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Abstract: Magnesium alloys, as a new generation temporary biomaterial, deserve the desirable biocompatibility and 
biodegradability, and also contribute to the repair of the damaged bone tissues. However, they do not possess the 
required corrosion resistance in human body fluid. Hot mechanical workings, such as extrusion, influence both the 
mechanical properties and bio-corrosion behavior of magnesium alloys. This review aims to gather information on how 
the extrusion parameters (extrusion ratio and temperature) influence the bio-corrosion performances of magnesium 
alloys. Their effects are mainly ascribed to the alteration of extruded alloy microstructure, including final grain size and 
uniformity of grains, texture, and the size, distribution and volume fraction of the second phases. Dynamic recrystallization 
and grain refinement during extrusion provide a more homogeneous microstructure and cause the formation of basal 
texture, resulting in improved strength and corrosion resistance of magnesium alloy. Extrusion temperature and 
extrusion ratio are reported as the influential factors in the degradation. The reports reveal that the increase in extrusion 
ratio and/or the reduction in extrusion temperature cause a decrease in the final grain size, leading to intensification of 
basal texture, in parallel side of the samples with extrusion line, and to lower volume fraction and size of precipitates in 
magnesium alloys. These all lead to improving the bio-corrosion resistance of the magnesium alloy implants. 
Key words: magnesium alloys; extrusion temperature; extrusion ratio; biodegradation; microstructure 
                                                                                                             
 
 
1 Introduction 
 

Biomaterials are biocompatible substances that 
do not have a toxic effect on the organs and other 
parts of human body [1]. These materials are used 
as alternatives to living organs or tissues in human 
body as the therapeutic substances for the treatment 
of patients, and include materials such as metals 
and alloys, ceramics, polymers and composites [2]. 
Biomaterials used in the human body are shown in 
Fig. 1 [3].  

Providing optimal mechanical properties, 

metallic implants are good substitute for the 
damaged bones. Primary metallic biomaterials 
generally undergo corrosion at low rates in 
physiological environment. Orthopedic implants are 
categorized as permanent joint replacements and 
temporary fracture fixation devices. Deficiency in 
finger joints, wrist, knee, ankle, shoulder, hip and 
elbow requires permanent implants. These implants 
are designed to serve in the patients’ body 
throughout their whole life. On the other hand, the 
temporary implants serve for a relatively short time, 
and once the damaged bones are healed, the implants 
can be removed. Intramedullary nails, plates, 
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screws, pins, and wires fall in this category [4]. 
After the regeneration of the damaged bone tissues, 
the temporary implant must be surgically removed 
from the body [5]. Implants of commonly used 
materials (such as stainless steel, cobalt−chromium, 
titanium, and nickel alloys) might be corroded by 
body fluid or worn out, and leave some debris in 
human body. Such residual substances may have 
cytotoxic effects on the nerve tissues and cells [6,7]. 

According to the classification of CHEN and 
THOUAS [5], biomaterials are divided into three 
different generations (Table 1). The first generation 
is relatively well-adapted to the human body and 

has an almost neutral effect on the human body. The 
second generation has been developed with 
therapeutic properties and relative improvement of 
damaged tissue. Vascular stent, one of the widely 
used biometals, is among this generation. The third 
generation, such as magnesium, in addition to 
having the properties of previous generations, is 
electrochemically active in the physiological 
environment. In other words, such materials, after 
healing the damaged organs, are harmlessly 
dissolved away in the body [8], and they do not 
require to be removed from human body by extra 
surgeries [9]. 

 

 
Fig. 1 Various biomaterials used in human body [3] 
 
Table 1 Generations of biomaterials [5,8]  
Generation (inception period) Goal Biomaterial 

First (1950−1960) Bioinert Cobalt alloys, Al2O3, polyurethane 

Second (1980− 2000) Bioactivity 
Titanium alloys, hydroxyapatite,  

calcium phosphate, surface bioactive glasses 

Third (2000−) 
Regenerate  

functional tissue 
Magnesium alloys, degradable bioglass degradable polymers
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The first and second generations of metallic 
biomaterials (such as iron, chromium, cobalt, nickel, 
tantalum, niobium, molybdenum and tungsten)  
have lower compatibility with the physiological 
environment compared to those in the third 
generation. It should be noted that, in some cases, 
they are rejected by the human body and require 
extra surgeries for their incorporation, repair, and 
then removal from the body. In some cases, the 
wear or corrosion products of these materials have 
allergic effects on the surrounding tissues, and 
sometimes, may even bring about a toxic and 
infectious effect on the surrounding cells (such   
as debris produced by corrosion of Ni−Co−Cr 
alloys) [5,6]. An increase in nickel content of stents 
constructed out of this alloy has shown a toxic 
effect due to the degradation product [10]. Similarly, 
the corrosion product debris of titanium implant 
accumulate in surrounding tissues and cause 
detrimental effects [7]. Also, titanium alloy, due to 
its high elastic modulus, has a stress shielding  
effect on the damaged bone, which increases the 
load on the repaired bone [5,11]. In contrast, 
magnesium alloys provide an increased healing rate 
of damaged bone [12] while do not inflict much 
stress shielding. 

Yet, magnesium is severely degraded in the 
physiological environment (pH ~7) which is a 
critical concern about its applicability as   
implants [13−15]. Such degradation also 
compromises its mechanical strength decrease [16]. 
Also, hydrogen gas is produced due to the cathodic 
reaction in magnesium corrosion [17]. Spreading 
into loose structures, the gas results in subcutaneous 
emphysema, and the continuous evolution of the 
gas and its accumulation generate bulbs in the body, 
which cause discomfort and disturb the balance of 
blood cell parameters. This fact increased the 
mortality rate of rats which were used for in-vivo 
experiments [18]. Therefore, before magnesium and 
its alloys could be effectively employed as 
bioimplants, it is necessary to address the concerns 
about their electrochemical properties and strength 
during their exposure to the physiological 
environment. Common approaches to address such 
concern are alloying with suitable elements, heat 
treatment, and coating [19−21]. In addition to 
alloying and solid solution strengthening, the 
strength of magnesium alloys can be further 
enhanced by hot mechanical working [22−24]. 

Among the various mechanical working approaches, 
extrusion has provided optimal properties, and in 
comparison to alloying, has much greater effect on 
the grain refining, final strength and yield strength 
of the alloy [24]. PENG et al [25] reported that both 
mechanical properties and corrosion resistance of 
as-cast Mg−2Zn alloy are significantly improved. 
Some reports suggest that the extrusion process also 
improves corrosion resistance of magnesium alloys, 
and the corrosion rate of the alloy depends on the 
extrusion parameters, such as temperature and 
extrusion ratio [26−29]. Therefore, this study aims 
to present a comprehensive and critical review of 
the effects of extrusion ratio and extrusion 
temperature on corrosion performances of 
magnesium alloys. 
 
2 Magnesium biomaterials 
 

Due to its degradability in the physiological 
environment, the required specific strength, and   
the closer mechanical properties to the bone, 
magnesium has been studied extensively as a 
temporary bioimplant material in recent years. This 
metal possesses ideal biocompatibility and plays a 
key role in the chemical process of the body. 
Moreover, about 53% of the body’s magnesium 
deposits in the bone marrow. In addition, this metal 
possesses an ideal biocompatibility. However, 
magnesium suffers from corrosion at an 
unacceptably high rate in the aqueous chloride 
environment such as human body fluid, which is a 
major obstacle in its effective use as an optimal 
implant [13,14]. 

As seen in Table 2, magnesium alloys, 
compared to the traditional biomaterials, have 
similar properties to bone, namely density, strength, 
and modulus to bone [5]. These alloys are also 
much cheaper than traditional implant alloys [31]. 
Magnesium surface when exposed to body fluid 
develops calcium phosphate, i.e., one of the main 
constituents of bone [32]. Zn and Mg are essential 
elements for having a healthy body and offer high 
biocompatibility; yet, Zn is a less preferable option 
over Mg since the recommended daily consumption 
of Zn for an adult is up to 11 mg/d, while this 
amount for Mg is up to 420 mg/d. Also, compared 
to other biomaterials including Zn and Fe, the 
elastic modulus and density of Mg are much closer 
to those of a natural bone [21]. 
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Table 2 Comparison of mechanical properties of biometals and cortical bone [5,21,30] 
Material Elastic modulus/GPa Ultimate tensile strength/MPa Fracture toughness/(MPa·m1/2)

Cortical bone 10−30 120−150 2−12 

Mg alloys 40−45 100−250 15−40 

Ti alloys 105−125 900 ~80 

CoCrMo alloys 240 900−1540 ~100 

316L stainless steel 200 540−1000 ~100 

NiTi alloy 20−50 1355 30−60 

Fe-based alloys 200−205 210−360 − 

Zn-based alloys 90−100 160−390 − 

 
According to an in-vivo research [33], the 

degradation of implanted magnesium brought about 
minor changes to blood composition after 6 months 
and had no adverse physiological effects on organs, 
such as liver and kidney. Magnesium was first used 
in 1878 as a suture thread. The history of magnesium 
biomaterial is summarized in Table 3 [34]. Some of 
the magnesium implants used in the physiological 
environment are shown in Fig. 2. 

