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HYDROGEN RELEASE ON THE ANODE IN THE COURSE OF PLASMA
ELECTROLYTIC OXIDATION OF ALUMINUM

L.A. Snezhko,l’2 A.L. Erokhin,3 0. A. Kalinichenko,' and D. A. Misnyankin1

The process of preferential hydrogen release on the anode in the course plasma electrolytic oxidation is
a result of the thermochemical reaction between aluminum dispersed in spark discharges and water va-
por. It is shown that the products of interaction are aluminum hydroxides or oxides. In this case,
the degree of oxidation and the maximum efficiency of the plasma electrolytic oxidation are attained in
the case of inhibition of the reaction of hydration of the metal and the presence of sufficient amounts of
oxygen in the reaction zone. It is discovered that the compounds present in the electrolyte capable of
adsorption on aluminum and the cathodic current component suppress the reaction of aluminum hydra-
tion and promote the formation of oxides.

Keywords: electrolytic oxidation, cathodic component, oxide, spark discharge.

Plasma electrolytic oxidation (PEO) is a quite promising procedure of deposition of corrosion- [1], wear- [2],
and heat-resistant [3] coatings on aluminum, titanium, and magnesium. As usual, the process is accompanied by
the intense release of gases on the anode. Moreover, the composition of these gases and their “anomalous”
amount could not be explained [4] within the framework of the available electrochemical regularities. The re-
sults of multiple measurements of discharges performed by using different methods [5-8] gave a common

knowledge of their parameters (a duration of 0.2—1.0 sec, a temperature of 103-10*°K, and a pressure near the

crater of 10°-10° MPa [9]) but did not clarify the nature of thermochemical processes in them. The experi-

mental data obtained earlier [10, 11] reveal large amounts of hydrogen in the anodic gas under the conditions of
anodic polarization, which can be explained only by the conversion of aluminum.

In the present work, we study the rate of gas release in the course of plasma electrolytic oxidation of alumi-
num and analyze the nature of thermochemical processes running in spark discharges.

Experimental Procedure

The process of plasma electrolytic oxidation was studied in an installation depicted in Fig. 1. The role of
anode is played by BS 6082 aluminum alloy (0.4-1.0 wt.% Mn; =< 0.5 Fe; 0.6-1.2 Mg; 0.7-1.3 Si; < 0.1 Cu;

<0.2 Zn; 0.1 Ti; =0.25 Cr; balance Al). The areas of the specimens varied within the range 900-1600 mm?.
The electrolysis was carried out in a solution containing 1 g/liter KOH, 2 g/liter Na,SiO3, and 1.5 g/liter

Na,P,07-10 H,O. The temperature of electrolyte was held at 30°C with the help of a water heat exchanger.
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Fig. 1. Experimental installation for PEO with simultaneous collection of the anodic gas: (1) power supply; (2) gas exit; (3) probes for
measuring currents and voltages; (4) oscilloscope; (5) gas analyzer; (6) flow gauge; (7) heated capillary; (8) cathode; (9) funnel;
(10) anode (working electrode); (11) electrolytic bath.

Table 1. Modes of PEO

No. of the mode Parameters

1 Direct current i =300 A/m>

2 Direct current of 600 A/m?

3 Direct current of 900 A/m?

4 Unipolar impulsive current i,, = 900 A/m?; f =100 Hz
5 Unipolar impulsive current of 900 A/m?; 1000 Hz

6 Unipolar impulsive current of 900 A/ m?; 10000 Hz

f Bipolar impulsive current of + 900/—450 A/ m?; 1000 Hz
8 Bipolar impulsive current of + 900/-900 A/ m?; 1000 Hz

The procedure of preliminary treatment of the specimens included their mechanical polishing with abrasive
paper (to the height of irregularities R, ~ 20 nm) and degreasing with acetone in an ultrasound bath. The spec-
imens were suspended from a threaded joint inside an upturned glass funnel so that the entire gas released from
the surface passed through a flow gauge and a gas analyzer. The electrolysis was realized for 600 sec in a gal-
vanostatic mode by applying direct currents in the uni- and bipolar impulsive modes (see Table 1).

