)
= L= Effective 1
£5% PEOI87]| ™ Voltage U 2..10Vs 10...100
225 Effective (RMS)
£ PECS [6] 20...200 mA/s
S current |




Table 2. Full factorial experimental design

Factor Min. value Max. value | Step
Voltage U (V) 300 400 50
Electrolyte temperature T°C) 50 90 20
Process duration gmin) 0 20 5

Table 3. FR modelling results for different substrates
Substrate Re(Q) Rp (Q-cm?) C (F-cm?) &r
Al dense 75.2 2.7-107
Al foam 10 132.6 1.3-10° 8...11
Ti dense 74.2 1.2-10° 80...173
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Ydesired AY Control X Control Y
() system object S
+
Y
Feedback
block <
(a)

S gesired /\AS Control | X Control object S
system BN
AN
S
Reference S
model
X
Feedback
block

(b)

S desired AS Control | X | Control S
() system >| object — >
RN S
C
S
Feedback | S | Diagnostic
block model

(c)

Fig. 1. Feedback concepts using models: (a) Classical control system with observable output Y; (b)
Control system with reference model. The output S is unobservable and the reference model must
be dynamic; (c) Control system with diagnostic loop. Output S is unobservable and output C is

observable
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Fig. 2. Stages of vapour gaseous envelope evolutielmxggen evolution; b-

bubble boiling in the VGE; emicrodischarges in the VGE;-dmicrodischarge

treatment of the surface micro profile; 1- working electrodegkctrolyte; 3-
oxygen (a) and vapour (b) bubbles: #icrodischarges [34, 35]
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Fig. 3. Side view pictures of aluminium alloy samples at different time of the PEO
process: a few seconds; b 15 min.; c- 30 min.; d- 45 min. [38]
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Electrolytic plasma
processes

A 4

Polarity of the working
electrode

\ 4

Cathode treatments

Anode treatments

Type of metal substrate
(anode and bipolar
treatments)

Bipolar treatments

Main voltage drop

v

Valve metalsAl, Ti, Mg etc.), having n-type oxide films

Non-valve metalsKe, Cr, Ni etc.), having p-type oxide films

Main process

v

Vapour gaseous envelope (cathode and anode treatments)

Oxide layer (anode and bipolar treatments)

Process arrangement

v

Diffusion and case hardening (anode and cathode treatments

Oxidation (anode and bipolar treatments)

Polishing (anode treatments)

Surface cleaning and coating stripping

Type of power supply

Immersion

-

Spraying

Voltage source

-

Current source

Fig. 4. Classification of electrolytic plasma processes
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Fig. 5. Cross-section of a steel sample after case hardening (a) [40ynaudr®
of the top view of PEO coaig on Al (40 um thick) (b) [62] and Ti (13 pum thick) (c)
[63] alloys; micrograph of the surface morphology of a stairdess after polishing
(Ra=0.15 um) (d) [13]; micrograph showing typical morphology of a EP cleaned
steel (e) [8]; cross-section of the aluminide coating betngped from a nickel

superalloy (f) [31]
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Fig. 6. Typical arrangements of the equipment used for EP processes
in electrolyser (a) [1] and with electrode tool (b):[¥} window; 2— mixer; 3—
connecting wires; 4 exhaust/ventilation system;-5grounded case;-6power
supply unit; 7- workpiece; 8- cooling system; 9 electrolyser-counter electrodH)
— insulating plate



Current

Voltage

Y
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Time Time

(@) (b)
Fig. 7. Typical current curve for running EP processes fromtagmlsource (a) and
typical voltage curve for running PEO processes from a current source (b):

1-2 — anodisation; B — sparking; 34 — plasma electrolytic oxidation



Models of VG_E mode_:ls > With respect of electrolyte flow > Electrolytic
electrolytic »  using partial : : plasma polishing
plasma differential L Using Maxwell’s and heat transfer equations —
processes equations
—> Using boiling characteristic —
Electrolytic
Phenomeno- > Model-classification of heating mode plasma heating
. —>
L5 logical models N Relationship among processes during plasma electrolysis —
> Evolution of microdischarges in oxide pores |_—» Plasma electrolyti
: : : — : > oxidation
—> Evolution of microdischarges and crystallisation of oxides ||
Theoretical —>
models of > Metal-dielectric-electrolyte system model —
™|  processes in
oxide layer 3 Impedance spectroscopy analysis —
L) Resistive model circuit -
Equivalent —> Resistive and capacitive model circuit —
—» circuit models - —
Nonlinear circuit —
—> Approximation of voltage transients —
Empirical . — |
models of L Dynamic current-voltage characteristics
—> rational —
Cﬁg;;;?i s?i cs > Pulsed current-voltage characteristics |
L, Coating thickness, roughness vs. process parameters | —

