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 Magnesium alloys have been considered due to its high strength to weight 
ratio. In this study, cubic samples of as-cast AZ91 were cut in the dimension 

of 1  1  1 cm3, and then a hot severe plastic deformation process was 

applied on them at 350 C. The samples were continuously compressed in the 
direction of x, y and z. The raw samples and one, two and three-directional 
forged samples were evaluated by Vickers hardness, potentiodynamic 
polarization, scanning electron microscopy (SEM), and electrochemical 
impedance methods. Vickers hardness evaluation showed that by applying 
forging in three continual directions, the hardness of the raw sample 
increased from 74 HV to 86 HV. However, by increasing the number of forging 
pass, the corrosion current density decreased from 2 mA/cm2 to about 6.9 

10-4 mA/cm2. SEM evaluation indicated that corrosion zones were reduced 
by increasing deformation. Polarization resistance obtained from 

electrochemical impedance method increased from 381.99 to 1914.4 .cm2 
related to the as-cast and three-directional deformed samples, respectively. 
The event confirmed that anodic regions reduced on the surface of forged 
samples. The mentioned results confirmed the positive effect of grain size 
reduction, applied compressive strength and blocking of the presented 
micro-voids on the corrosion behavior of the alloy. 
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INTRODUCTION 

 
According to the high strength to weight ratio of 

magnesium alloy that decreases energy consumption, the 

alloyis a low-weight metal widely used in different 

engineering application such as automobile 

manufacturing, sport, and electronic industries[1-3]. 

Nevertheless, the presence of limited slip systems in 

magnesium alloys results in their low deformability in 

ambient temperature. Hence, it is required to develop 

applying new magnesium-based materials due to its 

acceptable mechanical properties[4-7]. Although the 

most proportion of commercial magnesium alloys is 

produced by the casting methodology, the contribution of 

as-cast magnesium alloys in the whole applications of 

magnesium alloys is lower than 10% [8]. 

Many activities in the field of mechanical refinement of 

magnesium alloys have been performed to develop the 

applications of the alloys in automobile manufacturing 

and aerospace industries. In the past decades, many mg 

alloy systems have been developed, such as az system, zk 

system, we system, etc[9-12]. 

Scientists have been developed high strength magnesium 

alloys by improving properties of commercial alloys[13-

15]with applying different mechanical and metallurgical 

processes, which result in optimizing grain size and 

improving strength by precipitation strengthening 

method[16, 17]. For example, a high strength mg-y-zn 

alloy, produced by powder metallurgy method, indicated 

outstanding mechanical properties, including tensile yield 

strength (tys) of 610 mpa and lai tanaole na of 5%[18]. 
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One of the most critical parameters in the development 

of magnesium alloy properties is high-temperature 

forming. Actually, during hot forming of magnesium 

alloys, because of their stacking fault energy (sfe) that is 

about 125 mj/m2, dynamic recovery phenomenon occurs 

that influences softening and grain size of the alloy[19, 

20].  

Deformed magnesium alloys are considered more than 

as-cast ones due to their higher mechanical properties. 

Besides, lower porosity is observed in the deformed 

alloys, and corrosion behavior of the alloys is outstanding. 

Limited studies have been done on the corrosion behavior 

of magnesium alloys[21, 22].  

From advanced processes that can modify the 

microstructure and improve mechanical properties of 

magnesium alloys, severe plastic deformation such as hot 

extrusion, equal-channel angular processing, etc. Can be 

mentioned[23]. Dynamic recrystallization, occurs in the 

whole of the sample by applying hot severe plastic 

deformation, causes the formation of an acceptable 

microstructure[24, 25]. 

According to various researches, severe plastic 

deformation (spd) can modify the grain size of large solids 

in submicron or nanometer level[26]. Among spd 

procedures multi-axial forging, its potential is considered 

because of its ability to apply in industrial applications and 

produce large-scale samples[27, 28]. Because the shape 

of the material is not affected by multi-axial forging, the 

thickness and diameter reduction appeared in rolling and 

extrusion processes are not observable in the forging 

method. Due to high temperature and low compressive 

stress applying during multi-axial forging, the process can 

be used upon brittlematerials[29-35]. 

 

EXPERIMENTAL 

 

In this study, az91 magnesium alloy (mg-9.3% al-0.96% zn-

0.14% mn), cast in the sand, was used andcubic samples 

with the dimension of 1  1  1 cm3 were cut from as-cast 

alloy, homogenized at 420 c for 24 h, and then quenched 

in water. 