The parameters of the process were monitored with the help of a Tektronix TDS 430A oscilloscope equipped
with the corresponding probes (A6303-TM502A and P5200A models). The mean values of current and voltage
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of the transient processes were recorded with the help of an NI-PXI-5922 digitizer with a frequency of discreti-
zation of 1sec™.

The density of charge is given by the formula

1.
0 = [ivar, (1)

where i(¢) is the mean current density at time # and S is the area of the specimen surface. The efficiency of
the current x5 (%) spent for the formation of a coating with thickness & is found as follows:

Xg = % -100%, 2)

where Qj is the amount of electricity (C/m?) required for the creation of a coating with thickness 0.

To analyze the discharge and composition of the gas, we used a system including a MASS-STREAM
(M+W Instruments) flow gauge and a Hiden QGA-200 gas analyzer. The gas was preliminarily dried by pass-
ing through a heated capillary. The flow gauge was calibrated by oxygen under the standard conditions (25°C,
101.325 kPa).

If the gas flow contains n components, then the actual release rate of at time ¢ can be determined as fol-
lows:

vr (1)

n vi(t)’
COZZ:‘:l lc
1

v(t) = 3)

where Cp, =0.98 is the coefficient of transformation of gaseous oxygen, v,(¢) is the gas flow experimentally
measured with the help of the flow gauge, v;(¢) is the volume fraction of gas at time ¢, and C; is the factor

of conversion of the ith component in the gas mixture.
The quantities v;(#) can be found according to the results of the gas analysis:

ey = =1 )

Yo [RO)]

Here, P.(¢) is the partial pressure of the ith component in a gas mixture at the time ¢ of measurements in the

gas analyzer.
The total amount of gas mixture V,;, formed in the course of plasma electrolytic oxidation can be found as

a result of integration of Eq. (3):

Vaix = [ (). 5)

Assuming that the gas mixture is collected under the normal pressure, the molar volume of the gas can be
found as follows:

P Vmix

Vv =
N RT

(6)
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Fig. 2. Voltage-time dependences obtained for a current density of 900 A/ m? under different conditions of electrolysis: (I-III) stages
of the process; (1) mode 7; (2) 5; (3) 3.

Here, P = 101.325 kPa is the normal atmospheric pressure, R = 8.314 J/(K-mole) is the gas constant, and
T =298°K.

The surface of specimens was the studied in a JEOL 6400, 15 kV, scanning electron microscope. The mean
porosity of the coatings o was found by analyzing the images of their surfaces with the use of the Image-J
software package. The thickness of the coatings was measured in microsections (as the mean value of 15 meas-
urements).

Results and Discussion

It was established (Fig. 2) that the voltage on the electrode increases with different rates. In stage I, it rapid-
ly increases to about 200 V. For the first 13 seconds, the growth rate is as high as ~ 43 V/sec, which is caused,
most likely, by the rapid oxidation of aluminum. In stage II with a duration of 13-48 sec, the voltage increases
to ~ 500 V at a rate of 8.6 V/sec. In this case, we observe simultaneous appearance of the first gas bubbles and
small sparks on the anode. In stage III, the rate decreases to 0.1 V/sec, and the gas release becomes more in-
tense. For the same frequencies, the curves for uni- and bipolar pulses on stage III practically coincide.

The analysis of the surface morphology showed that all coatings made by the plasma electrolytic oxidation
have a porous structure. In this case, the size of pores depends on the current density and the electrolysis mode.

