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Abstract – By gravimetric, spectrophotometric and 

microscopic methods is established, that the trans-

formation degree and weight change of aluminium 

are determined by initial aluminium thickness 

(d = 2–200 nm), temperature (373–600 K) and ther- 

mal processing time (1–140 min) during atmos-

pheric corrosion. It is established, that changes of 

transformation degree and aluminium film weights 

are connected to aluminium oxide formation on 

their surface. A limiting stage of nanosize alumin-

ium film corrosion process is aluminium ion diffu-

sion to border of oxide layer surface with an envi-

ronment. 

1. Introduction 

Studying of the nature and legitimacies of the proc-
esses proceeding at thermal action in aluminium and 
on its surface, is obviously necessary as for the solu-
tion of group of scientific problems, in particular, 
transpiring of a degree of a generality of the processes 
proceeding on boundary between metal, oxide and an 
environmental atmosphere, and in connection with 
necessity of development of essentially new materials 
for solid-state microelectronics. Aluminium and its 
alloys due to a complex of the positive properties have 
found wide application in various areas of a science, 
technique, and the industry. On latitude, aluminium 
and its alloys application take the second place after 
steel and cast iron. In the capacity of structural materi-
als, aluminium and its alloys are used in rocketry, air-
craft industry, motor industry, shipbuilding and in-
strumentation technologies, in building, in construc- 
tions of railway and tram paths [1–3]. In the electro-
technical industry, aluminium is applied to manufac-
turing wires and cables [4]. The thin aluminium layers 
“clarified” by oxide are applied to manufacturing heat-
reflecting coats [5]. Making of contacts of aluminium 
with light-sensitive materials results to change of a 
photosensitivity last [6, 7]. However, aluminium is 
reactive and at engagement with a surrounding me-
dium is exposed to atmospheric corrosion with forma-
tion of a protecting Al2O3 aluminium oxide film, 
which safely protects metal from the further oxidizing 
[1–3, 8, 9]. In last years it proved, that atoms of alu-
minium formed clusters [10]. And, clusters from 13, 
23, and 37 aluminium atoms have valence shells with 
one empty vacancy. It is known, that shells of halo-
gens – fluorine, chlorine, bromine, iodine, and astatine 
are those. Expansion of application ranges of alumin-

ium telescopes new scientific and technical problems 
lifts requirements to properties of products from alu-
minium and its alloys [11–16]. 

In the present work results of operation, directed 
on finding-out of the nature and laws of processes pro-
ceeding in requirements of an atmosphere in nanosize 
aluminium layers depending on its thickness, tempera-
ture and thermal action time. 

2. Objects and research techniques 

Samples for examinations plotted a method of a ther-
mal vacuum evaporation (2 ⋅ 10–3 Pа) by drawing thin 
(2–200 nm) aluminium layers on substrates from  
a glass, using a vacuum universal post “VUP-5М”.  
In the capacity of an evaporator used the floating 
troughs manufactured of molybdenum by thickness 
d = 3 ⋅ 10–4 m. The optimal distance from a floating 
trough – evaporator to a substrate makes 8–9 cm.  
As substrates glasses served glasses from photoplates 
with thickness of 1 ⋅ 10–3 m and the area (2–4) ⋅ 10–4 m2 
which subjected to pretreatment in concentrated hy-
drogen nitrate, glasses served in a solution of potas-
sium bichromate in concentrated sulfuric acid, in boil-
ing soap water, washed out in distilled water and dried 
[17, 18]. Handled substrates optically are transparent 
over the range 300–1100 nm. Thickness of aluminium 
films is determined by spectrophotometric (spectro-
photometer “Shimadzu UV-1700”), microscopic (in-
terference microscope “МII-4”), ellipsometric (laser 
ellipsometer “LEF-3М”) and gravimetric methods 
(crystal vibrator) [1, 17–19]. The gravimetrical 
method of quartz microweighing sets up on definition 
of increment of mass (∆m) per unit surfaces of the 
crystal vibrator (thickness h = 0.1 mm) after drawing 
on it of aluminium film. Resolution of the instrument 
at thermostabilisation of resonators at a level ± 0.1 °С 
made ∆m = 1 ⋅ 10–8–1 ⋅ 10–9 g/cm2. Medium film thick-
ness after weighing counted by the formula 

df = ∆m/Ff ρm, 

where ∆m is the increment of mass of the crystal vi-
brator after drawing aluminium film; Ff is the film 
area on a substrate; ρm is the unit weight of the put 
substance [17, 18].  