As described earlier, magnesium alloys are 
very attractive as an alternative to the damaged hard 
tissues in the body, such as bone. However, 
magnesium and its alloys degrade too rapidly in 
human body fluid, and this rate needs to be slowed 
down for controlled decomposition in order for 
their mechanical properties to be maintained for the 
required period of time [35,36]. 
 
3 Corrosion of magnesium biomaterial 
 

Corrosion in the physiological environment 
usually has galvanic and pitting nature [37,38]. 
Corrosion of magnesium in the physiological 
environment is caused by anodic (Eq. (1)) and 
cathodic (Eq. (2)) reactions, as shown in Fig. 3 [39]. 
With cathodic reaction, the pH of the solution 
increases, which facilitates the stabilization of the 
Mg(OH)2 passive film. Magnesium can undergo 
both internal galvanic corrosion and external 
galvanic corrosion. When adjoined to a metal with 
more positive potential, magnesium acts as anode, 
and external galvanic corrosion occurs. On the 
other hand, the secondary phases and/or inclusions 
that exist in magnesium alloy matrix, are often 
cathodic to the main alloy matrix, and they can 
cause local galvanic corrosion to the adjoining 
anodic matrix. This represents internal galvanic 

corrosion. The external and internal galvanic 
corrosion mechanisms are schematically shown in 
Fig. 4 [40].  
Anodic reaction: Mg→Mg2++2e             (1)  
Cathodic reaction: 2H2O+2e→H2↑+2OH−        (2) 
 

Corrosion of magnesium, like other metals in 
the electrolyte with constant potential is a function 
of pH, and can be investigated under equilibrium 
conditions [37]. A combination of Pourbaix diagram 
for magnesium metal and various environments 
inside the body is shown in Fig. 5 [2]. Magnesium 
with standard electrode potential of 2.372 V (vs 
SHE) is known as a low corrosion resistance 
element [5]. Also, some of the measured corrosion 
rates (CR) of pure Mg and its alloys are listed in 
Table 4. 

The high corrosion rate of magnesium alloys 
in the physiological environment is detrimental to 
the practical aim of repair of the damaged bone 
tissues; it takes at least 3−6 months for the damaged 
bone tissue to fully recover and return to the healthy 
state. The estimation of bone healing time for 
different fractures is stated in Table 5 [52]. 
Therefore, during this period, it is necessary that the 
used biomaterial, in addition to maintaining the 
strength, provides a good corrosion resistance, and 
suffers any significant degradation only after the 
formation of bone tissue. But, most of the 
magnesium biomaterials are completely degraded 
within four months of implantation [52]. 

Furthermore, bio-implants are under various 
load and stress patterns in human body, as  
dictated by the location they are placed at. The 
combination of mechanical loading and the 
corrosion can also cause stress corrosion cracking 
(SCC) and corrosion fatigue (CF), which can bring  
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Table 3 History of application of magnesium alloys as biomaterial [34] 
Year Magnesium (alloy) Application Human/animal model Result of implantation 
1878 Pure magnesium Wires as ligature Humans Successfully stop bleeding vessels 

1892− 
1905 

High-purity  
magnesium 

Tubes (intestine, vessel,
 nerve connector), plates, 
arrows, wire, sheets, rods

Humans,  
guinea pigs, rabbits, 

pigs, dogs 

Intravascularly placed Mg tubes  
exhibited thrombotic blood clotting 

1903 Pure magnesium Magnesium cylinders as
 vessel connectors Dogs Observing thrombosis in vessels with 

 a diameter less than 3 mm 

1900− 
1905 

High-purity  
magnesium 

Tubes, sheets and cylinder 
intestine connector, 

arthoplastik 

Humans,  
rabbits, dogs 

Sheets were completely  
corroded after 18 days 

1906− 
1932 

Pure magnesium 
 (99.7%) 

Rods, plates, 
 screws 

Humans,  
rabbits, dogs 

Human body experienced 
extensive subcutaneous gas cavities, local 

swelling and pain after implantation of Mg plate 
with six steel screws at the tibia 

1910 Metallic  
magnesium 

Ring-plates for  
anastomosis Dogs 

Rings were tied firmly together,  
but not so tight as to cut the intima and 

 cause vessel necrosis 

1917 Pure magnesium, mix. of eq.  
part: Mg/Al, Mg/Cd, Mg/Zn 

Wires, clips as ligature, 
anastomosis Dogs Cannot be tied in even loose knots,  

as it breaks immediately on kinking 

1924 Pure magnesium (99.99%), 
distilled in vacuum 

Wires, strips,  
bands Rabbits Wires had a low tensile strength and 

 were not sufficiently pliable 

1925 Pure magnesium 
 (99.8–99.9%) 

Magnesium  
arrows 

Humans,  
rats, cats 

Mg arrow therapy may not be beneficial for large 
and not purely cavernotic haemangioma 

1928 Pure magnesium Magnesium  
arrows Rabbits 

Mg corroded quickly in haemangioma, which 
leads to the early transformation of the 

haemangioma into a fibrous granulation tissue

1933− 
1937 

Dow metal: Mg−Al6−Zn3− 
Mn0.2 wt.% 

Elektron Mg−Al8wt.% 

Plate, band,  
screws, pegs 

Humans,  
dogs, rats, 
 rabbits 

All patients experienced regular body 
temperatures; while the skin, soft tissue, bone 
and joints showed no adverse reactions to the 

corroding magnesium 

1938 Mg−Mn3wt.%, 
Mg−Al4−Mn0.3wt.% 

Sheet, plate, 
 band, screw, 

 peg, wire 

Humans,  
dogs 

Screws were more resistant to corrosion than 
plates, especially when the screws were fitted 

more tightly into hard cortical bone 

1939 Elektron 
(alloy not specified) Rods Rabbits The gas evolution due to the corrosion led 

 indirectly to slight bone damage 

1948 Mg−Cd 
Plate,  

screws, 
 rod-plate 

Humans 
successful treatments of 34 cases of  

pseudarthrosis with a plate and screw 
combination 

1940 Magnesium 
Band, suture from woven 

Magnesium wires,  
fusiform pins 

Humans,  
rabbits 

Corroding the Mg and the formation of 
 gas cavities, as well as extensive 

 periostal bone formation 

1951 Mg−Al2wt.% pure magnesium Wires for clotting  
aneurysms Dogs Mg−Al alloy wires were twice as 

 thrombogenic as stainless steel 

1975 

Ind.-grade purity: Domal 
magnesium (99.9%), T.L.H. Mg 
not reported Lab-grade purity: 
‘‘zone fondue” Mg, R69 Mg, 

MgMn1.5wt.%, MgAl: GAZ8%, 
GAZ6%, GAZ3% 

Anodes for implantable 
batteries to feed pacemaker Dogs 

Domal magnesium (99.9%) was superior to the 
Mg−Mn alloy due to the possible toxicity of 

manganese, while both alloys did not show any 
subcutaneous necrosis 

1980 Mg−Al2wt.% Wires  
intravascular Rats 

Wires dissolved within 2 weeks and caused an 
increase in adrenal glandular weight, thymic 

involution, depression of the abnormally 
elevated blood pressure and a retarded gain in 

weight 

1981 Pure magnesium 
 (99.8%) 

Wires for  
hemangioma  

treatment 

Rats,  
rabbits 

Very mild foreign body reactions around the 
corroding Mg wires, and the structure and 

function of the neighbouring nerves and muscle 
fibers were preserved 

1981 Pure magnesium 
 (99.8%) 

Wires for  
Hemangioma 

 treatment 
Humans 

A good clinical result was obtained in 50% of the 
cases, since various types of haemangioma were 

treated. No adverse effect was observed in a 
5-year follow-up 
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Fig. 2 Magnesium implants: (a) Mg−0.8wt.%Ca screw; (b) ZEK100-plate; (c) Intramedullary LAE442-nail; (d) WE43 
stent [21] 
 

 
Fig. 3 Corrosion mechanism of immersed magnesium alloy in solution (During anodic polarization, Mg2+ ions released 
into solution may remain soluble and diffuse towards the bulk solution (I). A fraction of the Mg2+ ions transform into 
the insoluble form, Mg(OH)2, by undergoing the net reaction (II) (while inside the human body that has high 
concentration of chloride ions, Mg(OH)2 is soluble). Hydrogen is evolved during one of the reaction steps. Sudden 
spikes of Mg2+ ions may be released into solution, during sudden ‘‘breakdown’’ of the intact MgO-based film (III)) [39] 
 

 
Fig. 4 External galvanic corrosion (a), internal galvanic corrosion (b), galvanic corrosion of primary α and eutectic α (c), 
and final corrosion morphology (d) [40] 
 
about premature cracking of implants [53−55]. 
Magnesium alloys offer lower fatigue resistance 
than traditional biometals [30]. Therefore, an alloy 
must be developed to provide optimal resistance  

to corrosion and corrosion-assisted cracking. To 
address this requirement, various approaches such 
as suitable alloying and purification [56−59], 
surface engineering and coating [60−62], heat treat- 
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Fig. 5 Pourbaix diagram showing regions of different 
electrochemical behaviors of magnesium alloys, 
including in various body fluids [2]  
 
Table 4 Bio-corrosion rate of different Mg-based alloys 

Alloy Solution CR/ 
(mm·a−1)Ref.