In modes 1-3 (see Table 1) with an increase in the current density from 300 to 900 A/mz, their diameter in-

creases by three times, and the mean porosity grows by 8.11%. In modes 46, the size of pores decreases, as the
frequency of pulses increases. As the frequency of pulses increases from 100 to 10000 Hz, the porosity decreas-
es almost twice. The coatings formed in modes 7 and 8 have a finer porous structure, as compared with the di-
rect current modes and the modes with unipolar pulses. The sizes of pores decrease, as the negative current

component increases from — 450 to — 900 A/m?. In this case, the densest coatings with porosity of 6.84% are
obtained in mode 8. We established (see Fig. 3) that the gas mixture consists mainly of hydrogen, nitrogen, ox-

ygen, and atomic particles H and OH. The values of the thickness 0 of coatings produced in different modes of
the plasma electrolytic oxidation are as follows:
095+£0.32 um inmode 1, 2.55%+0.83 inmode?2, 3.76+0.73 in mode 3,
452+122 inmode4, 4.21+0.85 inmodeS5, 3.64+£0.59 in mode 6,

298+0.79 inmode7, and 3.57+0.44 um in mode 8.
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Fig. 3. Partial pressures of the components of anodic gas in the course of PEO for a direct current density of 900 A/ m?: (1) gas mix-
ture; (2) molecular hydrogen (H,), (3) atomic hydrogen (H); (4) molecular oxygen (O,); (5) moisture; (6) nitrogen; (7) hy-

droxyl group (OH).
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Fig. 4. Voltage—time dependences (1) and the amount of gas released in the course of PEO for a direct current of 600 A/ m?: (2) total
gas flow; (3) hydrogen; (4) oxygen.

It is assumed that nitrogen and hydroxyl groups appear in the gas mixture from the admixtures of air and
water. Therefore, they are neglected in our subsequent analysis and the gas mixture is normalized to oxygen and
hydrogen.

The total amount of molecular hydrogen was calculated with regard for the half amount of atomic hydrogen.
To clarify the interconnections between the voltage growth rate and the gas release, the corresponding curves are
shown in the same figure (Fig. 4).

The noticeable gas release is observed only if the stable sparking appears at the onset of stage III (at a volt-
age of about 500 V) approximately after the 48 sec electrolysis (in the direct current mode). For the remaining
modes, the time of the onset of a gas collection was determined experimentally. In this case, the composition of
a gas was studied only after the pipes of the measuring system were filled. We found that hydrogen becomes the
main component of the anodic gas just when the process approaches the mode of stable sparking. In this case,
the release of oxygen is suppressed (Fig. 5).

In all modes of electrolysis, the amount of hydrogen is significantly larger than oxygen, which is not con-
sistent with the electrochemical ideas about the nature of the anodic process. As the current density increases

from 300 to 900 A/m?, the specific releases of hydrogen and oxygen increase, respectively, from 1.1 to 49.4 and
from 0.08 to 4.6 mliter/cm?.

The generation of hydrogen is suppressed by the negative current component. Thus, as it varies from 450
to 900 A/m? in modes 7 and 8, the hydrogen release decreases from 63.9 to 32.6 mliter/cm?. The influence of
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H,

Fig. 5. Experimental correlation between the hydrogen and oxygen contents obtained in the course of PEO for different modes (1-8) of
polarization.

the frequency of pulses on the gas release is more complicated. The minimum and maximum amounts of a gas
are released at frequencies of 100 and 1000 Hz, respectively. It is obvious that the amount of hydrogen decreas-
es as the frequency of pulses increases (modes 4-6).

The analysis of the rate of gas release allows us to assume that the oxidation in a spark discharge can be
considered as a phasic process. First, the primary oxide layer is formed:

2Al+1.50, — 2O =2H0+05%4¢ 01 (5. (7)

Then, as spark discharges appear, whose temperature attains several thousand degrees, the chemical elements are
atomized:

H,O — 2H+0, AE = 910 kJ/mole, (8)
H,O+e¢ - 2H+0O™, AE = 820kJ/mole. 9

It should be taken into account that reactions (8) and (9) are energy consuming to a large extent. For this
reason, their fraction in the total energy consumption is at most 10-15% [12].

