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Plasma electrolytic oxidation of lightweight metals performed in water-based solutions is
usually accompanied by both the release of a large volume of gases (mainly H, and O,)
and heat emission. Today, the existing electrochemical concepts that tend to explain the
oxidation mechanisms involved in the metal conversion under the plasma electrolytic
oxidation discharge regime do not provide a clear explanation about these phenomena. In
this paper, the critical role of the exothermic thermochemical reactions that occur in
micro-discharges between the metal particles emitted from the substrate by discharges and
the surrounding water vapour (2Al+6H,0=2A1(OH),+3H,+Q) is considered. This reaction
is thermodynamically favourable over a wide temperature range from room temperature to
temperatures far in excess of the melting point of aluminium (660°C). This means that the
main product of the reaction between dispersed aluminium and water is aluminium hydroxide
Al(OH),. At the same time, conditions realised in spark discharges allowed forming also
Al,O;, because it is the most stable product at high temperatures. Comparison between the
calculated amount of aluminium oxide, performed using the characteristics of individual
discharges, and experimental results taken from the literature revealed that the
thermochemical reactions is mainly responsible for both the large amount of gas release
and heat emission during the plasma electrolytic oxidation of aluminium.
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Introduction

Various aspects of the mechanism of plasma
electrolytic oxidation (PEO) have been studied, such
as correlation between voltage, time of electrolysis
and spark quantity at different current densities and
regimes, characterisation of light emission during
electrolysis and spark parameters, measurements of
anodic gas amount evolved during electrolysis,
elemental and phase analysis of coatings,
measurements of the mass, thickness and porosity
of the coatings.

To investigate the true mechanisms involved
in the PEO process, the complex of experiments
devoted to the investigation of material balance of
this process has to be done in the similar experimental
conditions. Unfortunately, such complex studies are
not known to us. Until now, the nature of non-
Faradaic gas evolution, high hydrogen light emission
and mechanism of heat generation remains unclear.

In this study, attention is paid to the
thermochemical processes that take place in micro-
discharges, to which very few articles have been
devoted, to the authors’ knowledge. The main idea
of this paper is to propose a model which could
explain the main role of the water conversion of the
dispersed metal particles ejected from the substrate
into the micro-discharges. We proposed that the low-
voltage metal anodising which occurs before sparks
ignition is only responsible for the formation of a
thin primary dielectric oxide layer which thereafter
suffers from the subsequent breakdown events. During
sparking in anodic polarization, the thermochemical
conversion of the metal substrate provides the main
quantity of aluminium hydroxide and results in the
main quantity of hydrogen in anodic gases [1].
Therefore, the purely electrochemical mechanism
cannot explain either the quantity or the composition
of the gas released at the stage of sparking. At the
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same time, the ability of activated aluminium and
its alloys to reduce water to hydrogen is well-known
from numerous research in the hydrogen production
technologies [2].

The goal of this paper is to relate the coating
growth mechanisms to the discharge characterization.

Experimental data

The corresponding experimental data taken into
consideration were obtained from the analysis of
literature given below.

The cumulative number of micro-discharges
that appear during a PEO treatment was shown to
be at least two orders of magnitude lower than the
population density of pores on the surface of the
final coating. Increased processing time results in
coarsening of the coating surface due to the formation
of relatively large pores. The diameter of the light-
emitting region was estimated between 50 um (for
coating thickness of 5 um) and 150 um (for coating
thickness of 50 um). This difference was connected
with the formation of multiple discharges and the
net of channels to release the gases formed during
plasma oxidation [3]. Predicted radius of the gas
bubble, r, at the point of peak current in individual
discharge lying in the range of 0.01 to
0.07 A.discharge™ was estimated between 2—40 um
[4].

Some different results, namely drop in micro-
discharge density from 3.8-10"" discharges-m™2 to
1-10'° discharges-m™2 during a processing period of
2160 s were observed by Shen et al. [5]. It was
established that the population of craters was about
1-10'° craters-m~? at the discharge rate of
1-10® discharges:m2-s7!, so in two orders higher. The
number of pores was shown to decrease significantly
with the increase in the film thickness.