In order to apply hot deformation process on the samples, 

each sample was heated up to 350 c at a furnace with 

hot argon atmosphere, and then quickly transferred to a 

25-ton press instrument (zwick/roll) to apply compression 

process with the strain rate of 0.1 s-1 until real strain 

received to 0.3. Four types of the samples were assessed 

including an as-cast raw sample and other three types 

that compressed in the direction of x, the direction of x 

and y, and the direction of x, y and z, respectively. 

To evaluate the hardness of the samples, the vickers 

hardness method was used. For this purpose, a 3-kg force 

was applied on a sample with a pyramid indenter with the 

angle of 136, then the average diameter of the projected 

area of the indenters (d) was determined by optical 

microscopy and hardness was calculated by equation 

(1)[36]. 

𝐻𝑉 =
1.8544𝐹

𝐷2
    (1) 

To assess the corrosion behavior of the samples, 

potentiodynamic polarization method in a solution 

containing 3.5% nacl was used, and a saturated calomel 

electrode as a reference electrode was considered. 

Before the test, the samples were immersed in the 

solution for 1 h to obtain electrochemical equilibrium. 

Then, the test was done in the voltage range of -0.4 to 0.4 

mvref and the open circuit potential range with the scan 

rate of 1 mv/s.  

For investigation of grains, the samples were etched in 

nital solution for 30 seconds and the  used an optical 

microscope. The morphology and corroded surface of the 

samples were studied via scanning electron microscopy 

(sem). 

To determine the dominant corrosion mechanism, 

electrochemical impendence was performed in a 

potential of 10 mv and a frequency range of 0.01-10 khz. 

 

RESULTS AND DISCUSSIONS 

 

The hardness results of AZ91 samples are shown in Fig. 1. 

As can be seen, by increasing the applied deformation at 

different loading directions, the hardness increased from 

74 to 86 HV associated with three-directional forged 

samples. The increase in the sample hardness after 

applying hot plastic deformation can be originated from 

compressive residual stress and the increase in the 

number of twinnings and dislocations, which prevented 

penetration of the indenter in the sample surface. 

However, Ebrahimi et al.[37] reported that in accordance 

to equation (2) dynamic recrystallization phenomenon as 

a dominant mechanism occurred during hot deformation 

of AZ91 alloy, which reduced the average of grain size and 

in consequence enhanced the hardness of the alloy based 

on Hall-Petch equation (equation (3))[38]. 

𝑋𝐷𝑅𝑋 = 1 − 𝑒𝑥𝑝 [−0.3 (
𝜀−𝜀𝑐

𝜀𝑝
)
�́�

]  (2) 

𝜎𝑑 = 𝜎0 +
𝐾𝐻𝑃

√𝑑
    (3) 

Where XDRX is dynamic recrystallization fraction, c is a 

critical strain, p is strain peak, m is constant of the 

material, d is ultimate stress, 0 is a frictional strain, d is 

grain size, and KHP is a constant integer.  
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Fig. 1: Vickers hardness of AZ91 samples before and after applying the forging process 

 

In Fig. 2, the results of optical microscopy are shown. By 

increasing the mechanical deformation, the grain size is 

reduced and anodic zones have lower distribution with 

thicker size. In as-received sample,narrow grain-

boundaries have clearly separated all grains, but with 

increased plastic deformation, the grains have become 

finer and the separation of grain is difficult. 

The results of the potentiodynamic polarization of the 

AZ91 samples before and after applying deformation in 

different directions are indicated in Fig. 3. It can be seen 

that applying mechanical work decreased corrosion 

potential and current of the samples. By determining 

Tafel slope from data obtained in Fig. 4, it can be 

concluded that the corrosion potential of as-cast samples, 

which was about -1.84 V, decreased to -1.26 V (compared 

to the saturated calomel electrode (SCE)) by applying 

continual three-directional forging. Although it is 

expected that the intensity of corrosion caused by rising 

of strain energy increases by increasing deformation and 

as a consequence residual stress in the samples, the 

obtained controversial results indicated that the 

dominant corrosion mechanism after deformation was 

inhomogeneous corrosion. So, the results confirmed that 

by applying stress and compressive deformation, grain 

size was reduced, sub-grains were formed, and casting 

voids and cracks were eliminated.The events, in 

consequence, caused a reduction in the active anode 

surface compared to the protected cathode surface. 

Hence, the effective contact surface with the corrosive 

solution and accessible anode surface that provide the 

required corrosion electron were limited. 