If the main sources of hydrogen were the water decomposition reactions (8) and (9), its molar content N 5220

would be twice larger than oxygen (Fig. 5). Then the amount of such hydrogen could be easily calculated by the
experimental content of oxygen in the gas mixture:

Ni2© = 2NGP. (10)

Nevertheless, the experimental content of hydrogen in the gas mixture is essentially larger, which supposes the
existence of another source generating hydrogen.

It was assumed that the basic reaction supplying hydrogen in the gas mixture is the water-based conversion
of aluminum dispersed in spark discharges. The breakdown of oxide causes a local heating of the substrate and
the ejection of microparticles of the metal Al — Al* into the discharge channel, where the following exother-
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mic reactions with water vapor are observed:

Al¥+ 3H,0 — AI(OH); +1.5H,, (11)
Al*+2H,0 — AIOOH +1.5H,, (12)
Al¥+1.5H,0 — 0.5A1,05 +1.5H,. (13)

Reactions (11)—(13) are thermodynamically probable in a wide range of temperatures up to the melting of
aluminum (660°C). Their thermal effects are, respectively, 16.3,15.5, and 15.1 MJ/kg Al [13, 14].
The interaction of ejected microparticles of aluminum with water and atomic oxygen results in the for-

mation of various hydroxides in dependence on the stoichiometric ratio between reagents. Unprotected alumi-
num reacts with water by forming mainly the bayerite forms of hydroxide (AI(OH)3) under a deficit of atomic

oxygen and bohmite (AIOOH) or oxide Al,O3 under its excess.

It was established in [15, 16] that various products of hydration arise on the anode surface. The amount of
atomic oxygen depends essentially on the type and the concentration of an admixture introduced in an electro-
lyte. The formation of oxygen from water in a spark discharge requires quite high amounts of energy even with
participation of electrons. Therefore, due to the deficit of oxygen, the basic products of the electroerosion of

aluminum in water are presented by various forms of aluminum hydroxide with domination of its bayerite form.
If the concentration of oxygen on the surface is suitable, the Al,O3 oxide film hampers the interaction of metal-

lic particles with water [17].
The aluminum oxide in the o-form is formed as a result of the reactions of thermal decomposition of bayer-
ite [18]:

o — AI(OH); —2%C 5 - ALO;(H,0)—2%C 59— AL O;(H,0)—22C 50— ALO;.  (14)

The substances that contain polymeric silicate- or phosphate-anions form gels of the SiO,-nH,O type.

These gels are adsorbed on the surface of particles of aluminum and protect them against hydration [19].
The hydrolysis of silicates and the subsequent interaction with aluminum hydroxide can be described by the fol-
lowing reactions:

SiO3™ + 3H,0 — H,SiO4 +20H ™, (15)
NaOH + AI(OH); + 3H,SiO, — NaAlSi;Og + 8H,0. (16)

In view of the compositions of coatings produced by the plasma electrolytic oxidation (o- and B-Al,03)
and the ratios of heat effects of reactions (11)—(13), we may assume with high probability that reaction (13) is
running in discharges. The mole amount of hydrogen N Qi , which would be released by this reaction, is deter-

mined by the difference between its experimental amount N Ie{xzp and the amount calculated from the water de-

composition reaction:

Nt = NP - Ng;O. (17)
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Fig. 6. Correlation between the amounts of Al,03 computed according to the amount of released hydrogen (N ALO,) (1) and accord-

ing to the thickness of the film (Nilzoz) (2): (1-8) modes of polarization.

