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Abstract:  
Aluminium alloys are used as lightweight materials especially in the 
aerospace and automotive industries. They have a number of 
properties such as high corrosion resistance due to the surface oxide 
coating, low relative weight and better castability. At normal 
temperatures, metal oxides are more resistant than the metal itself. 
The oxide layer is much thinner than the metal but protects it from 
interacting with the air. The kinetics of oxidation processes is the 
subject of the current work. As the temperature rises, the oxidation 
process usually proceeds in the presence of water vapour, and its rate 
depends on various factors, including the initial oxide layer and 
oxidation kinetics. The values of the oxidation exponent n аrе 
calculated for aluminium ribbons with different contents of Fe, Mg 
and Sb. Their influence on the intensity and two-stage tendency of 
the oxidation process is established. 
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1. INTRODUCTION 

 
The world amount of aluminium used today is 

about 80 kg per person [1]. The recycling of Al is 
carried out by remelting aluminium scrap, whereby 
depending on the technology from 1 to 15% of the 
starting material is lost in the form of oxides. In the 
melting process, aluminium reacts with the gases 
contained in the atmosphere and oxidizes. The loss 
of Al from the oxidation of the melt is over 5% [2]. 

With the application of the rapid solidification 
of aluminium alloys with a solidification speed of 
105-6 K/min it becomes possible to obtain 
multicomponent aluminium alloys (8-10 wt.% Fe). 
These are produced for the aerospace industry and 
have economic significance [3, 4]. This is the basis 
of the rapid development of nano-microcrystalline 
alloys. 

Aluminium interacts with air and water vapor 
from it, forming a dense oxide layer. The oxide 
coating on pure aluminium is only a few µm thick 
as seen in Fig. 1, but protects the surface from 
subsequent oxidation. The metal does not react 
with water even at boiling temperatures. Oxidation 
is a type of metal corrosion. 

The crystallographic forms of the oxide layer on 
aluminium and its alloys are different, depending 
on temperature and time. The initial oxide is 
amorphous, and when heated crystallizes in 
several crystalline modifications, which changes 
the mechanism of oxidation. 

The main impurities found in cast aluminium 
alloys are Fe, Mg, Mn, Cu and Zn. With some of 
them, aluminium forms intermetallic phases. All 
inclusions whether in the oxide layer or inside the 
metal, degrade the mechanical properties, 
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reducing the effective cross-section of the metal 
and its ductility. 

 

 
Fig. 1. Oxide layer on Al-Si alloy: Area 1 - thick layer and 

Area 2 - an interruption in the layer 
 

The oxidation kinetics of aluminium and its 
alloys are affected by a number of surface 
processes where stable coatings are formed, 
consisting essentially of aluminium oxide Al2 O3 
equation (1). The formation of Al2O3 on the metal 
surface is accompanied by the penetration of 
hydrogen deep into the metal. 

At high temperatures, the oxidation process 
takes place in the presence of water vapor 
involved in the process (Fig. 2). 

 

 
Fig. 2. Scheme of hydrogen porosity growth: a) The 

material is degasses; b) Pores inside the alloy, where V1 
is the speed of the crystallization front and V2 is the 

speed of the bubbles or the rate of diffusion of 
hydrogen 

 

The oxidation of aluminium and its alloys [5, 6] 
is the result of the reaction of aluminium with 
water vapor according to the reaction: 

 

0
322 HOAlOH+Al +→ .  (1) 

 

The different kinetic dependences of the 
oxidation of aluminium and its alloys are, 
compared according to basic models, 
demonstrated by the dependence of the increase 
in the specific weight of the oxide layer W over 
time t [7]. The kinetic data for most aluminium 
alloys is represented by the function: 

 

const+)+(= 0ij
n ttkW ,  (2) 

where n is an exponent, ti - oxidation time, the 
time t0 [s] is an incubation period, which is 
relatively short. The incubation period t0 of 
equation (2) is zero if the weight measurement 
starts with start of heating as it was with our 
experiments. Basic values of the parameter n are 
observed. 

The index n is equal to 1 when the dependence 
is linear. Usually the linear increase of the 
oxidative coating over time is characteristic of for 
the initial moments of the process and of the 
oxidation process at low temperatures. 

