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The peculiarities of the oxidation process and the dynamics of the formation of oxide nanostructures on the
surface of aluminum and water at room temperature and under the influence of radiation were studied by IR

reflection-absorption spectroscopy,

radiothermoluminescence and atomic-force microscopy. The

role of

intermediate surface-active particles in the dynamics of changes in the process of aluminum oxidation in the
absorbed dose range of 0.5...120 kGy is considered. It is established that the formation of nanostructured films is
dominated by molecular oxygen and other oxygen-containingion radicals generated by gamma-irradiation. It is
shown that the radiation modification of the surface leads to a change in the morphology and topography of the
surface state and is accompanied by the formation of oxide nanostructures whose defectiveness is determined by the
irradiation time. A possible mechanism for the radiation oxidation of aluminum in the Al/ads. H,O system is

discussed.

INTRODUCTION

The surface layer of metals is in a special physico-
chemical state. It is largely saturated with structural
defects (vacancies, dislocations, impurities) and its
properties differ from the bulk properties [1]. Contact
and interaction of water with the surface of metals leads
to their change and is accompanied by the formation of
an oxide layer. At the same time, a Me-
MeO heterosystem is formed on the surface. The
formation of a nanosystem plays a decisive role in
radiation-stimulated processes of water on the surface of
metals. The study of the initial stage of formation and
formation of oxide nanolayer is of fundamental
importance for solving the problems of surface
passivation and predetermines the course of the
corrosion process [2—4].

At the same time, a comprehensive study of the
process of radiation oxidation of the surface of metals is
of fundamental importance in radiation material science
from the point of view of the safety of nuclear and
nuclear reactors. Metallic aluminum is a promising
radiation material. Despite the fact that numerous
experimental and theoretical studies have been devoted
to his study, some questions remain open and
unresolved [5, 6].

In the present work, the features of the radiation
oxidation of the aluminum surface in contact with water
at room temperature and under the influence of gamma-
radiation are studied.

EXPERIMENTAL PART

Aluminum plates with dimensions of 20x10x2 mm,
were obtained by stage-by-stage pressing of cylindrical
Al granules with a diameter of 3 and a height of 6 mm
using a special mold designed for optical studies. The
resulting plates had a smooth polished surface with
R =0.80...0.85 in the IR (A = 15...2.2 um) wavelength
region. Twenty samples with identical reflection
coefficients for comparative parallel experiments of
radiation oxidation in the aluminum-adsorbed water
system (Al/ads. H,O) were prepared by the methods of
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radiothermoluminescence (RTL) and IR reflectance-
absorption spectroscopy (IRRAS). The IR reflection
spectra at the drop of linearly polarized radiation on
samples at an angle ¢ = 88° were measured in the region
2000...650 cm™ (Specord 71 IR) at room temperature
and under the influence of gamma-radiation [7]. From
the IR reflection spectra, the optical densities of the
absorption bands and their ratios of stretching vibrations
of the AI-O-groups in the initial and processed samples
were determined.

The samples were irradiated with y-quanta on an
isotope *°Co source with a dose rate d,/dt = 0.80 Gy/s.
Radiation oxidation in the Al/ads. H,O heterosystem
was carried out at room temperature (T =300 K). The
absorbed dose varied in the range of
@,=0.5...120 kGy.

RTL curves were obtained in the temperature range
80...500 K at a warming-up rate of 0.08 K/s. For RTL
analysis, the samples were further irradiated with a dose
of 10 kGy at 77 K.

The thickness of the oxide films was from 8 nm to
0.25 pm. The small thicknesses of oxide films were
estimated by the Stromeyer formula [8], applied to X-
ray-photoelectron spectra.

On the atomic force microscope (AFM) Nano
Educator SZMU-15, the initial surfaces of metallic
aluminum plates and the changes occurring on the
surface of these samples after radiation treatment at
room temperature and under the action of y-quanta are
traced.

RESULTS AND ITS DISCUSSION

The formation of a surface oxide film in the
radiation oxidation of aluminum in contact with water
was monitored by IR reflection spectra in the range
v~1200...650 cm™. Fig. 1 shows the changes in the
absorption band of the valence vibration of the Al-O
bond as a function of the contact time of aluminum with
water (1) during the radiation oxidation of Al. The bands
with maxima of 1070 and 945 cm™ observed by us
should be attributed to the valence vibration of Me-OH,
where several aluminum atoms act as Me. The bands
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with maxima of 1010, 830, and 720 cm™ can be
attributed to the stretching vibrations of the AI-O
surface oxide film formed on the aluminum surface as a
result of radiation interaction with water. The maxima at
830 and 720 cm™ refer to Al-O-groups bound to
tetrahedrally and octahedrally coordinated aluminum
atoms, respectively [9]. In the case of thin films
(d = 8 nm) at the contact time T =1 min we detected a
band with a maximum at 1010 cm™, which refers to
Al,O5 and characterizes the valence vibration of Al-O.