Samples seated on heated up to the relevant tem-
perature (373–600 K) a ceramic plate and subjected to 
heat treatment within 1–140 min in drying case 
“Memmert BE 300” in atmospheric conditions. Re-
cording of effects before explored sample heat treat-
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ment carried out by gravimetric, microscopic and 
spectrophotometric (over the wave length range of 
190–1100 nm) methods.  

3. Results and discussion 

Earlier [17–20] as a result of the systematic examina-
tions of optical properties of thin aluminium layers put 
on glass substrates, up to, in process and after heat 
treatment in atmospheric conditions it stated, that ab-
sorption and reflection spectra of aluminium films 
essentially depend on their thickness, temperature and 
time of heat treatment. For identification of a yield  
of nanosize Al layers interaction with the fissile ingre-
dients of a surrounding medium a series of experience 
on the complete oxidizing of aluminium films with 
use of the crystal vibrator has been carried out.  
According to the equation of reaction 

4Al + 3O2 → 2Al2O3, 

it was necessary to expect, that at the x g complete 
oxidizing of aluminium up to Al2O3 the incremental 
value of mass will make 8/9x.  

Observed data are given in the table. From the ta-
ble it is visible, that oxidizing reaction of different 
thickness nanosize aluminium films in an explored 
interval of heat treatment temperatures proceeds in the 
stoichiometric relationships relevant to Al2O3 forma-
tion. Kinetic curves of thermal conversion degree 
α = f(τ) for aluminium films obtained by results of 
evaluations on increment of mass of resultant of reac-
tion are given at 373 K in Fig. 1. 
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Fig. 1. Dependence of fractional conversion of aluminium 
films on their initial thickness, calculated on increment  

of mass of resultant of reaction at 373 K: 1 – 38; 2 – 92; 
  3 – 164 nm 

For transpiring legitimacies of passing of process 
of an oxidizing (using observed data of absorption and 
reflection spectra of different thickness aluminium 
films before heat treatment at different temperatures) 
kinetic dependences of fractional conversion α = f(τ) 
have been designed and built at various wavelengths. 
The following approach has been applied for build-up 
of kinetic curves in coordinates α = f(τ). On the basis 
of the analysis of absorption and reflection spectra of 
aluminium and Al2O3 films for build-up of kinetic 
curves α = f(τ) picked a gamut of wavelength of 
λ = 400–900 nm in which aluminium film have the 
considerable uptake, and Al2O3 uptake can be ne-
glected (on the different data breadth of forbidden 
region of Al2O3 makes Е ≥ 3.5–9.5 eV [10, 17–20]). 
Optical density (Аsamp) of aluminium film depends on 
heat treatment time and at fixed time of heat treatment 
will develop of optical density, connected with pres-
ence of aluminium (АAl) and aluminium oxide (АAl2O3

) 
layers: 

Аsamp = АAl + АAl2O3
. 

If to mark out through α a degree of thermal con-
version of aluminium films in aluminium oxide, at 
wave length (for example, λ = 590 nm), the relevant 
spectral area in which limits aluminium absorbs, and 
aluminium oxide practically does not absorb light [10, 
14, 17–20], current optical densities of aluminium 
(АAl) and aluminium oxide (АAl2O3

) films can be pre-
sented in the following view: 

АAl = АAl
1 (1 – α),  

АAl2O3
 = АAl2O3

1
 ⋅ α, 

where АAl
1, АAl2O3

1 are the limiting optical density of 
aluminium and aluminium oxide layers at λ = 590 nm. 
In a summary it is received the following expression 
for a degree of thermal conversion of aluminium film 
in aluminium oxide: 

Аsamp. = АAl
1 (1 – α) + АAl2O3

1
 ⋅ α, 

α = (АAl
1 – Аsamp.) / (АAl

1 – АAl2O3

1). 