The exponent is equal to 2. Parabolic 
dependence describes the formation of a compact 
oxide layer. The growth of the oxide layer is 
determined by the diffusion of Al-ions through the 
layer according to C. Wagner [8]. Values for n = 2 
are often found in our studies and are associated 
with obtaining a stable oxide coating in most of the 
alloys tested. 

For values of n > 2, an intense increase of the 
oxide layer is expected [9, 10]. 

The above shows that, with a wide variety of 
mechanisms, it is necessary to determine the 
exponent n (depending on 1), which is taken as the 
important parameter in determining the 
mechanism of the oxidation process. 

This article compares the results of oxidation 
testing for various aluminium alloys obtained at 
the same cooling rates at natural humidity. The 
aim is to study the kinetics of oxide layer formation 
on aluminium products and to find ways to control 
the oxidation process. 

 
2. MATERIALS AND METHODS 
 

The formed ribbons of about 100 μm thickness 
are obtained by rapid solidification of the melt by 
the PFC method. At the same time microcrystalline 
powders with a particle size of about a few μm are 
also obtained by atomization of the melt. Two kind 
of nano-micro materials were received: ribbons 
and particles. After rapid solidification of the melt, 
cold compacting (300 °C) and consistent hot 
extrusion (450 - 480 °C) high density solid 
specimens are obtained from the loose materials. 
In both cases, the aluminium alloys are subjected 
to high temperatures and the oxidation process 
can be intense. 

Fig. 3 shows a cold precompacted powder 
sample of Al-Fe-Si-V alloy. The figure shows visible 
after cold compacting of the oxide layer on the 
particles. It is necessary to increase the force and 
also the temperature during the extrusion to 
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merge the particles into a single alloy. This 
difference in the requirements for the oxide layer 
necessitates the study of the oxidizing process and 
finding the optimal temperature conditions for 
obtaining quality workpieces. 

 

 
Fig. 3. Microstructure of cold compacted sample 

 

The studied Al-Si nano-microcrystalline alloys 
contain different alloying elements as shown in 
Table 1. 

 
Table 1. Chemical composition of the alloys, wt. % 

Ribbon Fe Si Mg Sb Al 
1 Basic 0.25 11.50 - - 88.25 
2 Alloy with an 
increased Fe 
content 

2.00 12.10 0.20 - 85.70 

3 Alloy with an 
increased Fe 
content 

2.52 11.70 0.20 - 85.58 

4. Alloy with Sb 
and an increased 
Fe content 

2.22 12.2 - 0.17 85.41 

5. Alloy with an 
increased Mg 
content 

0.32 11.75 0.61 - 87.32 

6. Alloy with Sb 0.20 11.00 - 1 87.80 

 
The data obtained by us are processed by the 

following procedure: the dependence on equation 
(2) after logarithm: 

tαWn  ln= ln    (3) 

 

W

tα
n

 ln

 ln
=    (4) 

Where a is a parabolic constant. The data are 
processed by the least squares method. Such a 
process may imply a uniform diffusion of one or 
more of the reactants through a growing layer.  

A least-squares method of calculations was 
conducted to find the most expected curves.  

A standard χ2 (chi squared) test was used to test 
the quality of the fitting. 

To determine n, calculate χ2 of formula: 
 

( ) ( )
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WtW
   (5) 

 
where Wi are the experimental points. 
 

The oxidation of the samples is carried out with 
the help of thermal balance „Setaram” of relative 
sensibility 4.10-8 g and stability 1.10-6 g in air at 550 
°C for a time of 120 min. 

Due to the resistance of the oxide coatings to 
the ribbons, it was necessary to raise the oxidation 
temperature to 550 °C for kinetic studies, where 
quantitative measurement of the process speed is 
possible. At this temperature, the law of increase 
of the oxide layer of Al and the alloys is quadratic. 
This law is typical of most aluminium alloys (Fig. 4), 
which have an aluminium solid solution as a 
separate phase [11]. 