Pure Mg Minimum essential 
medium (MEM) 0.440 [41]

Pure Mg Kokubo solution 2.184 [19]

As-cast ZK60 Simulated  
body fluid (SBF) 0.532 [42]

As-cast AZ31 SBF 1.114 [43]

As-cast AZ91 SBF 0.110 [44]

As-cast AZ91 SBF 0.632 [45]

As-cast Mg−4Zn SBF 1.720 [46]

As-cast 
Mg−3Zn−0.4Ca Hanks solution 2.190 [47]

As-cast 
Mg−1Zn−1Ca Hanks solution 1.290 [47]

As-cast 
Mg−Zn−Y−Nd SBF 3.122 [48]

Extruded AZ31B SBF 3.100 [49]

Extruded LAE442 in-vivo  
(Rabbit femur) 0.310 [50]

Extruded 
Mg−Nd−Zn−Zr Artificial plasma 0.337 [51]

 
ment [63,64], and hot or cold mechanical working 
[65−67], have been employed. Among these, hot 
mechanical working offers an implant with both 
higher strength and greater corrosion resistance 
simultaneously; however, this is not a general rule, 
as there are many exceptions that thermomechanical 

working results in lower strength and corrosion 
resistance due to the textural evolution and the 
presence of defects. 
 
Table 5 Healing time for different fractures of bones in 
human body [52] 

Fracture Healing 
time/week Fracture Healing 

time/week 
Clavicle 5−7 Pelvis 6−10 

Fingers 4−8 Femur 8−14 

Scaphoid >10 Neck of 
femur 12−24 

Humerus 5−8 Tibia 8−12 
Radius and 

ulna 8−12 Calcaneus 6 

Distal radius 3−4 Toes 6−8 

 
4 Hot mechanical working on magnesium 
 

One of the critical approaches to improve 
strength of alloys is the mechanical working (hot or 
cold). Using this method, the deleterious effects of 
heat treatment, such as increasing grain size,    
can be greatly circumvented [68]. Despite its high 
cast-ability, magnesium metal has a poor 
formability at ambient temperature, which is due to 
the hcp crystal structure. However, magnesium 
alloys attain high strengths after forging, hot and 
cold rolling, extrusion, and compression [65,69−71]. 
Among these processes, the hot extrusion of 
magnesium, due to the lack of metal loss during 
mechanical work, has gained the attention of many 
researchers [72,73]. 

In pure magnesium and at temperatures below 
225 °C, slip only occurs on the basal planes. Also, 
the twinning phenomenon contributes to the 
deformation of magnesium. However, magnesium 
deformation is difficult at ambient temperature, and 
during cold deformation of magnesium, the 
probability of local stress concentration and fracture 
is very high. At higher temperatures, the additional 
slip systems (known as non-basal slip systems) are 
activated in magnesium and the plasticity of the 
alloys is greatly increased. Non-basal slip systems 
include the prismatic a and pyramidal slip c+a 
systems [74]. 

The activity of these systems (critical shear 
resolved stress or CRSS) depends on the soluble 
atoms, secondary phases or precipitates and 
temperature. The experimental values of CRSS for 
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basal planes, extension twinning planes, prismatic 
planes, first-order and second-order pyramidal 
planes of the single-crystal magnesium are 5, 10,  
20, 40, and 70−80 MPa, respectively. As the 
temperature increases, the CRSS in the prismatic 
system decreases sharply, the mobility of the  
screw dislocations increases, the formability of 
magnesium alloys improves, and the probability of 
mechanical fracture greatly reduces [72,74,75]. One 
of the important effects of thermomechanical 
processes in metals is the activation of static and 
dynamic restoration mechanisms in the metal 
because of high strain rates (10−3−103 s−1). Due to 
the low stacking-fault energy (SFE)  in magnesium 
alloys, the duration of dynamic recovery (DRV) is 
short in these alloys, and at temperatures above 
240 °C, dynamic recrystallization is also observed 
in the alloy. However, at temperatures greater  
than 360 °C, dynamic recrystallization is the 
predominant mechanism. During magnesium 
thermomechanical process, first, dynamic recovery 
and lots of twinning are produced, but by increasing 
the process temperature (more than 200 °C) and as 
a result of activation of the pyramidal slip system, 
the twinning also decreases [76]. 

The microstructure of magnesium alloys, 
under the influence of restoration mechanisms, 
changes the properties of the alloys such as 
corrosion and strength. For instance, after the 
extrusion process on a magnesium alloy, the rate of 
anodic and cathodic reactions decreased and the 
corrosion rate of the extruded alloy reduced 
significantly compared to the as-cast alloy, but with 
additional mechanical work (rolling after the 

extrusion), the corrosion resistance of alloy 
deteriorated [77]. XIA et al [78] implanted the 
extruded magnesium−zinc−calcium alloy inside the 
body, and after 3 months observing that 35% of this 
alloy was degraded, and structures similar to bone 
tissue were formed on the surface of alloy. 

In general, it can be said that any kind of 
additional treatments after casting, including heat 
treatment, hot and cold mechanical work, etc., as 
well as changing the parameters of hot working, 
such as extrusion ratio or temperature, have special 
effects on the final structure, strength, flexibility, 
hardness, and corrosion resistance; however, 
suitably optimized mechanical working, especially 
extrusion may still be one of the best ways to 
improve the corrosion resistance of magnesium 
implants [79,80]. 
 
5 Extrusion of magnesium alloys for 

bioimplant application 
 

Direct and indirect extrusions are common and 
traditional types (Fig. 6). Usually, before the 
extrusion, homogenization process is performed on 
magnesium alloys, particularly in the case of high 
speed extrusion. Magnesium alloys are often 
deformed using direct extrusion. Although the 
indirect method requires lower forces (due to the 
reduction of friction between sample and mold) and 
the deformation ratio increases, the formability of 
magnesium with different diameters is limited in 
this method. Magnesium alloys are also extruded by 
other modern methods such as equal channel 
angular extrusion (ECPE), cold extrusion, and  

 

 
Fig. 6 Types of extrusion [81] 
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hydrostatic extrusion. In terms of the extrusion 
operation, the force used for extrusion depends on 
variables such as extrusion type, temperature, 
extrusion ratio and extrusion speed, and the friction 
of metal and mold [72,73]. 

The extrusion ratio (R) is the ratio of the initial 
cross-sectional area (A0) to the final cross-sectional 
area (Af) after the extrusion [82]:  

0

f

AR =
A

                                (3) 
 

Extrusion velocity is equal to the speed of 
stem and dummy block, which determines the 
deformation rate. Extrusion temperature is the 
temperature of the die, billet and extrusion 
container during the process. As the temperature 
increases, the flow stress decreases. Therefore, 
usually a high temperature process is employed for 
the extrusion; so, the deformation resistance of 
alloy decreases with increasing temperature. In the 
high temperature extrusion process, it is possible to 
reduce the amount of required force and increase 
the rate of the process. 

Friction is also an effective factor on the 
applied force in extrusion process. The smoothness 
of the interior surfaces of the container and die, as 
well as the angle of the die is effective factor in the 
friction between the billet and the mold . Therefore, 
it is necessary to use a lubricant to reduce the 
friction during the process. Also, in order to 
decrease the dead zone during extrusion and 
increase the material flow inside the extrusion die, a 
die with a conical angle is used. 

In general, the effects of extrusion process on 
the final properties of magnesium alloy are due to 
microstructural changes in the alloy [77,83,84]. 

