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Abstract

In this study, the effects of forming method (extrusion) and environmental factors (solution pH 
and temperature) on the corrosion performance of AZ91 magnesium alloys were investigated using 
potentiodynamic polarization, electrochemical impedance spectroscopy (EIS), scanning electron microscopy 
(SEM) and salt spray techniques.  The polarization test results of the specimens showed that simple shear 
extrusion (SSE) process have adverse effect on the samples corrosion behavior in 3.5 wt% NaCl solution and 
corrosion current densities increased by increasing temperature/ decreasing pH of the solution. Moreover, 
the EIS test results showed that the increase in temperature or acidity of the solution led to decrease in 
charge-transfer resistance (Rct) at the electrode/solution interface for both as-cast and SSEed samples. In 
addition, the weight loss measurements, based on the salt spray test results, revealed that normally extruded 
samples have better corrosion performance than as-cast and SSEed ones which is in accordance with the 
electrochemical test results.  

Keywords: AZ91 magnesium alloy; Simple shear extrusion; Corrosion, Electrochemical impedance 
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1. Introduction

Severe plastic deformation (SPD) 
technique is regarded as suitable grain refining 
method to improve mechanical behavior 
of metallic materials [1, 2]. Many SPD 
techniques have been proposed throughout 
the literature such as equal-channel angular 
pressing (ECAP) [3, 4], high pressure torsion 

(HPT) [5] and accumulative roll bonding 
(ARB)[1, 6] to fabricate ultra-fine grained 
(UFG) and nano-crystalline materials. Among 
these SPD methods, simple shear extrusion 
is one of the modern techniques to produce 
such materials by imposing high strain values 
via pressing the sample through a channel in 
which the specimen deforms gradually with a 
constant cross-section area [7].

Magnesium and its alloys are commonly 
used for different industrial applications 
owing to their low specific weights and 



high strength/weight ratio[8]; but their 
applications are restricted due to their poor 
corrosion resistance. The corrosion behavior 
of magnesium alloys have been investigated 
in the previous studies to some extent. The 
main proposed corrosion mechanisms of 
Mg alloys are general corrosion and pitting 
attack. General corrosion is the predominant 
mechanism at beginning stages while pitting 
attack occurs at longer times and the surface 
attack is controlled by three surface state 
variables namely the formation of Mg(OH)2, 
precipitation of MgAl2(SO4)4.2H2O and finally 
formation of metastable Mg+ concentration 
areas [9]. Moreover, it has been reported 
that magnesium alloys exhibit corrosion and 
passivation zones in dilute NaCl solutions 
with corrosion products including Mg(OH)2, 
Mg5(CO3)4(OH)2.8H2O and MgO while the 
two latter phases are present on their surface 
as passive film[10].

It has been reported that the grain size 
and its distribution[11], residual stresses[12], 
texture[12, 13] and composition[14] of the 
metals may influence their corrosion behavior. 
In fact, chemical composition of Mg alloys, 
applied bulk deformation methods (like ECAP 
or SSE) and environmental parameters (like 
type of the corrosion medium, temperature 
and pH) have pronounce effect on their 
corrosion behavior. The effect of such factors 
has been investigated through the literature. 
For example, it has been reported that the 
corrosion behavior of magnesium alloys 
is affected by grain size and twins that are 
presented in the alloy microstructure[13]. In 
addition, Ma et al.[15] showed that the bulk 
ultrafine grained  AZ91D magnesium alloy, 
fabricated via ECAP technique, have impaired 

corrosion performance owing to activated 
α-phase matrix and propagation of β-phase in 
the α-phase matrix. 

Recently, the effect of alloying elements 
concentration (like Zn and Mn) on the corrosion 
behavior of Mg alloys has been reported [16-
18].  Although there are many studies about 
the microstructure variation and mechanical 
properties of the Mg alloys but the effects of 
processing parameters (specially SSE process) 
and environmental factors (like pH and 
temperatures) on the corrosion behavior of 
such alloys have not been investigated enough 
in the literatures. 