Thickening of the oxide film from 8 nm to 0.25um,
or an increase in the contact time up to 1 min. Up to
7= 5 hours, this band shifts from 1010 to 950 cm™ (i. e.
by 60 cm™) and to its broadening (half-width vy,
increases by 50 cm™). The wide diffuse maximum of the
Al-O vibration band is characteristic of amorphous and
polycrystalline  structures and confirms the in
homogeneities of relatively thick oxide films [4, 10].

In order to clarify and determine the role of relaxing
intermediate-active particles, in particular, oxygen hole
centers and other oxygen-containing groups in the
dynamics of the oxidation process in contact with water,
we used the RTL-method for the first time.

It is assumed that the main role in radiation
oxidation is played by surface oxygen holes generated
by y-irradiation and capable of migrating into the
volume interacting with the metal atoms constituting it.
The mechanism of this process is presumable and
requires rigorous experimental evidence.

Irradiation of y-quanta at 77 K temperature of
radiation-oxidized aluminum plates in contact with
water leads to the appearance of a number of RTL peaks
at temperatures of 170, 220, and 320 K (Fig. 2, curve 1).
A low-temperature peak at T = 170 K with an activation
energy E,=0.38eV can be associated with the
thermally stimulated luminescence of chemisorbed
oxygen. According to [11], an oxygen peak in the
150...170 K region due to dissolved oxygen and other
oxygen-containing gases was also detected during the
radiation excitation of thermoluminescence in polymers.
The intensity of the peak with a maximum at 170 K
strongly depends on the time of contact of aluminum
with water at y-irradiation in the system Al/ads. H,0,
from the thickness of the radiation-oxidized film. With
an increase in this thickness from 8 nm to 0.25 pm, the
intensity of the peak increases by a factor of ~6 and
another peak appears at T=175 K with an activation
energy E,= 0.42 eV. The asymmetric peak at T = 220 K
also splits into two relatively narrow peaks, with the
peak at 320 K virtually unchanged (see Fig. 2, curves 2,
3).

Apparently, a narrow peak at T = 175 K is associated
with the thermally stimulated adsorboluminescence of
the molecular oxygen product of the radiation-
heterogeneous decomposition of water at surface-
localized hole centers of the O type [12].

In favor of this is evidence of the luminescence of
the peak at 175 K after additional adsorption of dried O,
in the cell with the system under study and its
quenching after prolonged evacuation of this system at a
temperature T>773 K. The emission of electrons
accompanied by emission in the visible region of the
spectrum during the adsorboluminescence of oxygen on
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aluminum was also observed by the authors of [12]. The
absorption of oxygen at hole centers in aluminum oxide
(Al,O3) was also observed by electron paramagnet
resonance (EPR) (cold signal g=2.009), photo- and
thermal desorption and thermoluminescence [13].

Peaks at T = 195 and 230 K with activation energies
E, = 0.50 and 0.65 eV belong to aluminum hydroxides.
The formation of various hydroxides is confirmed by IR
reflection spectra (see Fig. 1). A diffuse peak with a
maximum at ~ 320K, with an activation energy
E,=0.8...1.0 eV, is due to the thermally stimulated
luminescence of chemisorbed oxygen and other oxygen-
containing groups (OH") on surface electronic F* and

F-centers.
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Fig. 1. The change in the absorption band of the
stretching vibration of the Al-O bond as a function
of the contact time of aluminum with water at a
radiation (T = 300 K, d®, = 6.67 Gy/s) oxidation,
=1 min (1); 10 min (2); 5h (3), and 18 h (4)
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Fig. 2. Changes in the RTL curves of oxide films as a
function of the time of contact of aluminum with water
during the radiation oxidation of Al: T = 1 min (1);
10 min (2), and 5 h (3)

The observed features of the manifestation of the
multicomponent structure of the RTL oxygen peak in
the region of 100...250 K (for relatively thick
nonuniform oxide films) are related both to the
inhomogeneity of the hole centers themselves and to the
fact that radiation-adsorbed oxygen can be on the
surface in different states (O ags, Ozadsy OHaas, €1C.). It
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should be noted that with the thickening of the oxide
film, radiation-stimulated adsorption of oxygen occurs
already at the AI-Al,O3 interface. Therefore, the
increase in the intensity of the oxygen peak of RTL with
increasing oxide film thickness should be attributed to
an increase in the density of surface defect states in the
near-surface oxide layer of Al,Oz and hence, the
probability of oxygen adsorption at these centers.