5.1 Grain size and secondary/deposited phases 
influences on corrosion of extruded Mg alloys 
WU et al [85] reported that after applying the 

extrusion process on the Mg−Zn−Y−Nd alloy at the 
temperature of 270 °C and extrusion ratio of 25:1, 
the corrosion performance of the alloy in the 
simulated body fluid (SBF) improved. Although, 
dynamic recrystallization (DRX) did not occur 
completely, the grain size was decreased and the 
structure became more homogeneous. Both as-cast 
and as-extruded samples had the same corrosion 
mechanisms, but the corrosion rate in the 
immersion test and the corrosion current density in 
the polarization test were reduced, as seen in Fig. 7. 

It has been generally proved that the corrosion 
properties of magnesium alloys are improved after 
grain refining. LU et al [86] reported that the 
bio-corrosion rate increases with increasing grain 
size in the alloy due to minimizing the segregation 
in the alloy, while its corrosion behavior is more 
homogeneous in a fine-grained microstructure. In 
another study, the direct relationship between grain 
size and the corrosion rate is declared [87]. 
Accordingly, as a result of grain refining and the 
presence of high misorientation angle grains, 
corrosion resistance of the magnesium alloy is 
improved, since these two factors promoted a more 
coherent oxide on the immersed alloy surfaces. 

In another study [88], after the extrusion 
process at 350 °C with the extrusion ratio of 25:1 
on the as-cast Mg−5wt.%Ca alloy, it was observed 
that the initial brittle and continuous secondary 
phases were completely crushed and arranged in the 
longitudinal direction of as-extruded alloy in the 
alloy matrix (Fig. 8). The secondary phase of 
Mg2Ca has the corrosion potential of −1.54 V (vs 

 

 
Fig. 7 Potentiodynamic polarization curves of Mg−Zn−Y−Nd alloy (a), and corrosion rate curves of Mg−Zn−Y−Nd 
alloy with immersion time in SBF solution at 37 °C (b) [85] 
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Fig. 8 SEM images of Mg–5Ca alloy: (a) As-cast; (b) Longitudinal direction of extrusion; (c) Radial direction of 
extrusion [88]  
 
SHE) and the matrix phase has the potential of 
−2.37 V (vs SHE), which led to the formation of 
internal galvanic couple in the structure. Since the 
surface exposure of the cathodic precipitates is 
greater in the as-cast alloy than that in the extruded 
alloy, the corrosion rate is greater for the as-cast 
alloy. For the same reason, the amount of released 
hydrogen (i.e., concurrent with magnesium 
corrosion) is the least in the radial direction of the 
extruded sample, followed by the longitudinal 
direction, and it is the highest for the as-cast alloy 
(Fig. 9). 
 

 

Fig. 9 Hydrogen evolution rates of as-cast and extruded 
Mg−5Ca alloy in SBF [88]  
 

The bio-corrosion rate increases with the rise 
of the volume fraction of secondary phases because 
of the galvanic corrosion developed between    
the cathodic (secondary phase) and the anodic 
(magnesium matrix) regions [86]. 

5.2 Microstructural heterogeneities (dislocations, 
twinning, shear bands) influences on 
corrosion of extruded Mg alloys 

As the number of dislocations and twins 
increases, corrosion rate grows up drastically [89]. 
In this regard, ZHENG et al [90] reported that due 
to the cold tensile deformation of the Mg−3Zn alloy, 
the number of dislocations increases, and by 
applying cold compressive deformation, the number 
of twinning increases. Due to the increase of the 
twins and dislocations, the residual stress in these 
zones rises, which causes an increase in corrosion 
rate of the alloy in the Hanks solution. HAMU    
et al [91] studied the relationship of the 
microstructure of AZ31 alloy after extrusion with 
corrosion in the 3.5% NaCl solution (pH, 10.5). The 
mechanical work performed on this alloy included 
direct extrusion with a ratio of 91.34% (ER91) and 
equal channel angular extrusion (ECAE) with a 
ratio of 98.99% (ER98) at 350 °C. After extrusion, 
the grain size was reduced by almost the same 
percentage for both ER91 and ER98 samples. The 
grain sizes of the as-cast, ER91, and ER98 samples 
were 29−35, 12−24 and 9−14 µm, respectively. 
Extrusion not only led to the enhancement of the 
dislocations density in this alloy, but also greatly 
increased the grain boundary length-density. In 
contrast, ECAE process, in addition to reducing 
grain size and severely enhancing dislocations 
density, has also greatly increased the amount of 
twinning. This indicates an incomplete DRX     
in the final microstructure of alloy. Therefore,    
as suggested through the polarization curves 
(Fig. 10(a)), the corrosion rate is severer in ER98  



Mahdi SHIRI, et al/Trans. Nonferrous Met. Soc. China 32(2022) 2787−2813 2797

 

 

Fig. 10 Potentiodynamic polarization curves of AZ31 magnesium alloys with different extrusion ratios (ER) (a), and 
Nyquist plots of alloys (b) [91]  
 
alloy than the extruded ER91. The Nyquist plots 
(Fig. 10(b)) also suggest the same corrosion 
mechanism for all three samples. 
 
5.3 Texture influence on corrosion of extruded 

Mg alloys 
The final texture of alloys with hexagonal 

structure, in addition to creating anisotropic 
characteristics and directional mechanical 
properties, also affects the corrosion properties. 
After the hot extrusion, the usual texture of 
magnesium is the basal (placing planes {0001} 
parallel to the longitudinal direction of extrusion), 
which is profoundly governed by the temperature 
and dynamic precipitates (precipitates formed 
during hot extrusion due to the presence of 
high-energy sites such as dislocations in DRXed 
microstructure). Cold mechanical working of Mg 
alloys decreases the texture intensity; however, 
alloys that extruded at 150−250 °C exhibit the 
maximum basal texture, and a further increase in 
extrusion temperature leads to the formation of 
dynamic precipitates which develop weaker basal 
texture [92]. Final structures with strong basal 
texture that has no twins, offer better corrosion 
resistance in comparison to that with fiber texture  
(a fiber texture is present with a maximum at    
the {1010} position) or mixed basal + fiber  
texture [93,94]. JIANG et al [95] confirmed that the 
greater the intensity of basal plane, the lower the 
corrosion rate of as-extruded magnesium alloys. 
 
6 Effect of extrusion on corrosion of 

magnesium alloy 
 

As mentioned earlier, extrusion process has 
different effects on the final microstructure, and 

therefore, on the final properties of the magnesium 
alloy. Corrosion of as-cast Mg−1.5Y−1.2Zn−0.44Zr  
alloy which was solution treated and extruded, was 
investigated [96]. The alloy was solution treated at 
450 °C for 10 h, and then extruded at 350 °C with 
the extrusion ratio of 16:8. According to Fig. 11, the 
mass loss is the same for all samples in the first 24 
h of immersion in the solution, but upon increasing 
the immersion time, the mass loss rate for the 
extruded sample is the lowest and the solution in 
which the extruded sample was immersed has the 
lowest pH (about 8.2). 
 

 
Fig. 11 Mass loss of as-cast, heat treated and extruded 
Mg−1.5Y−1.2Zn−0.44Zr alloy during immersion for 
400 h in SBF [96]  
 

After the solution treatment, the volume 
fraction of secondary phases was reduced in the 
structure and the grains became more homogeneous, 
but the grain size increased a little. After extrusion, 
the grain size reduced and the residual secondary 
phases became fine and scattered along linear bands 
parallel to the extrusion axis. The grain sizes of the 
as-cast, solid solutionized and extruded samples 
were 32, 37 and 10 µm, respectively, and the 
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extruded sample exhibited the best tensile strength 
and elongation. The corroded surfaces of the as-cast 
and solid solution samples had wide cracks with a 
greater depth compared to the extruded sample. The 
film formed on the surfaces of as-cast and solid 
solution samples is thicker than that on the extruded 
sample. The polarization diagram and the Tafel 
curves of the samples (Fig. 12(a)) indicate the 
reduction in the current density (i.e., increase in the 
corrosion resistance) for the extruded sample. The 
Nyquist plots indicate the corrosion mechanism to 
be similar for all three samples (Fig. 12(b)). 
However, the corrosion rate is the lowest for the 
extruded alloy. 

ZHOU et al [97] reported that upon extrusion 
(with ratio of 14:7 at 350 °C and velocity of 
4 mm/s), the grain size of Mg−1Mn−2Zn−1Nd 
alloy was reduced from 155 μm to 2−8 μm, and 
more homogeneous grains were formed in the alloy. 
According to Fig. 13(a) extrusion also vastly 
improved the corrosion resistance. The Nyquist 
plots (Fig. 13(b)) suggest the similarity of corrosion 
mechanism for both as-cast and extruded samples; 

however, consistent with the polarization results, 
the corrosion rate of the extruded alloy is lower 
than that of the as-cast alloy. 