In this study, electrochemical techniques 
and salt spray method were used to investigate 
the effect of extrusion on the corrosion 
performance of AZ91 alloys. In addition, the 
effects of temperature and pH on the corrosion 
behavior of as-cast and SSEed AZ91 Mg alloys 
were evaluated in the 3.5 wt% NaCl solution 
using polarization tests and electrochemical 
impedance spectroscopy. 

2. Experimental procedure

Billets of AZ91 magnesium alloy, with 
dimensions of 30×30×20 mm and nominal 
composition shown in Table.1, were used 
to produce SSEed samples. Before the SSE 
process, the AZ91 billets were heat-treated 
consecutively at 270 and 415oC for 2 and 24 
h, respectively. The heat treated samples were 
then extruded at 415oC using screw press with 
ram speed of 0.2 mm/s. In the next step, the 
samples were cut in rectangular shape with 
cross section of 1 cm2, mechanically polished 
with SiC abrasive paper up to 3000 grade and 
finally washed with distilled water and ethanol 

Table 1: Chemical composition of AZ91 alloy (wt.%).
Al Zn Mn Fe Be Si Cu Ni

9.05 0.65 0.21 0.0021 0.00082 0.022 0.002 0.00057
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to prepare them for the corrosion tests.
All the electrochemical experiments 

were conducted in 3.5 wt%. NaCl solution (at 
temperature range from 25 oC  to 60 oC  
and pH range from 3 to 12) with a μAutolab3 
system and the results were analyzed using 
GPES and FRA 4.9 software. The effect of 
solution temperature on the corrosion behavior 
was investigated in pure 3.5 wt% NaCl 
solution. The pH of the corrosive environment 
(3.5 wt% NaCl solution) was adjusted by 0.1M 
NaOH solution (for basic pH range) and 0.1M 
H2SO4 solution (for acidic pH range) at room 
temperature.   

Before each electrochemical test, the 
specimens were kept at their open-circuit 
potentials (OCP) to establish the dynamic 
stabilization at the specimen/electrolyte 
interface. The impedance response were 
measured at the OCP potential with amplitude 
of 5 mV in a frequency range from 10 mHz 
to 10 kHz. The potentiodynamic polarization 
test were carried out from -300 to 300 mV 
with respect to OCP at scan rate of 1 mV/s. 
Salt spray tests were conducted based on 
ASTM-B117 standard for 50 hours using a 
WEISS TECHNIK device. 

All the specimens were investigated 
firstly to assess their corroded surfaces (using 
a Leitz optical microscope and a Cambridge 
260 scanning electron microscope) and mass 
loss measurements were also carried out 
after the salt spray tests. Before the mass loss 
measurements, the corroded samples were 
first rinsed well with distilled water and then 
acid pickled with a solution of 200g/L CrO3 

+ 10 g/L AgNO3 for one minute to remove all 
the corrosion products and residual salts from 
the surface [19]. The samples that were used 
for microstructural observations were first 
mechanically polished with abrasive papers 
up to 3000 grade and then chemically etched 

in a solution containing 2.5ml acetic acid, 3g 
picric acid, 50ml ethanol and 5ml distilled 
water. 

3. Results and Discussion

3.1. Effect of deformation technique on 
AZ91 magnesium alloy corrosion behavior

The microstructures of as-cast, extruded 
and SSEed specimens are shown in Fig. 1. As 
seen in Fig. 1a, the microstructure of as-cast 
samples consists of β (Mg12Al17) precipitations 
that are surrounded by eutectic (α+β) 
microconstituents distributed in the α-matrix. 
It has been reported that the formability of 
magnesium alloys is not much that they can 
exhibit high strain values which may be 
experienced by the material as a result of SSE 
process [20]. Thus, in order to enhance their 
formability, the as-cast specimens were first 
heat treated and then quenched in water at 
ambient temperature to eliminate β precipitates 
from the structure. The heat treated samples 
were then extruded at 415oC in order to achieve 
further improvement in the formability (before 
SSE process) as has been reported elsewhere 
[21]. The microstructure of extruded sample is 

 

Fig. 1. OM micrographs from the surface of AZ91 Mg 
alloys: a) as-cast b) extruded c) SSEed. 
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illustrated in Fig. 1b indicating homogeneous 
α phase without any β precipitates that may 
have adverse effect on the alloy formability. 
As seen in Fig. 1c, SSE process led to decrease 
in the grain size and formation of twins in the 
microstructure of AZ91 magnesium alloy.

