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Abstract: 
Characteristic of the samples based on Al-Si alloys, that we have studied, 

is their propensity for oxidation at high temperatures. The few number of 
papers on the oxidation kinetics of aluminium alloys associated with Planar 
Flow Casting technology (PFC) can be found in the literature. The oxide 
processes and the properties of the oxide layer formed on the aluminium 
alloy are mainly considered. 

The aim of the present work is the kinetics of oxide layer formation on 
aluminium alloys to clarify whether alloys are suitable for use in space and 
under specific conditions. The formal kinetics of Nikitin was applied for data 
processing. The influence of the alloying elements on the formed surface 
oxide coating is shown. 
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1. INTRODUCTION 
 

The aluminium alloys have low density and 
modulus of elasticity, light, susceptible to stamping, 
high thermal conductivity, corrosion resistance due 
to passivation through the formation of a dense 
layer of oxides. When exposed to air, a thin layer 
forms on the surface, which prevents deep 
oxidation. High-strength aluminium alloys are 
more susceptible to corrosion due to the presence 
of elements such as copper in their composition.  

Since parts made of aluminium alloys [1] are 
used in the space industry [2,3], aviation and 
automobiles [4,5], it is necessary to study the 
behavior of aluminium alloys at high temperatures. 

The surface oxidation kinetics of a metal or 
alloy is controlled by a number of processes such 
as the chemical reaction rate at one or both 
interfaces (metal/oxide layer or oxide/gas) and by 
atomic transport through the oxide layer. 
Aluminium has an affinity for oxygen. The solubility 
of oxygen in liquid aluminium is very low 
(<0.0003%). The formation of oxides is carried out 
by the interaction of aluminium and its alloys with 

oxygen. Aluminium oxide forms several crystal 
modifications depending on temperature and time.  

The speed of diffusion processes and the 
chemical reactions that determine the oxidation 
kinetic law are comparable [6]. The temperature at 
which the chemical interaction of metal with water 
vapor begins is as lower as the metal surface is 
more developed. The oxidation of aluminium 
proceeds at a high speed at low partial pressure of 
oxygen-containing gases, depending on the 
temperature. In the initial stage of aluminium 
oxidation, an amorphous layer, barrier type is 
formed, followed by diffusion of metal cations and 
oxygen anions through the oxide layer [7]. This is 
an endothermic process.  

The aluminium oxidation is carried out at 
humidity up to 4%. Water molecules are adsorbed 
on the surface. After adsorption with a weak Van 
der Waals interaction, chemisorption begins: 

322 OAl+6H→O3H+2Al .  (1) 

Free atomic hydrogen propagates in the layer 
and ionizes. Oxygen decomposes into atoms to 
form the metastable phase Al2O3 and hydrogen 
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monohydroxide AlOOH, which is converted to the 
trihydroxide Al(OH)3. At 18-20 °C in air, aluminium 
forms a thin, protective, oxidized layer of: 

332 Al(OH)→AlOOH→OAl .  (2) 

An increase in the oxide layer is possible with 
increasing temperature, by diffusion of cations 
through the layer to the gas-oxide surface and vice 
versa, diffusion of anions through the layer to the 
interface of the oxide layer-metal [8]. 

An increase in the oxide layer wegth is possible 
with increasing temperature, and the transition of 
the metal from solid to liquid does not change 
things. The oxidation kinetics determine the 
cationic diffusion. The oxygen partial pressure has 
no effect. The oxidation of metals is also called dry 
corrosion. 

Nano-microcrystalline alloys differ from 
massive specimens. When obtaining products from 
them, it is necessary to apply elevated 
temperatures, which requires studying the 
mechanism of interaction with air during the hot 
extrusion process. We consider PFC as a method 
for rapid solidification by melt [9]. As a result of 
the fast crystallization, blanks with highly fine 
structures are obtained in the form of metal 
ribbons. 

The blanks are compacted by processes of 
plastic deformation at elevated temperatures such 
as hot extrusion (above 450-500 °C). The heating 
structure is shown in [9,10]. 