Most of the studies on the effect of extrusion 
on corrosion have shown extrusion to improve 
corrosion resistance; however, there are a few 
studies where opposite effect has been found. In a 
previous study [98], the corrosion of a Mg−Nd− 
Zn−Zr alloy after extrusion was examined. The 
magnesium billet was turned into a tube upon 
extrusion and severe deformation. The grain size in 
the radial direction of extrusion was reduced   
from 25−35 µm to 10−20 µm. A heterogeneous 
microstructure (elongated grains, shear bands, etc.) 
was created in the alloy, and continuous secondary 
phases, which were created during the casting in the 
structure, spread and scattered in tiny forms after 
the extrusion. The immersion corrosion rates of 
as-cast and extruded alloys in the 5% NaCl solution 
were 0.203 and 0.232 mg/(cm2·d), respectively, 
indicating an increase of the corrosion rate     
after extrusion. This observation is in contrast to  
the commonly reported improvement of corrosion  

 

 
Fig. 12 Nyquist plots of as-cast, heat treated and extruded Mg−1.5Y−1.2Zn−0.44Zr alloy in SBF (a), and their 
potentiodynamic polarization curves (b) [96] 
 

 

Fig. 13 Electrochemical measurement of as-cast and extruded Mg−1Mn−2Zn−1Nd alloy in SBF: (a) Nyquist plots;   
(b) Polarization curves [97]  



Mahdi SHIRI, et al/Trans. Nonferrous Met. Soc. China 32(2022) 2787−2813 2799

performance of magnesium alloys upon extrusion. 
The extrusion parameters may be responsible for 
the opposite nature of effects. Accordingly, the 
effects of extrusion parameters such as temperature 
and extrusion ratio on the corrosion rate are 
discussed below. 
 
6.1 Effect of extrusion ratio and temperature on 

biodegradability 
The nature of the effect of extrusion on the 

corrosion properties is governed by the 
microstructure of the extruded alloy, which is a 
function of the extrusion parameters, such as strain 
rate, temperature, and velocity. 
6.1.1 Effect of extrusion temperature 

In order to investigate the effect of extrusion 
temperature on corrosion resistance of alloy, other 
extrusion parameters must be kept constant. BAEK 
et al [99] investigated the corrosion performance of 
Mg−8Sn−1Zn−1Al alloy in the 0.6 mol/L NaCl 
solution after extrusion at 180 and 280 °C (LT-E 
and HT-E samples, respectively) and a constant 
ratio of 25:1. The grain sizes of LT-E and HT-E 
samples were 2.9 and 4 μm, respectively. The 
secondary phase in the alloy, Al5Fe2 is highly 
cathodic to the alloy matrix; in fact its potential 
difference varies with the matrix of the alloy with 
respect to different extrusion temperatures, i.e., 630 
and 950 mV for LT-E and HT-E respectively. As a 
result of this difference, within 2 h of immersion 
test, much larger cavities developed on the surface 
of HT-E sample compared to the LT-E sample, and 
the amount of corrosion products on the surface of 
HT-E sample is greater. The corrosion rates of LT-E 
and HT-E alloys in the immersion test after 72 h 
were 27.5 and 246.7 mm/a, respectively. According 
to Fig. 14, the alloy extruded at 280 °C has a much 
greater cathodic current density compared to the 
other sample ((−5.67±0.48) mA/cm2 for the alloy 
extruded at 280 °C and (−0.62±0.033) mA/cm2 for  

 

 
Fig. 14 Potentiodynamic polarization curves of Mg− 
8Sn−1Zn−1Al alloy extruded at 280 °C (HT-E) and 
(180 °C) LT-E in 0.6 mol/L NaCl solution [99]  
 
the alloy extruded at 180 °C at a potential of −1.8 V 
(vs SCE)), which indicates the high rate of cathodic 
reactions in this sample. 

MOHAMMADI and JAFARI [100] also 
studied the effect of extrusion temperature (300, 
330 and 370 °C) on the biodegradability of Mg− 
5Zn−1Y−(0, 0.1, 0.5, 1 wt.%)Ca alloys. According 
to this study, with increasing extrusion temperature, 
grain size (dG) of Mg−5Zn−1Y−(0, 1 wt.%)Ca 
alloys has increased (due to the growth of DRXed 
grains), while grain size of Mg−5Zn−1Y−(0.1, 
0.5 wt.%)Ca alloys reduced, which is related to the 
higher start temperature of DRX (Table 6). They 
reported that, with increasing the density of grain 
boundary in alloys, the corrosion rate of both 
immersion and electrochemical (Pi) tests increased. 

BEN-HAROUSH et al [101] surveyed the 
corrosion properties of AZ80 alloys after extrusion 
at temperatures of 250 °C (ET250 sample), 300 °C 
(ET300 sample) and 350 °C (ET350 sample) at  
the velocity of 0.12 m/min and ratio of 100%.   
For corrosion test, the alloys were immersed     
in a solution containing 3.5% NaCl and saturated 

 
Table 6 Grain size and electrochemical corrosion parameters of as-cast and extruded Mg−5Zn−1Y−xCa alloys [100]  

Alloy 
300 °C 330 °C  370 °C 

dG/μm Pi/(mm·a−1) dG/μm Pi/(mm·a−1)  dG/μm Pi/(mm·a−1) 

Mg−5Zn−1Y 13.6 1.78 ± 0.06 22.4 1.71 ± 0.06  31.6 1.69 ± 0.07 

Mg−5Zn−1Y−0.1Ca 30.4 1.42 ± 0.06 18.1 1.52 ± 0.06  10.8 2.24 ± 0.06 

Mg−5Zn−1Y−0.5Ca 60.2 1.11 ± 0.05 20.1 2.16 ± 0.09  13.8 2.27 ± 0.07 

Mg−5Zn−1Y−1Ca 9.9 1.95 ± 0.07 11.4 1.88 ± 0.08  13.6 1.85 ± 0.07 
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Mg(OH)2, which has a pH of 10.5. As-cast alloy 
microstructures consisted of three phases, matrix α, 
secondary phase β (Mg17Al12), and an intermetallic 
phase (Al8Mn5). Extrusion caused the arrangement 
of β phase as cluster with tiny debris in the 
longitudinal direction of extruded sample (with red 
arrows in Figs. 15(c, d)). The grain size of the 
extruded alloy has increased with the extrusion 
temperature. In other words, by increasing the strain 
and decreasing the temperature (i.e., increasing the 
Zener−Holman parameter), the grain size reduced 
(Table 7). Also, dislocation density in the 
microstructure of the alloy increased with the 
extrusion temperature; however, after the hot 
extrusion there was no twinning in the structure. 
 

 
Fig. 15 Microstructure of as-cast and extruded AZ80 
alloys at different extrusion temperatures: (a) As-cast;  
(b) 250 °C; (c) 300 °C; (d) 350 °C [101]  

Table 7 Average grain size and corrosion rate of AZ80 
alloys before and after extrusion [101]  

Sample
Extrusion 

temperature/°C
Average grain 

size/μm 
Corrosion 
rate/mpy 

ET250 250 4.62 300 

ET300 300 5.93 420 

ET350 350 7.11 400 
 

The ET250 sample exhibited higher corrosion 
resistance than other samples in both the 
electrochemical impedance spectroscopy test and 
the immersion test (Table 7), which is due to the 
low dislocation density and the finer grain size of 
this extruded alloy. In another study [102], it was 
found that in a constant extrusion ratio, the final 
grain size and the volume fraction of precipitates in 
the alloy matrix increase with increasing the 
extrusion temperature (Table 8). 

Corrosion current density of Mg–10Gd–2Y–
0.5Zr alloy rises with increasing extrusion 
temperature as well (Table 8 and Fig. 16). As a 
result of increasing the extrusion temperature and 
increasing the precipitates in the alloy matrix, the 
extent of pitting also increased. However, the 
corrosion mechanism of all samples was same and  
 
Table 8 Average grain size and corrosion rate of extruded 
Mg−10Gd−2Y−0.5Zr alloy in 5% NaCl solution [102]  

Extrusion 
temperature/°C

Average grain 
size/µm 

Jcorr/ 
(µA·cm−2) 

400 9.3 22 

450 10.8 25 

500 11.2 42 
 

 
Fig. 16 Potentiodynamic polarization curves of Mg− 
10Gd−2Y−0.5Zr alloy extruded at different  
temperatures [102]  
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the sample extruded at 400 °C had the highest 
corrosion resistance. 

