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Effect of High-pressure Torsion on Corrosion Behavior of a Solution-treated Al-Mg-Sc Alloy 
in a Saline Solution
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The effect of the increase in crystalline defects in the structure generated by high-pressure torsion 
(HPT) on the corrosion behavior of metallic materials is not well understood. This report evaluates the 
influence of HPT on the corrosion behavior of a solution treated Al-3wt% Mg-0.2wt% Sc alloy in a 3.5 
wt./v.% NaCl solution. The electrochemical behavior of the alloy was evaluated using cyclic polarization, 
electrochemical impedance spectroscopy (EIS), Mott Schottky, X-ray photoelectron spectroscopy, and 
chronoamperometry testing. The passive current density decreased after HPT processing, indicating 
a more protective oxide layer was formed on the surface of the HPT-processed alloy. Mott Schottky 
analysis confirmed the higher protection efficiency of the passive layer on the HPT-processed alloy. 
The film formed in the solution-treated alloy was a p-type and an n-type semiconductor while the 
alloy processed by HPT exhibited only an n-type semiconductor behavior. EIS showed that corrosion 
resistance in a saline medium increased with HPT processing.
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1. Introduction

Aluminum alloys are used extensively in civil construction 
and the automotive and aerospace industries due to their high 
strength-to-weight ratio, recyclability and high thermal and 
electrical conductivity. In addition, they have high corrosion 
resistance due to the development of protective oxide films 
on their surfaces when exposed at room temperature to 
environments containing oxygen1. Thus, these materials are 
more likely to undergo localized corrosion due to defects on 
the passive protective film. Localized corrosion is usually 
initiated at the oxide layer at sites weakened by chloride 
attacks, although chemical or physical heterogeneities at the 
surfaces may act as preferential nucleation sites2.

It is now well known that the mechanical properties of 
aluminum alloys significantly improve after processing by 
severe plastic deformation (SPD)3. The intense deformation 
leads to an increase in the dislocation density and the 
formation of low-angle boundaries that gradually evolve into 
high-angle boundaries promoting grain refinement throughout 
the bulk sample4. Because of the intense straining and grain 

refinement, these materials generally exhibit increased 
mechanical strength, good ductility and high resistance 
against fatigue and wear at low temperatures, as well as 
excellent superplastic properties at high temperatures5-9. 
Amongst SPD techniques, high-pressure torsion (HPT)10,11 
permits the production of materials with finer grain structures 
and usually higher hardness through the application of high 
hydrostatic pressures together with torsional straining in 
disk-shaped samples.

The minimum grain size attained in Al alloys after HPT 
processing depends upon the amount of alloying elements 
together with the homologous temperature12. Accordingly, 
the addition of small amounts of Mg solutes in aluminum 
decreases its recovery rate during severe plastic deformation 
which ultimately generates finer grain structures than in 
the pure metal13,14. Conversely, SPD-processed metals 
recrystallize at lower temperatures than their counterparts 
produced through conventional metal-working procedures15 
and dispersoid-forming elements such as Sc and Zr are added 
to Al-Mg alloys to enhance their microstructural stability at 
high temperatures16,17.

aDepartamento de Engenharia Química, Universidade Federal de Minas Gerais, 
Belo Horizonte, MG, Brasil.

bMaterials Research Group, Department of Mechanical Engineering, University of Southampton, 
Southampton SO17 1BJ, UK.

cDepartamento de Engenharia Metalúrgica e de Materiais, Universidade Federal de Minas Gerais, 
Belo Horizonte, MG, Brasil.

https://orcid.org/0000-0002-3625-4307
https://orcid.org/0000-0002-6357-9553


Lage et al.2 Materials Research

Although several investigations were carried out 
evaluating the corrosion behavior of Al alloys1,2, the effect 
of severe plastic deformation is not yet understood. It is 
generally accepted that localized corrosion, such as pitting and 
intergranular corrosion, decreases with a reduction in grain 
size18. However, the grain refinement introduced by severe 
plastic deformation is associated with a significant increase 
in other crystalline defects. Among the few investigations in 
this area, most used equal-channel angular pressing (ECAP) 
as the processing technique18. Accordingly, the objective of 
the present study was to examine and compare the corrosion 
behavior of Al-3%Mg-0.2%Sc (in wt%) alloys before and 
after severe plastic deformation by high-pressure torsion.