Our calculations were based on a results
obtained by authors [3]. In cited work, estimation
of discharge parameters has been done by video
images recorded by using a Photron SAIl.1 camera
which allowed studying microdischarges evolution
either along the current period or over the processing
time. The sampling rate was set at 125000 frames
per second (125 kfps) which corresponds to a time
resolution of 8 us. Under these specific recording
conditions, the spatial resolution of the camera was
set at 0.017 mm? which is much lower (by a factor
of ~15) than the minimum area of microdischarges.
The number density was estimated as a function of
the processing time.

It was shown that the substrate consumption
rate of 10 nm-s’! corresponds to 10 pm*mm™2ms™,
so one discharge consumes ~10 um? of Al (creating
~15 um? of coating). In terms of energy consumption,

this represents ~10'3 J-m~3 of coating (since the energy
of a discharge is in the range of ~100—200 pJ). The
single spark produces the individual gas bubble with
the minimal radius of ~35 um.

From Fig. 4,b in ref. [6], the discharge density
is ~10' for all frequencies at time=0 and decrease
to ~1.6-10°, ~1.6-10° and ~1.6-10° for f=100 Hz, 500
Hz, and 900 Hz, respectively. At the same time,
authors evaluated the average growth rate of the PEO
coatings under different current densities and different
current pulse frequencies [7]. It was shown that the
current density has a more visible influence on the
growth rate than the current pulse frequency. The
highest coating growth rate (2.1 pm-min~!) was
achieved with the combination of the highest current
density (75.7 A-dm) and the highest current pulse
frequency (900 Hz).

It is well-known that PEO occurs in diluted
(1-5 g-L") alkaline solutions containing KOH,
Na,Si0;, Na,PO,, and NaAlQ,. At the same time,
the nature of anion has very weak influence on the
dielectric properties and chemical composition of
anodic film. In the case of PEO of aluminium in a
solution of potassium hydroxide and sodium silicate,
the spectra also showed the existence of atomic lines
of O, Na and K (from the electrolyte) and Al (from
the substrate). Optical emission spectroscopy
measurements [8] revealed the strong emission of
H,- and Hg-Balmer lines of hydrogen. Spectra also
revealed two distinct regions composed of a central
core of high temperature (~16-10°+£3500 K) with a
high electron density (N,~5-10'7 cm™3) and a
peripheral region, probably extending into the
surrounding electrolyte (~3.5-10° K) with a less
electron density (N.~10" cm™3). It was also shown
in ref. [9] that in the case of negative pulse
polarisation the cathodic discharges have the stronger
light emission than the anodic ones which can be
explained by their greater energy or, according to
our point of view, by an increase in the amount of
hydrogen in the gas. Besides that, in the case of
titanium, the metal working electrode is gradually
worn down and precipitated to the bottom of the
cell in the form of fine particles [10], so the
destruction must have been caused partly by heat
damage.

The model of plasma electrolytic oxidation

Principal assumptions

Taking into account the possible ejection of
dispersed metal particles from the electrode surface
by the plasma process which has been confirmed by
morphology and composition of the coating, the
following thermochemical reactions can occur
between activated metal particles (for example, Al)
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and water vapour [11]:

2A1+6H,0 —> 2A1(OH), +3H, +Q, ; (1)
2A1+4H,0 - 2AI00H +3H, +Q, ; 2)
2A1+3H,0 - ALO, +3H, +Q, , (3)

where Q,=163kJ.g”', Q,=15.5kl-g' and Q;=15.1 kl-g"!,
respectively.

From thermodynamic point of view, the
reaction (1) is more possible due to highest heat
effect. All these reactions start at 300°C.

In comparison, the heat emitted during
conventional non-sparking oxidation of aluminium
is only 3.1 kJ-g™! [3].

The additional heat can be produced by the
thermal transformation of aluminium hydroxide to
oxide which starts at 300°C:

Al(OH), — 0.5A1,0, +1.5H,0+Q, (4)
where Q;=4.2 kJ-.g™!.