As a result of machining absorption spectra it 
stated, that the degree of thermal conversion of alumin-
ium films depends on tentative thickness, temperature 
and heat treatment time, and kinetic curves α = f(τ)  
 

 

Table. Theoretical and experimental values of increment of mass of oxidized aluminium films for a case of Al2O3 formation 

T, K 

Initial frequency 

of the resonator, 

Hz 

Frequency  

after drawing  

Al film, Hz 

d(Al), 

nm 

Frequency  

at α = 100%, 

Hz 

Experimental differ- 

rence of frequencies  

for α = 100%, Hz 

Theoretical differ- 

rence of frequencies 

for α = 100%, Hz 

373 7999612 7999098 38 7998642 456 457 

373 7999524 7998279 92 7997173 1106.5 1106.5 

373 8000953 7998734 164 7996760 1974 1973 

423 7999266 7999022 30 7998495 365 361 

423 7999721 7999274 80 7997675 964 962 

423 7999651 7999069 196 7994654 2345 2357.5 
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for aluminium films of the various thickness, obtained 
by results of quartz microweighing and measuring of 
absorption spectra (Figs. 1 and 2), practically coincide. 
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Fig. 2. Dependence of fractional conversion of aluminium 

films on thickness at 373 K: 1 – 7; 2 – 11; 3 – 19; 4 – 38; 

  5 – 92; 6 – 219 nm 

It has been marked, that the degree of thermal 
conversion in accordance with magnification of heat 
treatment time increases. Diminution of aluminium 
film thickness results in magnification of thermal con-
version degree in all an explored interval of tempera-
tures (Т = 373–573 K).  

In Figs. 2–4, kinetic curves of fractional conver-
sion of aluminium films are given depending on tenta-
tive thickness at 373, 423, and 573 K, accordingly. 
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Fig. 3. Dependence of fractional conversion on thickness  

of aluminium films at 423 K: 1 – 8; 2 – 19; 3 – 30; 4 – 50; 

  5 – 71; 6 – 195 nm 

The magnification of heat treatment temperature at 
stationary thickness of aluminium films results in in-
crement of thermal conversion degree. 

It is known [1, 2], that one of the basic require-
ments describing ability of educated initial layer of 
interaction yields of a surrounding medium ingredi-
ents with metal to apply the brakes the further oxidiz-
ing of metal, is continuity of a received oxide layer. 
  The formed oxide layer will interfere with infiltra-
tion of the agents participating during an oxidizing in 
reaction chamber, and thus to apply the brakes its fur-

ther propagation. According to Pilling and Bedvorts 
measure which for aluminium makes 1.28 [1, 2], it 
was necessary to expect formation of the continuous 
oxide layer, considerably braking the further passing 
of oxidizing process, and, as investigation, in a theo-
retical case [21] – the parabolic law of an oxidizing 
process of aluminium films, limited by diffusion of 
Al3+ ions through oxide layer to its surface (Al3+ ionic 
radius makes 0.5 Å, and Al atomic radius – 1.43 Å) 
[1, 2, 8, 9]: 

2
= τ +L k A , 

where L is the film thickness; τ is the oxidizing time;  
k is the kinetic oxidizing constant; A is the integration  
constant. 
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Fig. 4. Dependence of fractional conversion of aluminium 

films on thickness at 573 K: 1 – 21; 2 – 26; 3 – 32; 4 – 45; 

  5 – 94 nm 

In an assay value of kinetic dependences of frac-
tional conversion it set, that at heat treatment of alu-
minium films by thickness of 2–200 nm in atmos-
pheric conditions in an interval of temperatures 373–
573 K within 140 minkinetic curves of an oxidizing of 
aluminium films are well featured within the frame-
work of the parabolic law. 

The incipient state of an oxidizing of metals con-
siders chemisorption of oxygen (as a rule, in the nu-
clear shape) on a metal surface, and after formation of 
several lattice constants of oxide – on oxygen – oxide 
interface [21]. And, on a surface of aluminium films 
continuous oxide layers are shaped.  

Oxide layers on aluminium have ionic crystalline 
structure [1, 2], having ionic and, to some degree, 
electronic conductivity.  

Therefore with the major basis it is necessary to 
expect, that corrosion process of aluminium films will 
be applied the brakes by diffusion through a alumin-
ium oxide film not aluminium atoms (1.43 Å), and 
ions (0.5 Å) and mobile electrons (between points  
of the lattice) which further propagation will be re-
tarded gradually at magnification of oxide layer thick-
ness [1, 2]. 
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