2. Experimental Procedures

An Al-3% Mg-0.2% Sc (in wt.%) alloy was used in 
this study with the material supplied by China Rare Metal 
Material Corporation (Jiangxi Province, China) in the form 
of forged bars having lengths of 130 mm and diameters of 
10 mm. These bars were solution treated at 880 ± 2 K for 
1 h and then quenched in cold water. After heat treatment, 
disks with a thickness of ~1 mm were cut from the bars 
and then ground using abrasive papers to final thicknesses 
of ~0.82 mm. These disks were processed through 10 turns 
of HPT under quasi-constrained conditions19 at an initial 
temperature of 300 K using a rotation rate of 1 rpm and a 
nominal pressure of 6.0 GPa.

The grain structure was determined using conventional 
metallographic procedures. Samples were mounted, ground 
and polished to a mirror-like quality using diamond paste 
and the final polishing was performed using colloidal silica 
solution (0.06 µm). The samples were etched using a solution 
with 5% fluoroboric acid (HBF4). The microstructure of the 
solution-treated alloy was examined at the mid-section of the 
samples using an Olympus BX51 optical microscope. The 
grain structure of the HPT-processed metal was observed 
at positions located at a distance of ~3 mm from the center 
of the disk using a JSM6500F thermal field emission 
scanning electron microscope (SEM). The samples used 
in the corrosion tests were ground to #2000 grit. After the 
corrosion tests, the samples were analyzed by SEM with 
energy dispersive X-ray spectrometry (SEM-EDX, Quanta 
FEG 3D FEI-Bruker X Flash 4.0).

The electrochemical tests were carried out in 3.5 wt./v.% 
NaCl aqueous solution (pH of 7.3 and 4.49 mg.L-1 oxygen 
content) using an Autolab PGSTAT 100N potentiostat. An 
electrochemical cell with three electrodes was used having 
a working electrode and a counter electrode of platinum. 
The reference electrode was Ag/AgCl and all potentials 
described hereafter refer to this electrode at 298 K. The 
microstructure of the Al alloy was homogeneous along the 
working electrode (WE) and its exposed surface was 0.78 
cm2. All tests were performed in triplicate. Cyclic polarization 

tests were performed at room temperature and the curves 
were obtained from the open circuit potential (OCP) at a fixed 
scan of 1 mV/s. The corrosion potential (Ecorr) was obtained 
as the stabilized open circuit potential. The corrosion current 
density, icorr, was determined as the intersection between the 
corrosion potential with the straight line of Tafel region in 
the anodic branch. The scan direction was reversed when 
the current density reached 1 mA.cm-2. The pitting potential 
was obtained by the tangent method.

Electrochemical impedance spectroscopy (EIS) tests 
were performed at a frequency range from 10 kHz to 10 
mHz, with a potential amplitude of 20 mV in relation to 
the corrosion potential. ZView software was used for data 
fitting of the impedance spectra and ZSimpWin software 
was used to validate the impedance data.

Mott-Schottky analysis was performed on the passive film 
at a frequency of 1 kHz using a 10 mV sinusoidal signal and 
steps of 20 mV in the anodic direction. In order to evaluate 
the stability of the passive layer, a chronoamperometric 
measurement was carried out using an applied potential of 
25 mV below the Epit with 7000 s of duration.

The surface layer was analyzed by X-ray photoelectron 
spectroscopy using a SPECS-Model Phoibus 100 equipment. 
The high-resolution spectra were obtained using a Kα 
radiation from an aluminum anode (photon energy: 1486.6 
eV/line width: 0.85 eV). The C 1s peak of adventitious 
carbon (284.73 eV) was used as a reference for the spectra 
energy calibration. Peak fitting of high-resolution spectra 
was carried out using Casa XPS software.