The tribological properties and the wear 
characteristics of aluminum alloys are studied in 
papers [11-14]. 
 
2. THEORETICAL BASIS 
 

The oxide layer prevents contact in the 

consolidation of microcrystalline powders and 

strips. This shows that it is necessary to know the 

process of interaction of the rapidly hardened 

blanks with the gas phase at high temperatures 

close to those required for hot extrusion. 

Oxidation processes are the subject of both 

kinetic studies and the thermodynamic capabilities 

of alloys to form oxide layers. 

The different kinetic dependences of oxidation 

of metals and their corresponding dependences of 

the oxidation rate on time, according to [15], are 

shown schematically in Fig. 1. 

The three oxidation models can occur in the 

same metal, depending on the production 

conditions and operation. 

 

Fig.1. Schematic dependence of the specific weight W of 
the oxide layer on time t [15]; а) Linear dependence; b) 

Parabolic dependence; c) Logarithmic dependence 

Nikitin's formal kinetics is used to study the 

kinetics of ribbons and bulk samples of Al-Si alloys. 

According to [15], kinetic data for aluminium alloys 

are shown as a function of: 

const+)+(k= j 0i
n ttW ,  (3) 

n is an exponent, ti is oxidation time, the time t0 in 

[s] is an incubation period that is short. The 

parameter t0 (Equation 3) is zero if the weight 

measurement starts with heating. The degree of 

function depends on the type of alloy and the 

temperature of the investigation. 

There is also a fourth dependence, which 

follows cubic law or cubic relation: 

const+k=3 tW .  (4) 

Some metals under specific conditions follow 

this cubic law. Zirconium is oxidized by this law. 

The oxidation of metal initially follows the 

parabolic law, and the oxide is protective. But the 

layer breaks after acquiring a critical thickness and 

there are direct access to oxygen of the metal 

surface by grow parabolically again. 

 

3. EXPERIMENTAL PROCEDURE 

 

Samples with various alloying elements in the 

form of ribbons and extrusion samples were 

obtained by the PFC method (Fig. 2a, Table 1). The 

thickness of ribbons are about 70-80 µm at 

average cooling rate of approximately 105 K.s-1. 

 
a) 

 
b) 

Fig.2. Samples: a) Ribbon R2; b) Extruded E1 

The extruded bars are 12 mm in diameter (Fig. 2b). 
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Comparing the results of oxidation of various 
samples, we can make conclusions about the effect 
of the composition of nano-microcrystalline 
ribbons on the oxidation process and compare the 
oxidation of ribbons and extrusion samples. 

The increase in the specific weight W of the 
specimens during the experiment is monitored 
using Setаram thermogravimetric method with 
relative sensibility 4.10-8 g and stability 1.10-6 g. 

 
Table 1. Chemical composition in wt. % of the analyzed 
samples 

Sample T [°C] 

Base ribbon R1 Al-0.2Fe-11.5Si 550 

Ribbon R2 Al-7Si 490 

Ribbon R3 Al-12Si 490 

Ribbon R4 Al-10Fe-2V-10Si 550 

Massive alloy М Al-10Fe-2V-10Si 500 

Casting alloy C Al-12Si 512 

Extrusion sample E1 Al-10Fe-2V-10Si 550 

Extrusion sample E2 Al-12Si 500 

 
The temperature was maintained within ±0.5 °C. 

The duration was 120 min. 
We determine n: 

W

tα
n

 ln

 ln
= .   (5) 

We draw the line ln W(ln t). Then n is obtained 
as 1 on the slope of the line ln W(ln t). 

Fig. 3 shows the processed data for Al-12Si alloy.  
The parabola (Fig. 3a) after logarithm becomes 

a line with a slope (Fig. 3b). 
The exponent n of all samples are calculated by 

the same procedure. Fig. 4 shows the lines for 
ribbons R2 (Fig. 4a) and R3 (Fig. 4b). 