LI et al [103] confirmed that the increase in the 
corrosion rate of the Mg–2Nd–0.2Zn  alloy is due to 
the increase of extrusion temperature (Table 9). The 
sample extruded at 390 °C (E1) showed passive 
behavior and greater corrosion resistance (Fig. 17), 
and the predominant corrosion mechanism in this 
sample was the uniform corrosion, while the sample 
extruded at 500 °C (E2) suffered pitting, and higher 
corrosion rate in the immersion test (Fig. 18). They 
also reported that the ultimate tensile strength (UTS) 
of the E1 and E2 samples was almost the same. But 
the yield strength (YS) of the E1 sample was  
higher than that of the E2 sample, while the 
elongation of the E1 sample was lower than that of 
the E2 sample (Table 9). Compared with the E2 
sample, the finer grain size in the E1 sample leads 
to an increase in the YS according to the 
Hall−Patch relationship. 

JAFARI et al [54] reported that although   
the increase in extrusion temperature causes a  
more homogenous microstructure of ZX10 alloy, 
corrosion behavior of the alloy is not affected   
and polarization curves of the samples remain 
unchanged. They discovered that the alloy extruded 
at lower temperature offered superior tensile and 

fatigue properties due to the grain-boundary 
strengthening mechanism. 

The simultaneous effect of temperature and 
extrusion ratio on the microstructure, mechanical 
properties, and biodegradability of Mg−3Nd− 
0.2Zn−0.4Zr alloy was studied by ZHANG      
et al [26,27]. According to their investigation, 
corrosion resistance decreased with increasing 
temperature and extrusion ratio. At first, as-cast 
alloy was solution treated (T4) at 540 °C for 10 h 
and then extruded at 250 °C (E250), 350 °C (E350) 
and 450 °C (E450) with the extrusion ratio of 25:1. 
After solution treatment, a uniform microstructure 
without eutectic phases was obtained. However, 
after the aging process, followed by extrusion, the 
secondary phase was observed in the structure. 
DRX caused by the extrusion led to reduction in 
grain size. The final grain size increased with the 
extrusion temperature. Investigation of the fracture 
surface indicates a brittle fracture in the case of the 
solution-treated sample and a completely ductile 
fracture surface in the extruded samples. The results 
of mechanical properties represent that the YS 
decreases with the rise of extrusion temperature as a 
result of grain coarsening at higher temperatures 
(Table 10). Also, the corrosion rate of each sample 
is given in Table 10. 

 
Table 9 Grain size and electrochemical corrosion parameters of Mg−2Nd−0.2Zn alloy extruded at 390 °C (E1) and 
500 °C (E2) [103]  

Sample 
Average grain 

 size/µm 
Jcorr/ 

(µA·cm−2) 

φcorr/ 
V 

Rp/ 
kΩ 

Corrosion rate/
(mm·a−1) 

YS/ 
MPa 

UTS/ 
MPa 

Elongation/
% 

E1 7.2−7.8 3.5 −1.56 7.45 0.19 119 200 33 

E2 12.2−12.4 10.7 −1.61 1.59 0.58 84 194 37 
 

 

Fig. 17 Polarization curves (a) and Nyquist plots (b) of Mg–2Nd–0.2Zn alloy extruded at different temperatures shown 
in Table 9, and tested in SBF [103]   
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Fig. 18 Corrosion rates of extruded Mg–2Nd–0.2Zn 
alloy during immersion in Hanks solution [103]  
 
Table 10 Corrosion rates of Mg−3Nd−0.2Zn−0.4Zr alloy 
extruded at different temperatures [26]  

Sample
Extrusion 

temperature/ 
°C 

Corrosion 
rate/ 
mpy 

YS/ 
MPa 

UTS/ 
MPa 

Elongation/
% 

T4 − 0.37 90±7 194±3 12±0.8

E250 250 0.22 162±1 234±1 26±0.7

E350 350 0.26 145±2 229±3 25±1.5

E450 450 0.28 124±2 226±2 22±0.3

 
As shown in Fig. 19, with increasing the 

extrusion temperature, the amount of released 
hydrogen gas in the SBF solution increased. 
Extruded samples represent the lowest corrosion 
rates during the immersion test. On the surface of 
the corroded samples, the hydroxyapatite structure 
was observed. By increasing the immersion time, 
the surface film became more compact. However, 
with the penetration of the Cl− ion, the film was 
gradually disrupted. Also, samples are corroded by 
the same mechanisms and only differ in the 
corrosion rate. 
6.1.2 Effect of extrusion ratio 

Another study by ZHANG et al [27] was 
performed on the Mg−3Nd−0.2Zn−0.4Zr alloy at 
the constant extrusion temperatures of 320 °C and 
the extrusion ratios of 8:1 (R8) and 25:1 (R25). 
Also, before the extrusion, the alloy was solution 
treated (T4) at 540 °C for 10 h. Solution treatment 
led to the dissolution of all alloying elements; 
however, some Zr remained at/near the grain 
boundaries. For the sample extruded at the lower 
ratio, elongated grains were observed initially 
which lengthened along the longitudinal direction 

of extrusion.  However, these grains disappeared 
upon increasing the extrusion ratio (that caused 
dynamic recrystallization). 
 

 
Fig. 19 Hydrogen evolution rates of Mg−Nd−Zn−Zr 
alloys before and after extrusion at different temperatures 
in SBF [26]  

 
On the other hand, increasing the extrusion 

ratio leads to the increase of the average grain size 
and the grains become more homogeneous. Strain 
of the structure increases with increasing extrusion 
ratio, and as a result, the starting temperature of 
recrystallization decreases. Therefore, the deformation 
energy increases and the internal temperature of the 
alloy rises during the process. As a result, when 
extrusion ratio is large, complete DRX occurred. 
However, increasing the extrusion ratio causes the 
reduction of the corrosion resistance (Table 11). 
Accordingly, R8 alloy has the lowest amount of 
released hydrogen gas after 250 h immersion and 
also the lowest corrosion rate (Fig. 20 and Table 11). 
In general, by reducing the grain size, the corrosion 
rate decreases. The finer the grains and the 
precipitate (R8) are, the higher the strength is, but 
the lower the elongation is (Table 11). 
 
Table 11 Average grain size and corrosion rates of 
Mg−3Nd−0.2Zn−0.4Zr alloy before and after extrusion 
at different extrusion ratios [27]   

Sample
Average 

grain size/ 
μm 

Corrosion 
rate/ 

(mm·a−1) 

YS/ 
MPa 

UTS/ 
MPa 

Elongation/
% 

T4 45 0.37 90±7 194±3 12.0±0.8

R8 2 0.11 308±6 312±2 12.2±0.6

R25 5 0.23 156±1 233±4 25.9±0.8
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Fig. 20 Hydrogen evolution rates of Mg−Nd−Zn−Zr 
alloy before and after extrusion at different extrusion 
ratios and tested in SBF [27] 
 

In another study, Mg−2Zn−0.2Mn alloy was 
extruded at a constant temperature of 330 °C and 
variable extrusion ratios of 12:1 (ER12), 25:1 (ER25), 
and 33:1 (ER33), at a velocity of 3 mm/s [104]. As 
the extrusion ratio increases, first, the grain size 
decreases and then increases. ER25 produced the 
smallest average grain size. On the other hand, the 
corrosion current density decreases with increasing 
extrusion ratio, and the corrosion potential becomes 
nobler. Nevertheless, the results of the hydrogen gas 
release tests in the Hanks solution was reported to 
have a different trend, and the ER25 sample had the 
least amount of released hydrogen gas (Table 12). 
Increasing the extrusion ratio increased the 
percentage of DRX; however, in larger extrusion 
ratios, secondary recrystallization occurred and 
grain size increased. Accordingly, corrosion 
resistance, UTS, and elongation increased with the 
increase of the extrusion ratio from 0 to 25:1 and 
then decreased sharply with a further increasing of 
extrusion ratio to 33:1 (Table 12). 
 
Table 12 Electrochemical corrosion parameters and 
hydrogen evolution rates of as-cast and extruded Mg− 
2Zn−0.2Mn alloy [104]  

Sample 
Jcorr/ 

(µA·cm−2)
φcorr/ 

V 

Hydrogen 
evolution rate/ 
(mL·cm−2·d−1) 

UTS/ 
MPa 

Elongation/
% 

As-cast 31.6 −1.571 0.4 125.5 15 

ER12 0.63 −1.517 0.081 230 14.1 

ER25 0.62 −1.498 0.022 316 33 

ER33 0.61 −1.492 0.044 160 12.8 

XU et al [105] reported that increasing the 
extrusion ratio results in the improvement of the 
corrosion resistance of Mg−2.5Y alloy (Table 13). 
This alloy was extruded at a constant temperature 
of 260 °C and extrusion ratios of 5:1 and 20:1. A 
homogeneous microstructure, with broken and 
diffused secondary phases in the matrix of alloy, 
was observed in this alloy after the extrusion. 
 