As a general rule, direct reactions between Al
and H,O at the room conditions are impossible
because of the existence of a thin coherent and well
adherent oxide layer which prevents these reactions
to occur. Therefore, reactions (1)—(3) can occur after
the removal and/or destruction of the outer hydrated
surface layer which requires the surface to be
activated. This activation occurs in alkaline media
which results to formation of soluble aluminates:

2Al" + 6H,0+60H —

— 2[AI(OH), T~ +3H, +Q,. (5)

It has been shown [12] that on the first stage of
PEO (simple anodising) the oxide films growth on
aluminium by A1’ egress and O*/OH™ ingress
diffusion across the film. As the voltage increases,
the efficiency of film formation decreases which can
be associated with non-uniform film growth, related
to local heating and current concentration at the
metal/oxide interface. The formation of «inter-
connected channels» within the oxide film reveals
places of local current concentration. Local heating
causes the generation of metal nanoparticles and
vapour. The contact area between electrode and
plasma is limited to spots of several square microns
cross section. Due to Joule heating and ionic impact,
these spots are heated very quickly, causing the
material to melt and partly evaporate. Oxide film

formed in the electrolyte of pH 11 to the breakdown
voltage consists of Al,O, depth of about 70 nm and
presumably arising from the development of AI(OH),.

Continuous evaporation expands from the
electrode at the temperature ~1-10* K and velocity
of ~10° mss~' [13]. As the coating thickness increases,
there is a tendency for the light emission to have a
larger radius and greater intensity with thicker
coatings. The diameter of the light-emitting region
appears to vary from ~50 um for a thin (5 um) coating
to ~150 um for a thicker (~50 pm) coating. It may
be that these dimensions relate primarily to the gas
bubble forming above the channel, rather than to its
core within the coating.

Tomographic reconstruction of the pore
structure around a typical discharge channel (with a
diameter of ~50 um) revealed that it extended almost
through the entire coating thickness (~100 um in
this case) to the substrate, where there was an oxide
layer a few microns in thickness and bubbles reach
radii of 500 um within periods of 100 ps. It was
proposed that bubbles consist of water (electrolyte)
vapour. One part of the vapour will deposit on the
electrode; other part disappears either by radial
expansion of the vapour cloud, energy loss and/or
by getting into the electrolyte. The high temperature
and velocity of the vapour jet guarantees rapid
expansion and hence very high cooling rates and
small particles can be seen for spark generation.

To simplify the calculations, we have made
following assumptions:

— one discharge creates one particle of dispersed
metal which interacts with water vapour according
to the stoichiometric equation (1) as a most likely;

— diameter of pore remained after ejection of
Al is 10 times less than the radius of gas bubble.

Hydrogen volume released and mass of aluminium
ejected in a single discharge

To support our hypothesis about the
predominant role of reaction (1) in discharges and
to estimate the volume of hydrogen formed by this
reaction, we used the experimental data obtained by
Martin et al. [6]. Values from Fig. 6,a [6] were rebuilt
in coordinates r (radius) versus n (density of
discharges) and data from Fig. 4,a [6] were
approximated by the logarithmic equations (Table).

Dependences of micro-discharge density versus
time of electrolysis at different current densities are
presented in Fig. 1.

Substitution of the equations n=f(t) from the
right side of Table into the left one (r=f(n)) made it
possible to obtain the dependences r=f(t) for different
current densities (Fig. 2). One can see that the higher
the current density and time of electrolysis, the larger
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the radius of discharges.

The relationships between the radius (r) and the density
(n) of micro-discharges and the time of electrolysis (t)

r=f(n)
r,=0.051In(n,)+0.987
1,=—0.0676In(n,)+1.197
r;=—78.152In(n;)+1277

n=A(t)
n,=9770In(t)+911511
1n,=200000In(t)+1000000
n;=100000In(t)+832776

Note: indexes 1, 2 and 3 correspond to current densities 12.6,
37.9 and 63.1 A'm2, respectively.
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Fig. 1. Density of discharges as function of the processing time
of electrolysis at different current densities applied to the
electrodes
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Fig. 2. Estimation of the radius of discharges as function of the
processing time at different current densities applied to the
electrodes

Taking into account the number of discharges
estimated by Martin et al. [6], the rate of gas release
u (dm*cm™2s7!') was estimated according to the

following equation:

u=n-v,, (7)
where

_4 3
Vg—gTCI' . (8)

Results of these calculations are given in Fig. 3.
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Fig. 3. Calculated rate of gas evolution in sparks as a function
of the processing time at different current densities applied to
the electrodes

In accordance with our measurements [14], the
content of hydrogen in anodic gases achieves 60 vol.%
and the rate of anodic gases release is between (0.01—
0.04) dm*cm™2s7! in the range of current densities
of 5—35 A.-dm™2. So, we can see a good coincidence
between calculated and experimental results.