The AC responses (obtained in 3.5 wt% 
NaCl solution at room temperature) of AZ91 
magnesium alloys that experienced different 
deformation processes are illustrated in 
Fig. 2. As seen, the AC responses of all the 
specimens include a capacitive loop at low 
frequency range followed by an inductive 
loop at high frequencies while their respective 
diameters varies for different samples. The 
diameter of the capacitive loop may be related 
to the charge transfer resistance (Rct) at the 
electrode/solution interface. According to 
Fig. 2, the extruded sample has the highest 
value of Rct (biggest capacitive loop diameter) 
which might be related to the elimination of 
β precipitates from the microstructure and 
remaining homogeneous α-phase (Fig. 1b) 
that exhibits better corrosion resistance. In 
addition, the Rct-value of SSEed sample 

is lower than that of as-cast one (compare 
their respective capacitive loop diameter) 
which indicates the adverse effect of the SSE 
technique on the corrosion behavior of AZ91 
alloys. Such behavior would be related to the 
resulted fine grained active microstructure 
in the SSEed sample that also includes high 
energy areas, such as twins, as can be seen in 
Fig. 1c

The polarization curves related to 
differently prepared AZ91 magnesium alloys 
are presented in Fig. 3. As seen, the lowest 
and highest corrosion current densities (icorr) 
are related to the extruded specimen and 
SSEed sample, respectively, which is in good 
accordance with the results obtained from 
EIS data. Such observations have been also 
reported for corrosion behavior of ECAPed 
(equal-channel angular pressed) AZ91D alloy 
in NaCl solution  in which the enhanced 
corrosion has been related to the increase in 
the deformation induced crystalline defects 
that provides high energy areas suitable for 
promoted corrosion [15]. 

The surface morphologies of the as-cast, 
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Fig. 2. AC responses of AZ91 Mg alloys in 3.5 wt% 
NaCl solution at room temperature: a) as-cast b) 
extruded c) SSEed.

Fig. 3. Polarization curves of AZ91 alloys at room 
temperature: a) as-cast b) extruded c) SSEed.



extruded and SSEed samples, after the salt 
spray test, are presented in Fig. 4 a-c. As 
seen, more corrosion products are formed on 
the surface of SSEed samples, moreover, the 
surface of the extruded samples is covered 
with less corrosion products than the as-cast 
one. In addition, more compact corrosion 
products are formed on the surface of the 
samples that exhibits high corrosion resistance 
(Fig. 4 d-f). The obtained mass losses were 
used to estimate corrosion rate of the samples 
under the salt spray test condition based on 
equation (1).

mpy=534W/D.A.T  		         (1)

in which W is the mass loss (mg), D is 
the alloy density (g/cm3), A is the surface area 
(in2) and T is time in hours. The results of such 
calculations are presented in Table.2 which are 
in good accordance with the electrochemical 
test results, i.e. SSEed samples exhibit higher 
corrosion rates than the other ones.  

3.2. Effect of temperature and pH on the 
corrosion behavior

The effect of solution temperature on 
the electrochemical impedance responses of 

SSEed magnesium AZ91 alloys are presented 
in Fig. 5. The equivalent circuit that was 
used to fit the experimental data is illustrated 
in Fig. 6 and the fitted results are presented 

Fig. 5. AC responses of AZ91 Mg alloys in 3.5 wt% NaCl solution at various temperatures: a) as-cast and b) SSEed.

Table 2: Mass loss results after 50 h exposure in salt 
spray tests.