Radiation modification of the surface leads to a
change in the morphology and relief of the near-surface
state. Therefore, it seems interesting to microscopically
study the morphology and topography of the surface of
radiation-oxidized aluminum plates at room temperature
and under the influence of y-quanta. Three-dimensional
(3d) surface AFM images and histograms (curves of
distribution of surface images in sizes) before and after
radiation oxidation were obtained in order to reveal the
dynamics of morphological changes in the surface. As
the AFM investigations have shown, the radiation
modification of the surface relief is accompanied by the
formation of oxide nanostructures, the defectiveness of
which is determined by the irradiation time. As an
example, in Figs. 3 and 4 show three-dimensional (3d)
surface images and their histograms of aluminum
samples before (a) and after radiation oxidation at room
temperature (T = 300 K) (b, c). As can be seen from
three-dimensional images, the surface of the original
sample is characterized by the presence of a thin oxide
film (d = 8 nm) with a high degree of defectiveness (see
Fig. 3,a). The nanoparticles are evenly distributed and
have a depth of 60 nm. Radiation oxidation leads to a
change in the surface state of aluminum (see Fig. 3,b,c).
The surface is smoothed out and the nanoparticles have
a depth of 30 nm.

As the histograms of the AFM images of the surface
of the original aluminum show, nanoparticles
predominantly with sizes of 25...50 nm (the number is
2200 units) participate in the formation of a thin oxide
film (see Fig. 4,a).

Fig. 3. Three-dimensional (3d) images of the surface
of the initial (a) and radiation-oxidized Al at times
of contact with water of 10 min (b) and 5 hours (c)

The histogram of the surface of a radiation-oxidized
aluminum plate is characterized by a region of
distribution of nanoparticles with a size of 30...45 nm
(the number is 2000 units). In both cases, a symmetric
Gaussian distribution of nanoparticles is observed in
size.
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Fig. 4. The histograms of the surface of the initial (a)
and radiation-oxidized Al at times of contact with water
of 10 min (b) and 5 h (c)

Further increase in the irradiation time <
(corresponding to an increase in the thickness of the
oxide film from 8 to 250 nm) from 10 min to 5 h leads
to the formation of nanoclusters with a size ~ 2 times on
the aluminum surface as compared to the initial
samples. At the same time, a continuous oxide layer
forms on the surface of Al.

The mechanism of oxidation of aluminum in the
presence of water under the action of y-radiation can be
represented as follows: under the action of y-radiation
on the surface of Al, active states S* (ions, localized
charges, etc.) are formed and secondary electronic
radiation (es).

Al——S"e, . @)
Their interaction with water leads to the excitation

of H,O molecules.
e

Hzof)Hzog, )
S

where H,O¢* is the excited adsorbed state of water
molecules.

On the surface-active states of S*, water molecules
are excited through the complexation stages and further
transfer of excitation energy of the complex to H,O
molecules. Then the decay of excited states of water
molecules occurs along a homogeneous mechanism [14]
and is accompanied by the formation of intermediate
(OH, OH, O, H, H', H,0") and gaseous (H,, O,)
decomposition products. Intermediate active particles
can interact with the surfactant states of Al and form Al-
H hydrides and Al-OH aluminum hydroxides [15].

The formation of surface hole centers (oxygen holes)
occurs according to the scheme:

Al-OH — Al-O-Al + H,0, 3)
Al"+ H,0 — AI'O + H,. 4)

The hole centers formed by the formula (4) migrate
into the volume and interact with the bulk atoms of
aluminum. The presence of oxygen during radiation
oxidation accelerates the oxidation process.

According to the calculation, the yield of molecular
hydrogen G(H,) in the Al/ads. H,O heterosystem with
allowance for the total absorbed dose of y-radiation
under the conditions of our experiments is G(H,) =
2.25 molec./100 eV. It should be noted that the
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hydrogen yield for a homogeneous phase (in the
absence of aluminum) is G(H,) = 0.40 molec./100 eV
[14].