Then, according to reaction (13), we compute the molar amount of aluminum oxide N 4,0, and aluminum
ejected in discharges N y;:

N

N a0, = ?2 (18)
2

NA] :Nﬁl*g (19)

The experimental amount of oxide (N 21203) is found according to the thickness of the film o:

5 _ 0Spd—a)

ALO; (20)

M a0,

where o, p, and § are, respectively, the porosity, density of Al,O3 (3400 kg/m3), and the area of the spec-
imen, respectively, and M pj,0, is the molar mass of aluminum oxide.

We detected (see Fig. 6) a significant difference between the value given by reaction (13) and the experi-
mental result. In our opinion, this can be explained by the “penetration” of solid products of reactions (11)—(13)
into the electrolyte. For a more detailed discussion of the mechanism, it is necessary to study the content of
aluminum in the electrolyte.

Since the gaseous products of thermochemical reactions are released through pores, the comparison of their
amounts and the efficiencies of growth of the thickness of the coating is of interest to discuss the mechanism of
this growth. The efficiency of oxidation is given by the formula (Fig. 7):

N
N = —22%-100%.

N 10,

It is clear that, in modes 1-3, as the current density increases, the efficiency of growth of the thickness of
the coating decreases, whereas the level of porosity increases.
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Fig. 7. Efficiency of oxidation (1) and the porosity of coatings (2): (1-8) modes of polarization.

Only for the least current density (300 A/ m2), we observe a correspondence between the computed and ac-
tual amounts of oxides (the oxidation efficiency is close to 100%). However, as the current density increases,
the indicated balance is violated: the amount of released hydrogen significantly exceeds the amount required for

the oxidation of the metal. It is possible to assume that, in this case, the aluminum passes either into a soluble
form and forms aluminates in alkaline electrolytes or into the deposits in the form of AI(OH)5 hydroxide.

For a current density of 900 A/ m? in the DC mode and with unipolar pulses at a low frequency (100 Hz),
the porosity of the coatings increases but the positive effect of oxidation decreases.

On the contrary, the efficiency of the process increases with frequency, whereas the porosity of the coatings
decreases. In the bipolar mode, we observe a similar effect. Thus, the observed correlation between the effi-
ciency of the process and the porosity of coatings indirectly confirms the fact that the greater the amount of gas-
es released through the channels, the lower the productivity of the process.

The increase in the efficiency of the process under the action of high-frequency pulses is probably caused
by the decrease in the duration of action of the current. The duration of spark discharges measured by the opti-
cal methods is, on the average, equal to 0.02-0.10 msec [6], which enables us to assume that the optimal condi-
tions are realized on the electrode in the case of coincidence of the duration of a pulse with the time of existence
of the discharge. The negative component significantly increases the efficiency of oxidation. The cathodic
pulses favor the release of additional amounts of hydrogen as a result of the reduction of water

(2H,0 + 2 — H, + 20H").

The thermodynamic regularities imply that the additional amount of hydrogen suppresses both reactions
leading to the generation of hydrogen: decomposition of water and conversion of aluminum.

CONCLUSIONS

On the basis on the analysis of the composition of the anodic gas consisting mainly of hydrogen, it is shown
that the process of plasma electrolytic oxidation is a combined process. Its first stage is the electrochemical re-
action of oxidation of the compact metal (ion transfer); the second stage is the discharge of hydroxyl ions accom-
panied by the release of gaseous oxygen (electron transfer), and the third stage is the thermochemical conversion
of aluminum dispersed in spark discharges. It is discovered that the conversion of aluminum can be accompa-
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nied by the formation of hydroxide and oxide forms. Note that the oxide form is preferable because it promotes
the formation of the coating. The degree of oxidation of aluminum and the maximum efficiency of the plasma
electrolytic oxidation are attained in the presence of sufficient amount of oxygen in the reaction zone. This is
attained in the impulsive mode by decreasing the duration of action of discharges and the amount of dispersed
aluminum, in the presence of compounds capable of adsorption on aluminum in the electrolyte and its protection

ag

ainst hydration, and by introducing the cathodic current component facilitating hydrogen release and suppress-

ing the conversion of aluminum.
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