Table 13 Electrochemical corrosion parameters of 
extruded Mg−2.5Y alloy [105]  

Extrusion 
ratio 

Lateral direction  Longitudinal direction
Jcorr/ 

(µA·cm−2)
φcorr/ 

V  Jcorr/ 
(mA·cm−2)

φcorr/
V 

5:1 475.46 −1.534  384.78 −1.486

20:1 447.38 −1.487  354.93 −1.432

 
Increasing the extrusion ratio led to the 

enhancement of the deformation rate and grain 
recrystallization resulted in a fine-grained alloy. At 
low extrusion ratio, the heterogeneity of the 
microstructure was evident (Fig. 21). By increasing 
the extrusion ratio the corrosion potential becomes 
nobler and corrosion current density of the alloy 
decreases (Table 13). Also, based on the result of 
the potantiodynamic polarization tests, the 
corrosion current density of the samples in the 
longitudinal direction of extrusion is greater than 
that in the radial direction of extrusion. Results of 
the immersion test in 3.5% NaCl solution were 
consistent with those of the polarization test and the 
sample extruded at higher extrusion ratios and in 
the longitudinal direction had the lowest corrosion 
rate (Fig. 22). 

In another study, AZ31 alloy was extruded at 
723 K with the extrusion ratios of 11:1, 25:1, and 
44.4:1, and the extrusion rate of 0.1 mm/s [106]. 
Corrosion test of the alloy was performed by 
immersion in 4% NaCl solution for 3 d at pH 7 and 
10. According to Table 14, by increasing the 
extrusion ratio, the grain size was reduced and a 
more homogeneous structure was obtained. Due to 
the high temperature of the extrusion and the low 
stacking fault energy (SFE) of magnesium, DRX 
was observed in all extruded samples. In the sample 
extruded at extrusion ratio of 11:1, large and  
small heterogeneous grains were visible, but with 
increasing extrusion ratio (increasing strain and 
strain rate, and finally density of dislocations), the 
grains became axial. The secondary phases did not 



Mahdi SHIRI, et al/Trans. Nonferrous Met. Soc. China 32(2022) 2787−2813 2804

 

 
Fig. 21 Lateral microstructure (a, c) and longitudinal microstructure (b, d) of Mg−2.5Y alloy extruded at extrusion 
ratios of 5:1 (a, b) and 20:1 (c, d) [105] 
 

 
Fig. 22 Corrosion rates of extruded Mg−2.5Y alloy 
during immersion time in 3.5% NaCl solution [105]  
 
precipitate in any of the samples. Tensile and yield 
strengths improved with increasing extrusion ratio. 
Fractography suggested all samples to have 
undergone a mix of ductile and brittle fracture, and 
micro-cracks were evident on the surface of the 
samples. However, the sample extruded with a ratio 
of 25:1 had a wider ductile fracture. The sample 
extruded with a ratio of 44.4:1 had a higher amount 
of micro-cracks, which can be due to the high 
residual stress in the sample due to the extrusion. 
As the extrusion ratio increased, the corrosion rate 
decreased (Table 14). Nonetheless, the corrosion 

rate of the samples in solution with pH=10 is lower, 
presumably because of the passivizing influence of 
the alkaline constituent of the test solution. All the 
corroded surfaces had features of localized 
corrosion and pitting. 

SHIRI and JAFARI [29] conducted a 
comprehensive study on the simultaneous effect  
of both extrusion parameters (temperature and  
ratio) on the corrosion resistance of the binary 
magnesium−zinc alloy (Mg−4.5Zn). After the solid 
solution treatment at 400 °C for 30 h, the alloy was 
extruded at three temperatures and three different 
ratios (Table 15). Then, its corrosion performance in 
SBF solution was studied using polarization and 
immersion methods. Extrusion at lower 
temperatures and higher ratios led to the increase of 
the internal energy of the alloy. As a result, DRX is 
accelerated and axial grains are formed in the alloy 
with certain extrusion treatment (R18-T300, 
R12-T300, R6-T300 and R18-T350). It was found 
that as the temperature of the mechanical work 
increases, the starting temperature of the DRX also 
increases, leading to a decrease in rate and an 
increase in the internal energy of the samples 
extruded at higher temperatures. As a result, 
heterogeneous grain growth occurred in these 
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Table 14 Dependence of average grain size and corrosion rates of AZ31 alloy on extrusion ratio [106]  

Extrusion 
ratio 

Average 
 grain  

size/μm 

Corrosion rate in 4% NaCl 
 solution with pH of 

 10 (g·mm−2·d−1) 

Corrosion rate in 4% NaCl
 solution with pH of  

7 (g·mm−2·d−1) 

YS/ 
MPa 

UTS/ 
MPa 

Elongation/
% 

11:1 27 8.78 × 10−6 11.25 × 10−6 223 305 15 

25:1 10.5 7.65 × 10−6 9.63 × 10−6 192 295 15.4 

44.4:1 6.3 5.41 × 10−6 7.44 × 10−6 155 271 10.8 

 
Table 15 Average grain size, electrochemical corrosion parameters, and corrosion rates of Mg−4.5Zn alloy soaked in 
SBF [29] 

Sample Extrusion 
temperature/°C 

Extrusion 
ratio 

Average grain 
size/μm 

Electrochemical parameter  Immersion test 
result 

φcorr(vs SCE)/mV Jcorr/(µA·cm−2)  CR/(mm·a−1) 
R18-T300 300 18:1 18.2±1.2 −1606±10 39±2  0.882 
R12-T300 300 12:1 19.1±1.8 −1602±11 48±2  0.988 
R6-T300 300 6:1 20.1±1.5 −1601±10 51±2  0.995 

R18-T350 350 18:1 19.5±1.5 −1606±12 41±1  1.058 
R12-T350 350 12:1 19.5±1.6 −1611±12 49±2  1.281 
R6-T350 350 6:1 20.9±1.7 −1698±16 69±3  1.257 

R18-T400 400 18:1 20.6±1.4 −1681±16 66±3  1.164 
R12-T400 400 12:1 25.1±1.6 −1701±17 74±5  1.367 
R6-T400 400 6:1 27.1±1.8 −1680±15 75±4  1.415 

 
samples, and lots of coarse grains were observed in 
the vicinity of the fine grains (as shown for 
R12-T350, R6-T350, R18-T400, R12-T400, and 
R6-T400 specimens in Fig. 23). Since the number 
of initial DRX nuclei depends on the amount of 
deformation, so with decreasing deformation or 
extrusion ratio, the number of DRX grains in the 
microstructure decreased and therefore elongated, 
and relatively large grains were observed in some 
specimens extruded at lower ratios, such as 
R6-T350 and R6-T400. Generally, with increasing 
extrusion ratio and decreasing temperature of this 
process, the grain size decreased, and the sample 
extruded at 300 °C and ratio of 18  had the lowest 
average grain size (about 18.2 µm), and the sample 
extruded at 400 °C and ratio of 6 had the highest 
average grain size (approximately 27.1 µm). 

The results of immersion corrosion tests 
confirmed the potantiodynamic polarization test 
results, indicating that with increasing extrusion 
ratio and decreasing extrusion temperature, the 
corrosion rate of the alloy decreased. The sample 
with the lowest average grain size had the lowest 
corrosion rate, as suggested both in immersion and 
polarization tests. Presumably, the presence of 

heterogeneous microstructure also caused the 
formation of internal galvanic cells. 

In samples with greater grain size differences 
in the microstructure, higher corrosion rates have 
been reported. On the other hand, the smaller 
average size as well as the homogeneity of the 
microstructure increased the corrosion resistance of 
the alloy (extruded at 300 °C). Finally, SHIRI and 
JAFARI [29] provided a relationship between grain 
size (d) and the amount of the corrosion current 
density of the polarization:  
Jcorr=A+Bd−0.5                                           (4)  
where A is the constant depending on the electrolyte 
solution, and B is the constant depending on the 
microstructure of the alloy. The plot obtained from 
this equation confirms the inverse relationship 
between the average grain size and the corrosion 
current density of the extruded alloy (Fig. 24). 
 