CONCLUSION

The complex study of the process of oxidation of the
aluminum surface in contact with water at room
temperature was carried out using OAS-, RTL-, and
AFM-methods. The possibility of using the RTL-
method for studying the radiation oxidation of
aluminum in the Al/ads. H,O system is shown. It is
shown that the radiative decomposition of water in an
Al/ads. H,O heterosystem is accompanied by the
formation of an oxide film on the Al surface. The PTL
peaks are recorded in the temperature range
100...250 K with activation energies
E.=0.38...0.65eV, which are associated with the
thermally stimulated adsorption and chemiluminescence
of oxygen and its groups at surface-localized centers
under y-irradiation. It was found that the surface oxygen
hole centers generated by y-irradiation and chemisorbed
oxygen play a major role in the formation of oxide
films. The formation of oxide films by the change in the
absorption band of the stretching vibration of the Al-O
bond (v=950 cm™) is monitored by IR reflection
spectra as a function of the time of contact of aluminum
with water. According to the AFM studies (3d surface
images and their histograms), it is established that the
radiation modification of the surface relief is
accompanied by the formation of oxide nanostructures
whose defectiveness is determined by the irradiation
time. The possible mechanism of aluminum oxidation in
the Al/ads. H,O system is discussed.

REFERENCES

1. V. Gorbacheyv, L.G. Spitsyna. Physics
Semiconductors and Metals. M.: “Metallurgy”, 1982,
336 p.

2. V.P. Grigoriev. Protection of metals from
corrosion // Soros Educational Journal of Chemistry.
1999, p. 42-48.

3. P.G. Borzyak, Yu.A. Kulyupin. Electron
processes in island films. Kiev: ‘“Naukova dumka”,
1980, 239 p.

4. G.G. Bondarenko, A.P. Korzhavy, I.P. Gashche-
nko, V.P. Marin. Oxide films on the metal surface: the
current state of research and problems of practical use //
Proceedings of the VI Scientific and Technical

Conference. M.: INTERMATIC,
September, p. 170-176.

5. N.N. Gadzhieva. Oxidation and accumulation of
H, in the aluminum water system under the radiation-
thermal action // Journal of Applied Spectroscopy. 2005,
v. 72, N 4, p. 471-477.

6. N.N. Gadzhieva. Radiation  oxidation of
aluminum in contact with water // Journal of Metal
Protection. 2007, v. 43, N 4, p. 413-417.

7. N.N. Gadzhieva, A.N. Rimikhanova, A.A. Gari-
bov. Study of radiation-stimulated adsorption and
radiolysis of water on the aluminum surface by the OAS
method // Izvestiya NAS Azerbaijan. Series of Physics of
Technical and Mathematical Sciences. 2004, N 5,
p. 120-125.

8. V. Demange, J.W. Anderegg, J. Ghanbiya, et al.
Surface oxidation of Al-Cr-Fe alloys characterized by
X-ray photoelectron spectroscopy // J. Applied Surface
Science. 2001, v. 173, p. 327-338.

9. V.A. Dubovitsky, A.V. Chekanov, S.A. Vozchi-
kova. Comprehensive diagnostics of inorganic
compounds from the infrared absorption spectrum //
Chemical Physics. 2004, v. 23, N 5, p. 90-100.

10. A.A. Davydov.Education and degradation of
oxide films on beryllium // Problems of Atomic Science
and Technology. Series “Physics of Radiation Effects
and Radiation Material Science”. 2010, N 2, p. 39-49.

11. V.N. Kuleshov, V.G. Nikolsky. Radiothermo-
luminescence of Polymers. M.: “Nauka“, 1991, 223 p.

12. 1.N. Ogorodnikov. Electron excitations,
luminescence and radiation defects in wide-band
nonlinear opticalcrystals: Avtoref. of doctor of physical
science. Yekaterinburg, 2004, 46 p.

13. V.N. Kuznetsov, A.A. Lisachenko. On the
nature of optical absorption induced by UV irradiation
of y-Al,O3 in oxygen // Kinetics and Catalysis. 1991,
v.32,N 1, p. 222-225.

14. A.K.Pikaev. Modern radiation chemistry.
Radiolysis of gases and liquids. M.: “Nauka”, 1986,
433 p.

15. N.N. Gadzhieva, A.N. Rimikhanova, A.A. Ga-
ribov, Sh.S. Ismayilov. Investigation of the radiation
oxidation of aluminum in the aluminum-water system
by the methods of electrical conductivity and infrared
spectroscopy // Problems of Atomic Science and
Technology. Series “Physics of Radiation Effects and
Radiation Material Science” (91). 2007, N 6, p. 36-39.