CR( mpy)W2(g)W1(g)Sample

631.35981.3675As-cast

351.62051.6255Extruded

821.16271.1702SSEed

Fig. 4. SEM micrographs from the corroded surfaces of 
as- cast (a and d), extruded (b and e) and SSEed (c and 
f) samples after 50 h exposure in salt spray tests.
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in Table. 3. In this circuit, Rs is the solution 
resistance, Cdl is the double-layer capacitance, 
Rct is the charge-transfer resistance, R2 is the 
polarization resistance and L1 is an inductive 
element. The results show that increasing 
the solution temperature leads to decrease 
in the charge-transfer resistance (Rct) of all 
the samples. The OM micrographs from the 
surface of the corroded specimens are shown 
in Fig. 7 and Fig. 8. As seen, the corroded 
areas (dark gray patches) are distributed more 
closely together as the solution temperature 
increases. In addition, the extrusion process 
caused corrosion to occur in a preferred 
direction parallel to the deformation axis that 
leads to have elongated pattern for corroded 
areas in the SSEed samples. 

Fig. 6. The equivalent circuit used to fit the 
experimental EIS data.

Fig. 7. OM micrographs from the corroded surface of 
as-cast AZ91 alloys at: a) 25oC , b) 40 oC  and c) 
60 oC .

Fig. 8. OM micrographs from the corroded surface of 
SSEed AZ91 alloys at: a) 25 oC , b) 40 oC  and c) 
60 oC.

Table 3. The fitted results to the EIS data of as-cast and SSEed specimens in 3.5 wt% NaCl solutions at various 
temperatures.

C(F)nY0L(H.cm
2

)Rct(ohm.cm
2

)Rp(ohm.cm
2
)Rs(ohm.cm2)Temperature(oC)

10-5×1.6790.88910-4×0.28416755244075.7525

As-cast

10-5×1.270.90610-4×0.21214053492874.4840

10-5×1.17 0.89210-4×0.214 1064 308 259 5.57 45

10-5×1.32 0.89710-4×0.235 835 291 253 3.79 50

10-5×1.190.87010-4×0.1626371871563.59860

10-6×7.550.88010-4×0.15115254123255.1625

SSEed

10-6×6.5290.87010-4×0.14415383332834.1540

10-6×6.799 0.87510-4×0.147 1420 323 254 3.76 45

10-6×8.898 0.87010-4×0.193 1192 278 227 3.54 50

10-5×1.1560.87510-4×0.2497421981583.30660
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It has been reported that two chemical 
compounds, Mg(OH)2 or mixed oxides of the 
Mg and Al,  may be produced on the surface of 
such magnesium alloys depending on the pH 
value of the corrosive medium [22]. At acidic 
solutions, pH values around 2, β-phase plays 
an important role in the formation of the mixed 
oxides on the alloy surface while Mg(OH)2 

compound will precipitate on the alloy surface 
in alkaline solutions with pH values above 11 
[23-25]. 

The effect of the solution pH on the 
impedance responses of SSEed magnesium 

AZ91 alloys are presented in Fig. 9. As seen, 
impedance spectra are similar to those that were 
obtained at various temperatures including 
inductive and capacitive loops.  The fitted 
results to the experimental data (Fig. 9) using 
equivalent circuit shown in Fig.6 are presented 
in Table 4. As seen, the Rct-values increases 
as the pH level of the solution increases i.e. 
corrosion resistance of the samples are higher 
in alkaline media than in acidic ones. It may be 
related to the formation of an intact protective 
layer at high pH value [23]. The optical 
microscope micrographs from the corroded 
surfaces of as-cast and SSEed samples at 

Table 4: The fitted results to the EIS data of as-cast and SSEed specimens in 3.5 wt% NaCl solutions at various pH 
levels at room temperature.