3. Results and Discussion

3.1 Microstructure

Representative images of both the solution treated and 
the HPT-processed alloy are shown in Fig. 1 where the 
former was determined by optical microscopy and the latter 
by scanning electron microscopy. The average grain size in 
the solution-treated alloy was ~300 µm and HPT processing 
reduced the grain size by over 3 orders of magnitude to 
~140 nm. It should be noted that the grain size after HPT 
processing agrees with previous reports for this alloy14,20 
and the grain structures appeared to be homogeneously 
distributed throughout the entire areas of the SEM images.

3.2 Cyclic polarization

Representative curves of the OCP evolution for immersion 
times of 3600 seconds for both alloys are shown in Fig. 2. 
The alloy processed by HPT exhibited a more positive 
corrosion potential than the solution-treated alloy thereby 
suggesting a nobler behavior in this medium.

Figure 3 shows the characteristic cyclic polarization 
curves for the solution-treated and the HPT-processed alloys. 
Table 1 presents the values of the corrosion potential (Ecorr), 
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corrosion current density (icorr), pitting potential (Epit), passive 
current density (ipass) and protection potential (Eprot).

The open circuit potential was measured before the 
electrochemical tests until stabilization. Polarization 
curves shown in Fig. 3 started at the corrosion potential. 
The corrosion current densities, icorr, of the solution treated 
alloy were slightly higher than the icorr after HPT, although 
the HPT sample showed a larger number of active sites such 
as grain boundaries and dislocations. The pitting potential 
(or breakdown potential) is clearly defined in Fig. 3 as 
the potential in which there is a rapid increase in current 
density. The passive current density was determined as the 
value in the middle of the passive potential range. Upon 
scan direction reversal, the current density decreases with 
decreasing potential until intersecting the forward curve in 
the passivation region. The protection potential, Eprot., was 
determined as the electrode potential at this intersection where 
it is expected that the growth of active pits is diminished 
or possibly stopped.

To better understand the surface reactions in this Al 
alloy the surface features were characterized using SEM 
after the polarization corrosion tests. Figure 4 shows SEM 
micrographs for both (a,b) the solution treated and (c,d) the 
HPT-processed alloy after polarization tests. These images 
reveal deeper pits with a higher diameter on the surface of 
the solution treated alloy compared to the material processed 
by HPT.

The corrosion potential is -966.7 ± 25.2 mV for HPT-
processed samples and the solution treated metal presented 
a lower corrosion potential of -1053.3 ± 72.3 mV; this value 

Figure 1. Grain structure of the Al-3% Mg-0.2% Sc alloy (a) after 
solution treatment at 880 K for 1 h (optical microscopy) and (b) after 
processing through 10 turns of HPT at room temperature (SEM).

Figure 2. Open circuit potential variation with time for solution 
treated and HPT-processed alloy in 3.5 wt./v.% NaCl solution

Figure 3. Cyclic polarization curves of solution treated and HPT-
processed alloy in 3.5 wt./v.% NaCl solution

Table 1. Cyclic polarization results of the different samples in 3.5 
wt./v.% NaCl solution 

Solution treated HPT

Ecorr (mVAg/AgCl) -1053.3 ± 72.3 -966.7 ± 25.2

icorr (µA/cm2) 11.3 ± 1.2 7.6 ± 0.9

Epit (mVAg/AgCl) -735.3 ± 11.8 -727.1 ± 10.8

ipass (nA/cm2) 864.0 ± 27.1 399.0 ± 63.8

Eprot (mVAg/AgCl) -767.2 ± 4.4 -

Figure 4. SEM micrographs of the surface of the (a, b) solution 
treated and the (c,d) HPT-processed alloy, at (a,c) low and (b, d) 
high magnification, obtained after anodic polarization test in 3.5 
wt./v.% NaCl solution
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is consistent with an earlier report for an untreated 2024 Al 
alloy21. Both materials showed an initial increase in OCP 
which is attributed to the formation of corrosion products 
such as oxides and hydroxides.

The Al-3Mg-0.2Sc alloy shows a passivation behavior 
in both processing conditions and there was no difference 
between the pitting potential values for the two samples. 
On the other hand, the passive current density decreased 
from 885.5 nA/cm2 for the solution treated alloy to 393.2 
nA/cm2 after HPT processing. This reduction is attributed 
to the finer grain structure and higher dislocation density in 
the latter which promotes the formation of a more compact 
and protective corrosion product. Nevertheless, these defects 
are preferred sites for nucleation of pits. As a consequence, 
both samples display similar values of pitting potential.