It was shown [1] that the ratio «hydrogen/
oxygen» in anodic gas is in the range 1.67—1.76 and
depends on the current density. The main sources
of hydrogen are water thermolysis and reaction (1).
To estimate the role of reaction (1) in hydrogen
production, the stoichiometric relation was used and
the mass of aluminium dispersed in a single sparks
m,, (g) was calculated by the equation:

9]
m,, :0.1-0.6-§VH2

mol

Ay (9)

where A, is the atomic mass of aluminium (g-mol™');
V,o=22.4 (dm3>mol™") is the molar gas volume at
the normal conditions (temperature of 273 K and
pressure of 101325 Pa); vy, is the volume (dm’) of a
gas bubble calculated from the radius of visible
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discharges such as 0.1r; and 0.6 is the coefficient
which corresponds to the H, content in anodic gas.

In these calculations, we used the normal
conditions because gas bubbles growth without
substantial increase in either pressure or temperature
within the local volume, so with the some
approximation it was considered that the peak over-
pressure within it is relatively low (of the order of
1 atm).

In this regard, the estimated mass of dispersed
aluminium produced by a single spark was calculated
by formula (9) and presented in Fig. 4.
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Fig. 4. Estimation of the mass of Al particles dispersed by a
single micro-discharge as a function of the processing time at
different current densities applied to the electrodes

Nomine et al. [3] supposed that the mass of Al
which is converted into oxide and stay at the electrode
in the form of oxide is approximately ~0.03 ng per
one discharge. This value allowed us to calculate the
reaction yield during electrolysis such as 0.1—0.7%
at all current densities. The highest yield belongs to
the initial period of time and the lowest one
corresponds to the end of electrolysis (2600 s). So,
one can propose that the rest part of aluminium
converted by water produces different forms of
aluminium hydroxide.

At the first glance, the data shown in Fig. 3
seem to be contradictory, since the rate of gas
evolution decreases with increasing the current
density. In addition, the rate of gas evolution sharply
decreases with the time of electrolysis. Nevertheless,
these data reflect the decrease in the density of micro-
discharges and can explain the effectiveness of high
current densities towards oxide growth. One can see
that the lesser the current density, the higher the
rate of the conversion Al to hydroxide (reaction (1))

or soluble forms (reaction (6)).

With the oxide growth, the content of Al
significantly reduces and the reaction rate also
decreases. The temperature has a significant influence
on Al—H,O reaction. It was shown [15] that the
maximal reaction rates (cm*s™!') at 60°C, 70°C and
80°C are 0.048 cm?s7!, 0.146 cm?s™' and 0.333 cm?s™!,
respectively. One can see that our data corresponds
to the rates obtained at the minimal temperatures.

In accordance with the data obtained, the
sequence of events in plasma electrolysis can be
described as follows. The electron avalanching leads
to the formation of conducting channels with a few
nanometres in diameter, which trigger the breakdown.
Once such conducting channels form, the subsequent
development of the event is determined by thermal
effects caused by the current runaway or discharge
of the electrostatic energy stored in the specimen
through the channels. The electrochemical reactions
supported this process are accompanied by the
aluminium ionisation and release of gaseous oxygen.
In this stage of electrolysis, the discharges of the
stored energy through the channels are not sufficiently
serious to cause local evaporation of the film material,
but instead it leads to the generation of sufficient
heat raised to a level at which thermal breakdown is
inevitable, i.e. the local temperature rises to such a
level that ionic conductivity increases to give current
runaway. New conducting channels are most likely
to form in the immediate vicinity of the previous
channels where the temperature rise is the greatest.
Up to this stage, development of the event may not
be accompanied by sparking and the short bursts of
gas, possibly steam and/or oxygen. More serious
discharges accompanied by sparking through the
fused channel cause local evaporation of the film
material constituting the channels and thereby leaving
a hole. The bottom of the hole thus produced may
be healed at very high current density and
temperature. In addition, the impact of sparking may
cause radial propagation of cracks from the centre
of the destruction. The discharges through these
channels may eventually cause a massive evaporation
of the film material producing a pit a few microns in
size, attended by a visible and intense sparking.
Impact of such sparking may cause more extensive
cracks to propagate radially outwards. Both the
bottom of the pit and cracks caused by the sparking
are healed again at very high current density and
temperature, resulting in thicker film formation.