Fig. 5 shows the SEM micrographs of the AZ91 samples 

influenced by potentiodynamic polarization deformation 

in a 3.5% NaCl solution. It is observed in Fig. 4-a that 

homogenous corrosion occurred on the most surface of 

the sample, and corrosion has been clearly recognizable 

around grain boundaries, voids and cracks. In Fig. 5b-d is 

observed that by applying plastic deformation in different 

directions, the dominant corrosion mechanism 

transferred to crevice corrosion and most of the 

destruction occurred around grain boundaries. In the 

research performed by Kovaci et al.[39] about the 

corrosion mechanism of a severe plastic deformed low-

alloyed steel, the same behavior was reported. They 

described that transferring from homogenous corrosion 

to localized corrosion originated from increasing energy 

in eligible regions including grain boundaries and cracks 

caused chemical destabilization in these regions. These 

regions played a role of localized anode regions that 

protected other regions. On the other hand, because of 

the presence of residual stress in the deformed samples, 

the cracks were blocked, and the diffusion of the solution 

which was limited, decreased the corrosion intensity of 

the samples. 
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(A) 

 

(B) 

 

(C) 

 

(d) 

Fig. 2- The results of optical microscopy of AZ91 alloy, a) as-received, b) 1pass, c) 2 passes, d) 3 passes forged. 
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Fig. 3The results of potentiodynamic polarization of AZ91 samples after casting and deformation in different 

directions. 
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Fig.4 The results of measured Tofel slope of AZ91 samples before and after applying mechanical deformation. 
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(l)  

 
(d)  

 

 
(c)  

Fig. 5 The scanning electron microscopic images of corroded surface of AZ91 samples after the potentiodynamic polarization test in 

3.5% NaCl solution, a) as-cast b) deformed in one direction, b) deformed in two consecutive directions, and c) deformed in three 

consecutive directions i.  

 

The results obtained from electrochemical impedance 

spectroscopy (EIS) have been indicated in Fig. 6. It is 

observed that applying the forging procedure and 

increasing the deformation directions increased the 

capacitive circle. The biggest capacitive circle was found 

in the sample forged in three directions. The evaluation of 

the sample via potentiodynamic polarization and SEM 

showed that it possessed the highest corrosion 

resistance, and the corrosion was limited to grain 

boundaries, and the voids were not observed in the 

corroded regions. The increase in the circle of EIS graph 

can be originated from the complete elimination of voids 

by applying three-directional deformation, which 

prevented the diffusion of the corrosive solution in the 

alloy and improved its corrosion resistance. 

Randles equivalent circuit of EIS tests is indicated in Fig. 7. 

In the circuit, Ru is solution resistance, Cf is phase 

constant, and RP is polarization resistance. According to 

the results, RP was influenced by the intensity of 

deformation and increased from 381.99 .cm2, related 

to the as-cast sample, to 1914.4 .cm2, associated with 

the three-directional deformed sample. The event 



Paper Title 

showed that by applying deformation, polarization 

resistance increased and corrosion rate decreased. The 

obtained results confirmed the positive effect of grain size 

reduction, compressive strain formation, and blocking of 

the presented microcracks on corrosion behavior of the 

alloy. 

On the other hand, it was observed that capacitive 

behavior (Cf), which is the indication of double layer 

formation on the sample surface, was reduced by 

applying a deformation pass to the as-cast sample and by 

applying more passes the behavior increased. The first 

reduction of double layer capacity resulted from the 

dominated effect of residual stress on the alloy surface 

that destabilized the capacitive behavior of the layer. 

However, applying more forging pass in different 

directions reduced the grain sizes and blocked more 

microcracks, which caused the increase of double layer 

capacity.  
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Fig. 6 Simulated Nyquist plot obtained from electrochemical impedance test of AZ91 samples before and after 

applying the forging process. 

 

Fig. 7 Randles circuit obtained from electrochemical impedance test of AZ91 samples before and after applying the 

forging process. 
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CONCLUSIONS 

By applying severe plastic deformation on AZ91 

magnesium alloy at 350 C, the following results 

were obtained: 

By increasing the severe plastic deformation on the 

samples, grain size reduced and compressive 

residual strain remained in the metal crystal 

structure. In consequence, hardness was increased 

that all the events can be effective on the corrosion 

behavior of the alloy.The results of potentiodynamic 

polarization indicated that by increasing the 

intensity of deformation, due to the reduction of 

anode regions on the sample surface, corrosion 

current decreased and corrosion potential became 

more positive. Besides, the microscopic evaluation 

of the corroded surface also confirmed the 

reduction of anode regions. Furthermore, the results 

of electrochemical impedance showed that 

polarization resistance of the samples increased by 

increasing the intensity of deformation and in 

consequence, corrosion resistance of the samples 

was improved. 
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