All curves suggest the same oxidation 
mechanism due to the predominant aluminium 
component. This means that we can determine n 
for aluminium alloys of Al-1Mg-0.5Si [16]. 

 

 

 

Fig.3. Casting alloy Al-12Si (Al-12Si) at isothermal 

heating 120 min: a) Isotherm W(t); b) Linear 
dependence ln W(ln t) 

The results for the calculation of the exponent n 
for all aluminium alloys are shown in Table 2. 

 
 

 
 

Fig.4. Linear dependence ln W(ln t) and exponent n for: 
a) Ribbon R2; b) Ribbon R3 

Exponent n=2 describes the formation of a 
dense oxide layer, which is composed only of Al2O3, 
since Fe, V and Si are connected in the 
intermetallic phase Al12(Fe, V)3Si and do not 
participate in the formation of the oxide layer for 
AL-Fe-V-Si alloys. Si also does not participate in the 
oxide layer for the Al-12Si casting alloy. It can be 
expected that the extrudates will have a higher 
degree of oxidation due to larger particles and, 
accordingly, a coarser structure or a larger oxide 
surface. 
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Table 2. The calculated value of the exponent n for the 
different samples 

Sample n 

Base ribbon R1 Al-0.2Fe-11.5Si 2.02 

Ribbon R2 Al-7Si 1.84 

Ribbon R3 Al-12Si 2.34 

Ribbon R4 Al-10Fe-2V-10Si 1.61 

Massive alloy М Al-10Fe-2V-10Si 1.62 

Casting alloy C Al-12Si 2.28 

Extrusion sample E1 Al-10Fe-2V-10Si 1.52 

Extrusion sample E2 Al-12Si 2.55 

 
The mechanism and kinetics of oxidation 

depend on the alloying elements.  

Magnesium, copper, silicon are the main 

alloying elements. Chromium, nickel, titanium, etc. 

are used as additives. as for aluminium alloys do 

not exceed 10%. Water vapor adsorbed from the 

surface of the layer is retained even after the 

metal is heat treated to 350 °С. The residue is 

aluminium hydrate in the oxide layer can be 

removed at higher temperatures or can react with 

the metal to form hydrogen. 

Under normal conditions, this layer does not 

interact with water even when boiling and has high 

mechanical strength. When the protective oxide 

layer is removed, aluminium reacts with water 

vapor from the air, converting it to aluminium 

hydroxide and hydrogen, releasing heat [16]. 

The presence of magnesium in aluminium alloys 

leads to the formation of pores in the oxide layer 

[17]. 

 

4. RESULTS AND DISCUSSION 

 

The oxidation kinetics of Al-Si alloys is parabolic 

and is described by the equation (3), where the 

exponent index 1<n<2, n=2 or n>2. 

Many authors assume that the oxidation of 

aluminium alloys is performed by exponent 1. The 

calculated values n=2 for samples presented 

indicate a dense oxide coating. In our study, 

several samples have this value - Base ribbon R1 

Al-0.2Fe-11.5Si, Ribbon R2 Al-7Si, Ribbon R3 Al-

12Si. In our previous study, the highest oxidation 

tendency has ribbon with Mg additive [9]. 

At isothermal heating 550 °С for 120 min. the 

specific weight of the oxide layer W increases in 

different ways for different types of samples. The 

measured values are shown in Table 3. 

Table 3. The specific weight W of the oxide layer on 
time (120 min) for the samples 

Sample W [kg/m2.10-5] 

Ribbon R3 Al-12Si 4.0 

Extrusion sample E2 Al-12Si 22.5 

Casting alloys C Al-12Si 24.0 

Ribbon R4 Al-10Fe-2V-10Si 5.0 

Extrusion sample E1 
Al-10Fe-2V-10Si 

25.0 

 
The extruded samples oxidize faster than the 

corresponding samples in the form of ribbons due 
to their rough structure. 

However, in this case, the extruded samples 
have a smaller exponent and, accordingly, oxidize 
more slowly because the fine structure obtained 
by PFC method. 