C(F)nY0L(H.cm
2
)Rct(ohm.cm

2
)Rp(ohm.cm

2
)Rs(ohm.cm

2
)pH

2.19×10-50.8760.391×10-411764273123.653

As-cast
1.679×10-50.8890.284×10-416755244075.756

1.717×10-50.9230.232×10-4385011708965.111

5.281×10-60.930.708×10-55600289218789.1612

7.874×10-60.8890.156×10-410282612256.553

SSEed
7.553×10-60.8800.151×10-415254123255.166

7.635×10-60.890.128×10-4303611958445.4911

1.345×10-50.930.172×10-43048219713186.1412

Fig. 9. AC responses of AZ91 Mg alloys in 3.5 wt% NaCl solution at different pH levels: a) as-cast and b) SSEed.
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various pH values are presented in Fig. 10 and 
Fig. 11, respectively. Again, more corrosion, 
in comparison to as-cast ones, occurred at 
preferential direction parallel to the extrusion 
axis in the SSEed samples; in addition, more 

corroded areas (dark patches) are created at 
low pH (acidic) solutions in both as-cast and 
extruded samples. 

Potentiodynamic polarization responses of 
the samples, prepared at various experimental 

Table 5: Electrochemical parameters obtained by potentiodynamic technique for as-cast and SSEed AZ91 in 3.5 wt% 
NaCl at various temperatures.

CR (mm/y)icorr (A/cm2)Ecorr (V)
vs. Ag/AgClsat 

Temperature (°C)

0.1456.27×10-6-1.34325
As-cast 1.8758.107×10-5-1.45540

3.261.419×10-4-1.52760
0.4071.76×10-5-1.40925

SSEed 0.82810-5×3.58-1.48640
1.47810-5×6.389-1.53260

Table 6: Electrochemical parameters obtained by potentiodynamic technique for as-cast and SSEed AZ91 in 3.5 wt% 
NaCl at different pH levels.

CR (mm/y)icorr (A/cm2)Ecorr (V)
vs. Ag/AgClsat 

pH

4.261.88×10-4-1.4933

As-cast
1.4636.47×10-5-1.4516
1.0744.75×10-5-1.43311
0.5882.611×10-5-1.36312
4.432.037×10-4-1.5223

SSEed
1.6057.013×10-5-1.4856
1.054.66×10-5-1.45211
0.4662.064×10-5-1.40312

Fig. 10. Light microscope surface micrographs for 
AZ91 as-cast specimens showing effect of pH on 
corrosion morphology: a) pH=3, b) pH=6, c) pH=11 
and d) pH=12.

Fig. 11. Light microscope surface micrographs for 
AZ91 SSEed specimens showing effect of pH on 
corrosion morphology: a) pH=3, b) pH=6, c) pH=11 
and d) pH=12.
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conditions, are shown in Fig. 12 and Fig. 13 
and the related data are presented in Table.5 
and Table.6, respectively. The corresponding 
corrosion rates (in mm/year) were calculated 
using equation (2) in which icorr is corrosion 
current density (μA/cm2), M is molecular 
weight (g/mol), n is the number of electrons 
and D is the density (g.cm-3). 

CR = (3.28×10-3) icorr (M/nD)	 (2)

As seen, the corrosion potential becomes 
more negative and corrosion current increases 
by increasing the temperature and decreasing 
the pH of the solution in both as-cast and 
SSEed samples. This type of behavior is in 
good accordance with the EIS test results 

that showed a decrease in the charge transfer 
resistance as the environmental factors 
(solution pH and temperature) altered in the 
same way. 

4. Conclusion

Simple shear extrusion has adverse effect 
on the corrosion behavior on as-cast AZ91 
magnesium alloys. The corrosion performance 
of the SSEed samples got worsens as a result 
of increasing the temperature and degree of 
solution acidity. In addition, the corrosion 
occurred in preferred direction parallel to the 
deformation axis leading to have elongated 
areas that were corroded at the surface of 
SSEed specimens.

Fig. 12. Polarization curves of a) as-cast and b) SSEed.AZ91 alloys in 3.5wt% NaCl solution at various temperatures.

Fig. 13. Polarization curves of a) as-cast and b) SSEed.AZ91 alloys in 3.5wt% NaCl solution at various pH levels.
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