These results suggest that the intense straining imposed 
by HPT can effectively increase the corrosion resistance 
of the aluminum alloy, thereby increasing the protection 
efficiency of the passive layer. The solution-treated and 
HPT-processed alloys have positive hysteresis loops indicating 
the possibility of a localized corrosion22. A repassivation of 
the solution-treated alloy was identified and the protection 
potential was measured as -765.3 mV. By contrast, the HPT-
processed alloy showed no repassivation. The propagation 
of pits is expected to affect the protection potential Eprot. 
As the corrosion pits on the surface of the solution treated 
samples were larger and deeper (Fig. 4) in comparison with 
the HPT-processed alloy, the pit propagation was greater. 
This effect increases the amount of corrosion products which 
could facilitate the repassivation.

3.3 Electrochemical impedance spectroscopy 
analysis

The Nyquist plots are presented in Fig. 5. Both samples 
showed a corrosion mechanism with two time-constants. It 
appears that the HPT-processed alloy showed a diffusion 
control of the corrosive process, and this hypothesis was 
confirmed by data fitting. The equivalent circuits used to 
describe the corrosion behavior of the Al-3Mg-0.2Sc alloy 
were Rs(CPEoxRox)(CPEdl Rct) for the solution treated and 
Rs(CPEoxRox)(CPEdlRctW) for the HPT-processed alloy. In the 
equivalent circuit of solution treated alloy and HPT alloy, the 
resistance of the electrolyte, Rs, is placed in series with the 
constant phase element and impedance of the oxide layer, 
CPEox and Rox, respectively. Also, the capacitance of the 
double layer (represented by the constant phase element) 
and the charge transfer resistance, CPEdl, Rct, are placed in 
series with CPEox and Rox. This circuit is consistent with other 
reports in the literature2,23,24 for Al alloys. The impedance 
spectra were fitted to this circuit for both alloys with a very 
good correlation with χ2 on the order of 10-4 (Table 2). The 
values of the fitting parameters are given in Table 2. As 
expected, the value of Rs is similar in both conditions since 

Figure 5. Nyquist diagrams of the solution treated and the HPT-
processed alloys in 3.5 wt./v.% NaCl solution after 1 h stabilization 
at the OCP

Table 2. Fitting results of electrochemical parameters for solution 
treated and HPT processed alloys.

Solution treated HPT

Rs (Ω.cm2) 23.19 23.02

CPEox (Ω
-1.sn.cm-2) 1.49x10-5 4.55x10-6

n1 0.91 0.91

Rox (Ω.cm2) 1.35x104 1.88x105

CPE (Ω-1.sn.cm-2) 1.48x10-5 2.55x10-5

n2 0.86 0.88

Rct (Ω.cm2) 2.34x105 2.19x107

W (Ω.cm2) - 2.39x106

χ2 5.01x10-4 2.06x10-4

this parameter is associated with the electrolyte resistance. 
In practice, this value depends on the distance between 
the working and the reference electrode together with the 
concentration of the solution.

The CPEox values are related to the high frequency 
range and are associated with the oxide layer exposed to the 
corrosive medium. Oxide capacitance is attributed to the ion 
transport through the oxide layer23. The impedance of the 
passive layer (Rox) of the HPT-processed alloy is one order 
of magnitude higher than the oxide layer on the surface of 
the solution-treated Al alloy. This is consistent with the lower 
passive current density observed for the ultrafine-grained 
alloy. At high frequencies, the current mainly passes through 
the oxide film. An increase in the Rox value can be related 
to a reduction in the corroded area24. The HPT-processed 
alloy showed a higher value of Rct than the solution-treated 
alloy, increasing the inhibition for the charge transfer at the 
metal/oxide interface2. Therefore, the Al alloy processed by 
HPT showed a higher corrosion resistance than the solution-
treated alloy based on the EIS results, mainly on the higher 
values of oxide impedance and Rct.
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Bode plots are presented in Fig. 6. The curves clearly 
display two maxima in the phase angle versus frequency 
diagram for the solution-treated alloy and a broad maximum 
in the phase angle plot for the HPT-processed alloy, thus 
confirming the presence of two time-constants. A time constant 
at high frequencies may indicate the presence of an oxide 
film on the metal matrix. In addition, a second time constant 
at lower frequencies can indicate the occurrence of corrosion 
processes occurring at the metal/oxide interface25. Analyzing 
the Bode diagrams, the Al alloy processed by HPT showed 
a higher impedance modulus than the solution-treated alloy 
which agrees with the Nyquist diagram results.