 
Fig. 4. Weigth-gain-time curves of (a) Al-Si bulk alloy and 

(b) ribbon 

 
Fig. 4 shows the oxidation curves for a sample 

of Al-9.5Si-1.38Zr alloy in two variants: a nano-
microcrystalline ribbon (b) and an initial solid alloy 
(a). As can be seen from the figure, the oxidation 
curve of the nano-microcrystalline ribbon is 
significantly lower than that of the original solid 
alloy. Fast curing also provides a significant 
reduction in oxidation compared to the parent 
casting alloy. 
 
3. RESULTS AND DISCUSSION 
 

To identify the oxidation processes, a method 
for determining the constants in equation (2) is 
introduced. We chose alloy B (Al-10Fe-2.7V-10Si). 
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In order to calculate the exponent n by using 
equation (2), the weight changes W, [kg/m2], were 
plotted against the oxidation time t, [s] in 
logarithmic coordinates and linear regression 
analyzes have been done. Fig. 5 shows such 
dependencies for ribbon B. 

At a constant temperature with increasing 
oxidation time, n changes its value (Fig. 5 b). The 
dependence of n on time is shown by two lines 
intersecting for n = 4. 

Through logarithm, phase transitions are 
demonstrated with different straight lines that 
intersect at one point (3.93; 1.06), ribbon B (Al-
10Fe-2.7V-10Si), Fig. 5 (b). 

As it is known, complex alloys with high Fe 
content show complicated behavior in increasing 
temperatures [12, 13]. In addition to increasing the 
oxide layer, these alloys exhibit a two-step 
decomposition of the saturated aluminium 
solution obtained by rapid crystallization. 

 

a) 

 
b) 

Fig. 5. Ribbon B (Al-10Fe-2.7V-10Si): a) Isotherm W(t) 
and b) Linear dependence ln W/ln t 

Fig. 6 allows the indication of phase transitions, 
which are characteristic of high alloy nano-
microcrystalline alloys. 

We associate the first line in the logarithmic 
line of ribbon B (Al-10Fe-2.7V-10Si) with the first 
stage in the formation of the microstructure, 
during which the saturated solid solution 
decomposes with the increase of the silicon phase. 
In the second stage, there is a spontaneous 
increase in the Fe phases that disrupt the integrity 
of the oxide coating. The two steps in forming the 
structure upon heating the nano-microcrystalline 
ribbons are demonstreted in Fig. 6. The figure 
shows the DSC curve for isothermal heating of 
ribbon 3 (with 2.52 wt. % Fe from Table 1). 

Two exothermic peaks of different sizes are 
observed. The first peak is at 274.0 °C and is 
associated with the breakdown of the saturated 
solid solution and the increase of the silica 
particles. The second peak is at 369.6 °C and we 
associate it with the secondary increase of the Fe 
containing phases of the aluminium matrix. 

 

 
Fig. 6. DSC-experimental curve for ribbon 3  

(2.52 wt. % Fe) 

 
Rapid solidification allows to receive alloys with 

high Fe content without large intermetallic phases 
(peculated for these alloys [14]) and with low 
oxidation possibility. It was possible to produce 
many alloys with high Fe and good quality. 

To study the kinetics of oxidation, Barbov and 
Petrova [15] developed a program for calculating 
by criterion χ2 in the statistical processing of 
experimental data (Fig. 7). Until now, we have 
calculated the values of n through logarithm of 
experimental data on equation (2). The values for n 
are found from the slope of the most probable line 
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by the least squares method. To speed up the 
process, we have developed a program for 
calculating the criterion χ2 for the statistical 
processing of experimental data by PC. 

The methodology for calculation of n has been 
applied to many nano-microcrystalline alloys 
obtained by us (Table 1). Some of these results are 
shown in Table 2. As can be seen from the table, 
the alloys studied show values for n ≥ 2. The 
parameter n = 2 is characteristic of „pure” Al-Si 
alloys, without micro- and macronutrients. As 
shown in [9], the oxide layer in such alloys is dense 
and in the process of heating the layer covers the 
silica particles without interruption. Some other 
elements added to Al-Si alloys influence the 
oxidation kinetics. Such element is Mg. As in many 
Al-Si alloys [16], Mg is added to improve the heat 
treatment conditions. Mg accelerates oxidation of 
Al-Si alloys. In the Table 2 the highest value for n = 
4.7 is for ribbons with the highest Mg 
concentration. As it is shown in Table 2 values of n 
change with the addition of the different element: 
Al-Si alloys with high concentration Fe < „pure Al-
Si” < Al-Si (0.6 % Mg). 