Comparison between heat released by power
supply and reaction (1) during sparking

In accordance with our calculations, the energy
released by individual discharge q. (J-discharge™)
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can be calculated as

1-U-t
qel= )
n

(10)

where i, U, t and n are the current density (A-m™72),
voltage (V), time (s) and the number of discharges
in the current moment of electrolysis, respectively.

The values of g, were estimated in the range of
(1.2—3.7)-107* at 12.6, (2.2—120.0)-10* at 37.9 and
(8.2—580)-10 at 63.1 A-dm™2, respectively. These
results coincide with the known data [3] where q
was found in the range of ~ (1.0—2.0)-10* J.discharge™
that corresponds to the total energy consumption
closed to ~10"3 J-m™. So, our results are in satisfactory
agreement with data obtained at low current densities.

Using the value Q, which is the heat released
by the reaction (1), the energy q, of aluminium
conversion can be calculated according to the
following equation using data taking for m,, from
Fig. 4:

qtr:mAl'Ql' (11)

The calculated results are shown in Fig. 5.
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Fig. 5. The energy of exothermal reaction (1) as a function of
processing time at different current densities applied to the
electrodes

The fraction of the energy (n, %) released in
reaction (1) in the total energy consumed from the
power supply was calculated as follows:

n =300,
qel

The obtained results are shown in Fig. 6.
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Fig. 6. The fraction of the energy released in micro-discharges
by reaction (1) in the total energy consumed from the power
supply at different current densities applied to the electrode

Surprisingly, the higher the current density, the
lesser the fraction of energy released by reaction (1)
in the total energy consumed from the power supply.

It is clear that the PEO process is accompanied
by spark discharges with the temperature of several
thousand centigrade, so it is impossible to compare
the real heating provided by discharges with the heat
effect of chemical reaction (1).

Conclusions

It was proposed that the main role in plasma
electrolytic oxidation in the stage of sparking belongs
to the thermochemical conversion of metal by water
vapour that provides the main quantity of gases with
the primary concentration of hydrogen in them. The
amount of anodic gases was calculated from optical
measurements of number and sizes of discharges
(literature data). The volume of possible gas bubble,
which, in its turn, was calculated from the radius of
light spots, was used for the estimation of hydrogen
evolution rate. Good correlation between calculated
and experimental results was found. Taking into
account the content of hydrogen (60—70 vol.%) in
anodic gases, the possible amount of aluminium
dispersed in individual sparks was calculated according
to the reaction 2Al+6H,0 =2Al(OH), +3H, +Q,. It
was shown that the reaction yield for Al conversion
during thermochemical stage of electrolysis is
approximately 0.1—0.7% at all current densities.

It was also found that the heat released in sparks
by exothermic thermochemical reaction is near to
1% of the total energy input.
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AHAJII3 TEPMOXIMIYHUX PEAKIIIA B
MIKPOPO3PAIAX ITPU IINTABMOBOMY
EJEKTPOJITUYHOMY OKCUAYBAHHI AJTIOMIHIIO