densities of donors and acceptors can be estimated from 
the inclination of plots of 1/Csc

2 as a function of E in the 
passivation range.

The measurement was performed from the initial potential 
of -1.06 V to the final potential of -0.74 V for the solution 
treated alloy and from an initial potential of -0.92 V to the 
final potential of -0.73 V for the alloy processed by HPT. 
Such plots are given in Fig. 7 for the solution treated and 
HPT-processed alloys. The curves show a positive slope for the 
HPT-processed material indicating an n-type semiconductor 
behavior. The solution treated material exhibits an initial 
positive slope (n-type behavior) but also a negative slope 
characteristic of p-type behavior above -0.95 VAg/AgCl. The 
densities of carriers (donors) were calculated as 2.65 × 
1020 cm-3 and 0.94 × 1020 cm-3 for the solution treated and 
HPT-processed material, respectively. The lower density 
of donors of the passive film of the HPT-processed alloy 
than for the solution-treated alloy agrees with the highest 
oxide impedance observed in the EIS results and the lowest 
passive current density identified in the cyclic polarization 
results. A reduction in carrier density has been reported in a 
magnesium alloy AZ91 and attributed to grain refinement27. 
This observation also supports the hypotheses that a higher 
concentration of grain boundaries and dislocations on the 
surface of the HPT-processed alloy, which are anodic sites 
in the corrosion process, contributes to generate a more 
compact, homogeneous and protective oxide layer.

The oxidized surfaces of the different samples were 
analyzed by X-ray Photoelectron Spectroscopy (XPS) and 
no significant differences were observed between them. 
Figure 8 shows the high-resolution spectra in the oxygen 
energy range (O1s) for (a) the solution treated and (b) the 
HPT-processed alloy. The results revealed the presence of 
a peak at the binding energy interval of ~528-535 eV. The 
peak was adjusted using two Gaussians to provide more 
detailed information concerning the bonds at the surface of 
the Al samples. For both processing conditions, one peak 
indicates the bonding with aluminum forming Al2O3 and the 
remaining peak is associated with Mg-Al-O bonds likely 
from the MgAl2O4 phase. The high-resolution spectra in the 
aluminum energy range (Al2s) have confirmed the presence 
of MgAl2O4. It is estimated that most of the sample surface 
is formed by the MgAl2O4 phase while the Al2O3 phase 
occupies a smaller but important portion.

Magnesium and aluminum oxides are usually n-type 
semiconductors. This agrees with the behavior of the oxides 
in the surface of the HPT-processed alloy. The solution treated 
alloy exhibits an n-type that changes to p-type above -0.95 
VAg/AgCl. It is worth noting that a change from n-type to 
p-type semiconductor has been reported during corrosion 
of aluminum and attributed to the presence of chloride ions 
in the solution28. Further research is needed to clarify the 
reasons such a transition takes place in the solution treated 
but not in the HPT-processed alloy.