2008, 21-23

Cmamobs nocmynuaa 6 pedaxyuio 14.03.2018 2.

OCOBEHHOCTH PAJUAIIMOHHOI'O OKUCJIEHUSI TIOBEPXHOCTHU AJIFOMUHUSI
B KOHTAKTE C BOJOM

H.H. I'aoxcuesa

Metonamu UMK oTpaxkarenbH0-aOCOPOIIMOHHON CIMEKTPOCKONNU, PATAOTEPMOIIOMHUHECIIEHIIMU W aTOMHO-
CHJIOBOH MHKpPOCKOTIMM HW3YYE€HBI OCOOCHHOCTH TpOIlecca OKHUCICHHS M JUHAMHUKa (OPMHUPOBAHUS OKCHIHBIX
HAaHOCTPYKTYp Ha IMOBEPXHOCTH aJIOMUHHUS C BOJOM MpH KOMHATHOW TeMmIepaType U NpU paguallMOHHOM
BO3JIeHCTBUU. PaccMoTpeHa pojb MPOMEXKYTOUHBIX MMOBEPXHOCTHO-aKTUBHBIX YacCTUL] B JWHAMUKE H3MEHEHUI
mpoIriecca OKUCIICHUS ANTIOMHHUS B oOmactu noryomeHHoi mo3er 0,5...120 k['p. VYcraHoBneHo, 4TO mpH
(OpMHUPOBAHUU HAHOCTPYKTYPHBIX IDICHOK OCHOBHYIO pOJIb HIPAIOT MOJEKYJSPHBIA KHUCIOPOJ H JIpyrHe

KHUCJIOPOAOCOACPIKAIIUC HOH-pAJAUKAJIbHBIC TI'PYIIIbI,
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panuanvoHHas MOIU(GHUKAIMS TOBEPXHOCTH MPHBOAWT K M3MEHEHHIO MOPQOJIOrHH W peibeda MOBEPXHOCTHOTO
COCTOSIHHH M COMPOBOXKAACTCS (POPMHUPOBAHMEM OKCHAHBIX HAHOCTPYKTYD, H€(EKTHOCTH KOTOPBIX ONPEACISICTCS
BpeMeHeM oOuy4deHusi. OOCYXIEH BO3MOXKHBI MEXaHH3M PaJHAllMIOHHOTO OKHCJCHHUS ATIOMHHUS B CHCTEME
Al/anc. H,0.

OCOBJIMBOCTI PAIAIIMHOI'O OKUCJEHHS IOBEPXHI AJTIOMIHIIO
B KOHTAKTI 3 BOAOIO

H.H. I'aoxcuesa

Metogamn [Y BigOuBHO-aOcopOWiHOI CIIEKTPOCKOMii, pagioTepMOIIOMIHECHEHIlI i aTOMHO-CHJIOBOI
MIKpPOCKOMii BHBYEHI OCOONMBOCTI TPOIECY OKHUCICHHA i JUHaMika (OpMyBaHHS OKCHIHHX HAHOCTPYKTYp Ha
TIOBEPXHI aJIOMIHIIO 3 BOXOIO TpH KiIMHATHIN TeMmmeparypi i mpu pamiamidHii aii. Po3rimsHyTa pons mpoMiKHHX
MOBEPXHEBO-aKTUBHUX YAaCTOK y IWHAMINI 3MIiH TIPOIECY OKHCIICHHS AalIOMIHIIO y 00JacTi MOTIIMHEHOI 03|
0,5...120 xI'p. BcranoBneno, mo mnpu ¢GOpMyBaHHI HAHOCTPYKTYPHHX IUIIBOK OCHOBHY pOJb BINIrpaloTh
MOJIEKYJISIPHHA KHUCEHb Ta IHII KHCHEBOCKJAJOBI 10H-paJMKalibHI TPy, T'€HEPOBaHI raMMa-ONpPOMIHEHHSIM.
INokazano, mo papgianiiina Moaugikalis MOBEPXHI MPU3BOIUTH A0 3MiHM MOP(OJOrii 1 penbedy MOBEPXHEBOTO
CTaHy 1 CYyNpOBOIKYETHCS (POPMYBaHHSAM OKCHIHHMX HAHOCTPYKTYp, HE€(EKTHICTh SKUX BU3HAYAETHCS YaCOM
ornpomiHeHHs1. OOrOBOPEHO MOXITMBHI MEXaHI3M pajialliiHOro OKHCIIEHHS aloMiHito B cuctemi Al/anc. H,0.
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