Fig. 8. Classification of models of EP processes
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»| 6. Electric power supply
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£
2 7. Heat power supply
. Current flow contour
S AN Heatexchange v
()
1. Working electrode » 2. Surface layer |« 3. Vapour gaseous > 4. Electrolyte <«—»| 5. Counter electrode
(metal substrate) envelope (VGE)
I I I I [
111, Anode 2.1.1. Layer formation 3.1.1. Boundary processes 4-1-1t-hzrgl¢;i’;f§|5yx"hin 5.1.1. Cathode processes
electrochemical processes 2.1.1.1. Formation of oxides 3.1.1.1. 3.1.1.2. Joule —
2 Electrolysis heating 4.1.1.1. I?_” congyctlwty
1.1.1.1. Anode dissolution 2.1.1.2. Deposition of (An™, Gat™) 5.1.1.1. Cation discharge
Me® — né — Me™ electrolyte particles 3113 Gos 3174 | 2.1.1.2. Healing / cooling | Cat™ + né — Cat
1.1.1.2. Metal oxidation 2.1.1.3. Hydrogenation excretion Evaporation ii1sE A
2H.0 — 46 — O2 + 4H* .1.1.3. Electrolyte mixing
» xMe + yO2 — MexO2 2.1.2. Plasma processes r— 5.1.1.2. Hydrogen release
2 yO y 3.1.2. Boiling in the VGE | 2114 Gol formation | e 23{ gH oo
2 1.1.1.3. Anion discharge 2.1.2.1. Microdischarge | 3.1.2.1. Film type | = N 2;
2 An™ — né — An® action 4.1.2. Processes on partial 2H" + 28 — Hp
g | 3.1.2.2. Transient type | electrolytic electrodes
2.1.2.2. Electroerosion iaai
? 12 carods k2 I [_srzamuoenpe JIKYI| ' Goiingaorobte | [
2 ||| electrochemical processes 2.1.3. Metallurgical '
s : : 1.3. Metallurgica 3.1.3. Processes within VGE 4.1.2.2. Electrolyte pulse 5.1.2. Anode processes
c 1.1.2.1. Cation discharge | BIOCESSES) | T Frgod touching the surface
o Nt NG 0 2.1.3.1. Alloying .1.3.1. Hydrodynamic
§ — S | and ph processes 4 g@é&%gg%g?&:ver 5.1.2.1. Anode dissolution
a 1.1.2.2. Hydrogen release 2.1.3.2. Structural and phase — : " Me® — e — Me™
8 2H20 + 28 — Hz2 + 20H- transformations 3.1.3.2. Crystallisation 4.1.24 Radiolysis of electrolytic
° OH* + 28 — Ha of chemical compounds clectrodes
S
o 2.1.4. Layer transformation
- 1.1.3. Cathode electron 2.1.4.1. Formation of p-type 3.1.4. Plasma processes 4.1.3. Electrolytic cathode 52|1_| 202 (Zz<ygeg rele4a|_s|?
processes oxides 3.1.4.1. Glow discharge with X EP’?C?Sse?h —— 20-48 > Oz +
i .1.3.1. Emission o rate
1.1.3.1. Emission of electrons | 2.1.4.2. Formation of n-type electrolytic cathode clectrons into pIasII'na
- oxides 3.1.4.2. Spark discharge with = 5.1.2.3. Anion discharge
11 -1;:‘2222;;9"33' 2.1.4.3. Surface polishing metal cathode AL E,'fﬁi’:;‘é‘;ﬁ LR An™ — ng — An?
r
1.1.4.1. Structural and phase — . 3.1.4.3. Arc discharge with 4.1.4.1. Electron injection from
transformations | 2.1.4.4. Stripping of oxides | metal cathode plasma into electrolyte

Fig. 9. Generalised phenomenological model structure
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Fig. 10. Generalised phenomenological model structure (continued)
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Fig. 11. Black box EPP model structure (a) and internal structure of the EPP
model (b)
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Fig. 12. Dynamics of the major surface properties during different EPPs:
EPPo- U=300 V, T=80°C; PEO- U=550 V, T=2(°C; EPCS- U=350 V, T=70°C

50



j (MA-mn?)
b Lo o
ES

—

_3 - T T T T T
0 20 40 60 80
t (ms)
(@)
(A) 100ms
2,0
1,0
|y ul‘-a Fan 1 ' Lol
0’0 L. NI ] 1 — v 3 T 1 b ¥
Ut Wi b f L f qf i 1§ LA b/
l 1“|' l-‘p" !wf N'l L.H" 'I_T__H' 'nw.' "lwf
-1,0 ?
-2,0
(b)

Fig. 13. Waveforms of voltage and current density during PEO process at 50 Hz (a) [103] and
waveform of the AC component of the current during EPPo%s&6ond of the treatment (b) [104]
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Fig. 14. Statistical spectra of the AC component of the current during EPP of cylindrical (a-c) and
square (d-f) samples at different treatment times [104]
a,d-25s;b,e105s;c,+345s
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Fig. 15. Typical chronograms of RMS current density and voltage for AC PEO with
RMS current density stabilisation (a) [107]; chronograms of RMS current density for
PEO process in different electrolytes with RMS voltage stabilisatiorl (8] pnd
chronograms of current for EPCS process run with voltage stabilisationliviérent
initial temperatures (c) [6]
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Fig. 16. Framework for EPP diagnostics and modelling using frequency response approach
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Fig. 17. U-T plane of the experimental desigr:far physical experiment; b for numerical
experiment
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Fig. 18. Structures of neural network models (a, b) and their Matlab representations (c, d):
a, c— static; b, d- dynamic
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Fig. 19. Modelling results for the static neural network model:
a, c, e coating thickness; b, d-fsurface roughness;
a,b—-U=300V;c,dU=350V;e, +U=400V,
1-T=50°C;2T=70°C;3-T=90°C
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Fig. 20. Results of modelling a response to a voltage step from 300 to 400 V (a) at T=50 °C with the
static (b) and dynamic (c) models of PECS processd step; 2- with the step
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