The intensity of the oxidation process is also 
associated with a disruption of the integrity of the 
oxide layer and a new direct access of oxygen to 
the metal surface. Fig. 1 shows the rupture of the 
oxide layer. Despite the formation of Fe containing 
phases, nano-microcrystalline alloys with a high Fe 
content show a decrease in the rate of oxidation. 

Table 2 compares the calculated values 
exponent n, obtained by different methodologies 
for basic ribbon 1. 

 

 
Fig. 7. Dependence χ2on exponent n for ribbons 1, 2, 3, 

5 and 6 
 

Table 2. Comparison of values of n obtained by different 
methods 

Aluminium 
alloys 

Exponent n by χ2 Fe, wt. % 

Basic ribbon 1 2.02 0.25 
 2.00 by calculation in [15]  
 2.21 by calculation in [9]  
Ribbon 2 4.1 2.00 
Ribbon 3 1.17 2.52 
Ribbon 4 0.6 

1.18 
2.22 

Ribbon 5 4.7 0.32 
Ribbon 6 3.10 0.20 
Alloy B 3.63 

1.26 
10 

AlFe8VSi2 
550 °C 

2.27 8-10 

AlFe8VSi2 
585 °C 

2.86 8-10 

AlFe8VSi2 
600 °C 

2.74 8-10 

 
Rapid solidification also provides a significant 

reduction in oxidation compared to the initial 
casting alloy. With the proper rapid solidification 
and atomization process and subsequent 
extrusion, the improvement of the microstructure 
and properties of the alloys obtained is impressive. 

The values of n for all the nano-microcrystalline 
ribbons shown in Table 2 with a high Fe content 
are close to 1, i.e. the increase of the oxide coating 
is very slow compared to the alloys where n > 1. 
This feature of influence of Fe on the oxidation of 
aluminium alloys is at the base of the production 
of alloys with enhanced mechanical properties 
and, as can be seen from our results with the 
increased oxidation resistance that are applicable 
to the aerospace industry. 

As the temperature increases, the exponent n 
changes, which indicates that the oxidation rate 
also changes. It can be concluded that in one 
chemical composition (the same Mg content), 
homogeneous distribution of the elements in the 
sample, the thickening of the structure leads to the 
formation of a stable oxide layer which covers the 
all metal surface. 
 
4. CONCLUSIONS 
 

Different kinetic oxidation dependences of 
aluminium and its alloys can occur in the same 
metal, in dependence on the conditions of 
production and operation. Additives of impurity 
elements even in small concentrations can change 
the mechanism of oxidation. 
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1. Accelerated statistical processing of kinetic 
results using the χ2 criterion has been developed. 

2. Adding Fe to the ribbons changes the 
grade of n = 1.2. Fe is a major alloying element and 
is present as an impurity in almost all alloys. Due to 
the rapid solidification, the „harmful” impurity Fe 
has a beneficial effect, greatly reducing the 
tendency for oxidation. 

3. A major component in many aluminium 
alloys is Mg. Mg plays a significant role in the 
oxidation process. In our study, the exponent n is 
the highest for the alloy containing Mg content 
0.61 wt. % in it. 

4. The rapid solidification of the alloys helps 
to reduce the rate of high temperature oxidation 
by reducing the thickness of the oxide layer 5 times 
(Fig. 4). 

5. Knowledge of the oxidation process allows 
to take action on minimize the adverse effect of 
the oxide layer on the structure and properties of 
the extruded specimens. 

6. The calculation of the exponent n, 
according to the proposed methodology, allows us 
to suppose phase transitions during in the heating 
process. Heating leads to a change in the structure, 
which is associated with a destruction of the oxide 
coating and a change in the kinetics of oxidation. 

In thermo-mechanical treatment, the oxidation 
of the ribbons forms a thin oxide layer that does 
not interfere with the process of consolidation by 
hot extrusion. 

Knowledge of the oxidation process allows to 
minimize the impact of the oxide layer on the 
sample’s structure. 
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