JI.O. Cuincxo, H.JI. I'ypesina, O.0. Kaainiuenxo,
B.O. I'oaosenxo, K.B. Poecuko

1lhazmoge eaekmponimuyte oKCUOYBAHHS NeeKUX MEMANie,
sKe 30iUCHIOEMbCA 68 GOOHUX eAeKmpPOAimax, 3a3eutail Cynpoeo-
0XCyembCst iHMeHCUBHUM 2a308udineHHsM (2onoenum yurom, H, i O,)
i eucoxum mennogum eghpekmom. IcHyroui cb0200Hi enekmpoximiuni
KOHUenuyii, wo NosCHIOIOMb MeXAHI3M OKUCACHHS Memanie, He 0a-
10Mb 4imK020 NOSACHEHHs A6UW, W0 8i00Y8aOMbCS NPU NAA3MOBOMY
eAeKMPONIMU4HOMY OKcudyeanHi. B daniti cmammi poseasioaemocs
NPOBIOHA PONb eK30MepPMIUHUX MEPMOXIMIYHUX peaKyill, IKi MOXC-
AUBI NPU MIKPOPO3PA0AX MINC YACMUHKAMU Memany, KUl ejicex-
myemocsi 3 Memany, i 600AHOI0 NAPOIO, SIKA OMOUYE 30HY PO3PACY
(2Al+6H,0=2AI(OH);+3H,+Q). 3 mouxu 30py mepmoounamixu
HasedeHa peakyis UMOBIPHA 6 WUPOKOMY Oiana3zoni memnepamyp
— 6i0 KiMHamHoi 00 memnepamypu, sIKa 3HA4HO NepesUULye mem-
nepamypy naaenenus anominito (660°C). lle o3nauae, wo ocHog-
HUM NPOOYKMOM peaKyii midc OUChepCHUM antoMiHieM | 600010 Modice
o6ymu eiopokcud aarominito AI(OH);. Y mou ace uac, ymosu, sxi
BUHUKAIOMb 8 ICKPOBUX PO3PAOAX, CHPUSIOMb MAKOIC OPMYBAHHIO
AL, O;, ockinbku anrrominiti okcud € Haubinbw cmaodinbHum npooyK-
mom npu eucoxkux memnepamypax. IlopieHsnHs Kinbkocmi aaroMiHil
oKcudy, po3paxo8ano2o 3 UKOPUCAHHAM XAPAKMEPUCMUK OKpe-
MUx po3psaoie, i eKcnepumMeHmanbHux pe3yabmamie useuno, o
MepMOXIMIYHA KOHBEPCIis antoOMIHII0 6005HOI0 NAPOIo 8idnosidaivha
K 30 GHOMAAbHY KIAbKicmb, mak i 3a émicm 600HI 8 AHOOHOMY
easi nio yac naazmoe02o eneKmposimuHo20 0KCUOY8AHHS ANOMi-
HIIO0.

KimouoBi c10Ba: 11a3MoBe €JIeKTPOTiTUMHE OKCUTYBaHHSI,
KiHeTHKa, BUUJICHHST BOAHIO, MiKPOPO3PSIIM, AJTFOMIHIiA.
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Plasma electrolytic oxidation of lightweight metals performed
in water-based solutions is usually accompanied by both the release
of a large volume of gases (mainly H, and O,) and heat emission.
Today, the existing electrochemical concepts that tend to explain the
oxidation mechanisms involved in the metal conversion under the
plasma electrolytic oxidation discharge regime do not provide a clear
explanation about these phenomena. In this paper, the critical role
of the exothermic thermochemical reactions that occur in micro-
discharges between the metal particles emitted from the substrate by
discharges and the surrounding water vapour (2A1+6H,0=2AI(OH) ;+
+3H,+Q) is considered. This reaction is thermodynamically
favourable over a wide temperature range from room temperature to
temperatures far in excess of the melting point of aluminium (660°C).
This means that the main product of the reaction between dispersed
aluminium and water is aluminium hydroxide Al(OH);. At the same
time, conditions realised in spark discharges allowed forming also
AL O;, because it is the most stable product at high temperatures.
Comparison between the calculated amount of aluminium oxide,
performed using the characteristics of individual discharges, and
experimental results taken from the literature revealed that the
thermochemical reactions is mainly responsible for both the large
amount of gas release and heat emission during the plasma electrolytic
oxidation of aluminium.

Keywords: plasma electrolytic oxidation; hydrogen release,
growth kinetics, micro-discharges; aluminium.
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