As can be seen from Fig. 3a the oxide coating 
on the samples increases parabolically over time. 
The aluminium layer thus formed has protective 
properties to prevent further interaction. 
Aluminium oxide has a high melting point. It also 
does not dissolve in solid or liquid metal. The oxide 
layer has high mechanical strength. 

An important feature of the nano-
microcrystalline alloys based on Al-Si alloys studied 
by us is their tendency to oxidation at high 
temperatures. During the surface oxidation, an 
oxide layer is formed, the properties of which 
depend on the temperature and the composition 
of the starting alloy.  

The oxide layer protects the aluminium alloy 
from further destruction (Fig. 5). 

Parameter n=2 is characteristic Al-Si alloys, 
without micro- and macro-impurities, where in 
such alloys the oxide layer is dense, Fig. 5. 

As is known, alloys with a complex composition 
(high iron) also have a complex behavior with 
increasing temperatures [18,19]. 

 
a) 

 
b) 

Fig.5. Surface of ribbon 2: a) NanoScan image of wheel 

site; b) SEM of air site 

In addition to the increase of the oxide layer in 
these alloys, a two-stage decomposition of the 
saturated aluminium solution obtained by rapid 
crystallization is observed [20]. 
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5. CONCLUSIONS 
 
The results of weight gain-time studies at (490 – 

550) °C fit the parabolic low for nano-
microcrystalline Al-Si alloys show decreased 
oxidation tendency with thin and strong oxide skin 
with n exactly equal to 2. This is a prerequisite for 
the preparation of massive samples from these 
alloys of good density in subsequent treatment. 

Rapid solidification is an effective technology in 
combining microstructure and mechanical 
properties. 

The aluminium alloys are very important for the 
industry while the silicon is traditionally used as 
alloying element. Dotting Al–Si alloys with some 
third constituent might change some their 
properties, especially the oxidation resistance. The 
oxide layer formed during rapid solidification 
protects the alloy from the air. It prevents better 
contact between the ribbons during hot extrusion, 
but degrades the mechanical properties of the 
resulting solid blanks. 

The kinetics of growth of the oxide layer on 
samples of aluminium ribbons and extrudates with 
different composition were studied. Knowledge of 
the oxidation process allows to take measures to 
minimize the harmful effects of the oxide layer on 
the structure and properties of the samples. 
Formal kinetics makes it possible with 
comparatively available means to predict the 
properties of samples obtained by hot extrusion 
from rapid solidified aluminium alloys.  

The concentration of Si plays an important role 
in the stage of formation of the structure such as 
the formation of a new silicon phase, leading to 
the consolidation of the structure. The addition of 
Fe improves the stability of the ribbons. Fe 
becomes useful additive as alloys show decreased 
oxidation tendency by rapid solidification method. 
This results in dense solid samples ensures 
resistance to high-temperature gas corrosion. The 
exponent n is exact equal to 2. 

The quality of the ribbons depends on the 
cooling rate of the melt or the speed of rotation of 
the disk. Increasing this speed not only changes the 
appearance of the ribbons, but also their tendency 
to oxidize. Increasing the velocity improves the 
resistance of the tapes to oxidation. Acceleration 
of cooling indicates that the protective properties 
of the oxide layer approach those of pure Al-Si 
alloys without additives. 

The oxidation of metals by heating brings great 
losses to the industry due to the fact, that the 
corrosion resistance of aluminium alloys is 
extremely low. Products intended for operation at 
high temperatures are made of special heat-
resistant alloys or, if possible, coatings are applied, 

which increase the resistance to the action of gas 
corrosion. Increasing the heat resistance of the 
metal is achieved by saturating its surface layer 
with aluminium (aluminization), silicon 
(siliconizing), chromium (thermochrome). The 
processes of saturation with aluminium-silicon and 
chromium-silicon alloys are also practiced. 
 
NOTE 
 
The abstract of this paper is published at the 10th 
International Conference on Tribology - 
BALKANTRIB '20 organised in Belgrade, on May 20-
22, 2021. 
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