Figure 6. Bode diagrams of impedance modulus and phase angle 
versus frequency of solution treated and HPT-processed alloy in 
3.5 wt.% NaCl solution

3.4 Mott-Schottky analysis

The Mott-Schottky analysis is a common method for 
evaluating the behavior of passive films26. The density of 
defects that act as charge donors or acceptors are estimated 
from the following equations 1 and 2 respectively:

C e N E E e
kT1 2

SC d
fb2

0ff= - -S X
   (Eq. 1)

C e N E E e
kT1 2

SC a
fb2

0ff= - - -S X
   (Eq. 2)

In this analysis Csc is the space charge capacitance, ε is 
the electron charge (1.6 x 10-19 C), ε is the dielectric constant 
of the Al oxide (which is considered as 10)22, ε0 is the vacuum 
permittivity (8.85 x 10-14 F.cm-1), Nd is the donor density 
in n-type semiconductors and Na is the acceptor density in 
p-type semiconductors, E is the applied potential, Efb is the 
flat-band potential, k is Boltzmann's constant (1.38 x 10-23 
J.K-1) and T is the absolute temperature. It follows that the 
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Figure 7. Mott-Schottky plots for (a) the solution treated and (b) the HPT-processed alloy in 3.5 wt./v. NaCl solution at 1000 Hz

Figure 8. The high resolution spectrum in the oxygen energy range (O1s) for (a) the solution treated and (b) the HPT-processed alloy.

Figure 9. Current signatures recorded during chronoamperometric 
measurements of solution treated and HPT-processed alloys in 3.5 
wt./v. NaCl solution

3.5 Chronoamperometric measurements

To evaluate the oxide film behavior of the alloys 
immediately before the film degradation, a potential of 
25 mV was applied below the Epit for both alloys. Typical 
current signatures recorded during the chronoamperometric 
measurements are shown in Fig. 9. The current decreased 
with time for the solution-treated alloy and this was mainly 
due to the formation and thickening of the passive film which 
shows a dissolution rate which is negligible since the applied 
potential was in the passivation range29,30. In this case, the 
passive current density is stable. For the alloy processed by 
HPT, the current density grows with time, probably due to the 
initiation of pitting corrosion or nucleation of metastable pits6. 
It is also noted that the current density of the alloy processed 
by HPT is considerably higher than for the solution-treated 
alloy, indicating that the passive film on the HPT-processed 
alloy initiated its degradation at this potential.

Transients in current could be observed for both alloys. 
The small fluctuations in current density in Fig. 9 suggest 
the occurrence of metastable pits which were nucleated and 
then repassivated6. At the end of the passive region, where 
the chronoamperometry measurements were recorded, there 

is a higher occurrence of metastable pits that have a greater 
tendency to repassivate in the case of the solution treated 
alloy. Thus, the current obtained for the solution treated alloy 
was lower than the alloy processed by HPT. The result agrees 
with the observation that the solution treated alloy presented 
a better ability to repassivate than the HPT-processed alloy. 
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Both currents are larger than the passive current densities 
indicating the degradation of the passive layers for the two 
alloys at this potential.

3.6 Final considerations

The HPT-processed alloy showed a higher impedance 
and a lower passive current density than the solution treated 
alloy in a saline solution. This result agrees with the n-type 
semiconductor behavior of Mg and Al oxides found on the 
surface of the HPT-processed alloy. The solution treated alloy 
showed a bi-layer film on its surface, with an n-p junction, 
which is less protective than a pure n-type semiconductor found 
on the surface of the ultrafine-grained alloy. The beneficial 
aspect of the solution treated alloy was its repassivation 
ability. This alloy showed larger pits with a higher diameter 
and a greater pit propagation that produced a repassivation 
in the saline medium.

4. Conclusions

1. This report compares the corrosion behavior of 
an Al-3% Mg-0.2% Sc alloy after solid solution 
treatment and after HPT processing. The latter 
exhibits a grain size ~3 orders of magnitude smaller 
than in the unprocessed alloy.

2. HPT processing leads to a more protective passive 
layer with a lower passive current density evaluated 
by using cyclic polarization tests, a lower number 
of donors in the oxide film (an n-p semiconductor) 
analyzed using a Mott Schottky technique, and 
a higher impedance of oxide layer evaluated by 
EIS data.

3. A SEM analysis of the corroded surface revealed 
broader and deeper pits on the surface of the 
solution-treated alloy than on the surface of the 
HPT-processed alloy.

4. The solution treated alloy showed a repassivation 
behavior in an aqueous solution of 3.5 wt./v.% NaCl.

5. The solution treated alloy showed a bi-layer film 
with a p-n junction of the oxide layer in an aqueous 
solution of 3.5 wt./v.% NaCl.
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