6.2 Overall roles of extrusion ratio and 

temperature 
Extrusion parameters impact the bio- 

degradation performance of magnesium alloys due 
to the three main factors, including mean final grain 
size, precipitations, and texture. The higher the 
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Fig. 23 Microstructures of extruded Mg−4.5Zn alloy: (a) R18-T300; (b) R12-T300; (c) R6-T300; (d) R18-T350;     
(e) R12-T350; (f) R6-T350; (g) R18-T400; (h) R12-T400; (i) R6-T400 [29] 
 

 
Fig. 24 Relationship between average grain size and 
corrosion current density of extruded Mg−4.5Zn    
alloy [29]  
 
extrusion ratio, or the lower the extrusion 
temperature, the finer and the more axial final 

grains. This is attributed to the rise in DRX volume 
due to a higher strain rate at a lower temperature in 
the semi-hot or hot deformation work. Temperature 
(T) and strain rate ( ε ) of the hot-mechanical 
working can be defined by the Zener−Holman 
parameter (Z=ε ·exp[Q/(RT)]). This parameter is in 
inverse relationship with grain size [29]. The 
growth of recrystallized grain is enhanced by the 
rise of extrusion temperature [26]. Also, the 
decrease in extrusion ratio culminates in 
heterogeneous microstructure, where there are 
DRXed grains that are adjacent to none-DRXed 
grains elongated in a parallel line with the extrusion 
direction [105]. One of the main strategies to 
produce magnesium alloy with a lower corrosion 
rate is the improvement in the protectiveness of the 
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corrosion product film [107]. As grain boundaries 
are active areas and have lower activation energy, 
electron activities and the atom diffusion rate are 
raised in it, which means that the nucleation of the 
Mg(OH)2 layer is intensified at the earlier time of 
immersion [108]. In terms of corrosion resistance, it 
is easier for finer grains of magnesium alloy on the 
surface to accommodate stresses developed during 
formation of MgO and Mg(OH)2. Although the 
grain boundaries promote corrosion at first, they are 
conducive to the passivation process and reduce the 
corrosion rate of the alloy in the next stage [105]. 

Mg(OH)2 layer blankets the stable MgO layer 
which is primarily covered the surfaces of 
immersed alloy. These layers present a good 
corrosion resistance in C-SBF, and their immunity 
in the solution is attributed to strong bonds between 
them due to a moderately low mismatch factor they 
have [108,109]. In addition to grain refining, 
lowering the galvanic corrosion of immersed 
magnesium alloys is another approach for  
reducing its corrosion rate. The presence of 
homogenous axial grains lowers the microgalvanic 
corrosion [24,29,108]. Corroded grain boundaries at 
the earlier period of immersion are fully covered 
with the robust, continuous and adhesive Mg(OH)2 
layer, which restricts the developing microgalvanic 
couples between the interior and exterior     
grains [110]. Therefore, the higher the grain 
boundaries volume, the greater the amount of the 
Mg(OH)2 layer, and conclusively the lower the 
corrosion rate. 

With the alignment of basal plane in parallel to 
the extrusion direction, magnesium alloys provide 
better corrosion resistance especially when the 
surface parallel to the extrusion direction is 
immersed in the solution. This more-closely packed 
plane has the greatest atomic density among the hcp 
crystallographic planes, which causes lower surface 
energy. The higher intensity of such plane leads to 
restriction of corrosion rate [95,111]. 

The rise of temperature in hot mechanical 
works results in a reduction of basal texture 
intensity due to the rise of both atomic 
self-diffusion rates and activity of various slip 
systems and formation of dynamic precipitates. 
Accordingly, the activity of the none-basal slip 
system is greater at a higher temperature compared 
to that of a lower temperature; and also the 
precipitates can lead to dislocation pile-up. These 

areas act as the preferential areas for nucleation of 
new grains with random orientations culminating in 
basal texture weakening [92,112]. Meanwhile, the 
higher extrusion ratio breeds greater shear force 
acting on the grains in AZ31 and increases the 
deformation degree of grains, which eventually 
gives rise to the formation of the more basal plane 
in the parallel direction to extrusion direction [113]. 

The volume fraction and size of precipitates 
increase with the rise of extrusion temperature. This 
brings about a microgalvanic effect, leading to a 
higher corrosion rate [102]. CAO et al [114] 
represented that corrosion of the magnesium matrix 
was accelerated, where there are precipitated 
particles at the interior of the grains, through the 
microgalvanic impact of the impurity precipitates. 
Also, as stated by ATRENS [115], ultra highly 
purified magnesium alloys represent corrosion rates 
significantly better than the best available current 
magnesium alloys that all have corrosion rates 
equal to or higher than that of highly purified 
magnesium. Meanwhile, precipitating along the 
grain boundaries encourages pitting or easily 
deepening the depth of pits [102]. 

On the other hand, very tiny secondary 
particles disperse in both grain boundaries and the 
interior of the grains in the Mg-rare earth alloys 
upon extrusion at low temperature or high ratio. 
They have a slightly more positive corrosion 
potential than the magnesium matrix and reduce the 
galvanic effect [103,105]. To add more, magnesium 
alloyed with rare earth elements such as Nd, 
produces a second phase with the capability of high 
activity of galvanic corrosion. The second phase 
(Mg12Nd) provides corrosion potential which is 
only a little more positive than that of pure 
magnesium. The alloy, which has a DRXed 
microstructure with finer grains as well as 
uniformly distributed corrosion barrier second 
phases, exhibits some passivity upon the immersion 
test [27]. 

Increasing the extrusion ratio crushes eutectic 
phases of the as-cast magnesium alloy and  
spreads them uniformly in the extruded micro-     
structure [105]. Not just do the phases act as nuclei 
for new grains, but they hinder the movement of 
grain boundaries and postpone the grain growth, 
resulting in the formation of finer and equiaxed 
grains in the extruded microstructure. 

In terms of the extrusion temperature, 
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precipitation of nano-scale second phases has close 
potential to magnesium matrix, and uniformly 
dispersion of these particles due to extruding at 
lower extrusion temperature makes the serious 
localized corrosion difficult to happen and hinders 
the spread of the corrosion. Extrusion at the lower 
temperature results in the extreme crushing of the 
particles, which serves as the crystal nucleus    
and blocks the grain boundaries movement as  
well [103]. 

Additionally, the nobility of the second phases 
impacts the corrosion rate [99,101]. For instance, as 
reported by BAEK et al [99], the lower the 
extrusion temperature, the nobler the second phase 
(Al5Fe2) on the extruded magnesium alloy. The 
nobility of the particles lowers the cathodic regions 
in the magnesium matrix, resulting in retarded 
microgalvanic corrosion between the matrix and  
the second phase. The rise of Mn content on the 
second phase whose size and volume fraction are 
relatively smaller at the lower extrusion temperature 
leads to the improvement of the second phase 
nobility [99]. 
 
7 Summary and conclusions 
 

Biodegradable magnesium alloys possess 
attractive characteristics for a potential material for 
biodegradable implants. Using different processing 
methods, the corrosion resistance of these alloys 
can be enhanced to the appropriate range, so that 
before the complete degradation of the implant, the 
damaged body tissue regains its strength and 
performance. There are methods that, in addition to 
improving biodegradability, improve the strength 
and flexibility of magnesium alloys. Methods such 
as alloying with biocompatible elements, solution 
treatment and hot extrusion enhance the corrosion 
resistance and mechanical performance of these 
alloys. The microstructure of the alloy (including 
size and shape of grains, amount, shape and size of 
precipitates, amount of twinning and dislocations, 
texture, etc.) can be greatly improved after the hot 
extrusion process that leads to the increase of 
corrosion resistance and mechanical strength of the 
alloy. The outcomes of this review are summarized 
as follows. 

(1) After hot extrusion process, the average 
final grain size of magnesium alloy decreases. As 
the grain size decreases, formation of surface film 

of MgO is facilitated which is more compatible 
with the metal surface; MgO also facilitates 
formation of Mg(OH)2 passive layer. As a result, the 
alloy surface provides greater resistance to attack 
by Cl− ions. A fine-grained alloy shows superior 
corrosion resistance. Also, the physical 
decomposition and dispersion of the precipitates 
during extrusion have a positive effect on 
improving the corrosion resistance. 

(2) At high strain rates (high extrusion ratio) 
and severe plastic deformation that is accompanied 
by low deformation temperature, the amount of 
dislocations, twinning and heterogeneity increase in 
the structure and residual stress also rises in the 
alloy. As a result, the internal energy of the 
structure increases and dynamic recrystallization 
(DRX) is activated at lower temperatures. Therefore, 
alloy with such treatment contains axial and more 
homogeneous grains. 

(3) Extrusion in lower temperature and/or 
higher ratio causes basal texture strengthening in 
most magnesium alloys; and due to the low surface 
energy of the {0001} plates, the basal texture 
creates better corrosion resistance. 

(4) Generally, at a constant extrusion ratio, by 
increasing the temperature of extrusion and 
delaying DRX, the grains growth is heterogeneous 
and the grains are heterogeneously arranged in the 
final structure of the alloy, and the average final 
grain size of magnesium alloy increases. As the 
temperature of the extrusion increases and 
heterogeneity of the final microstructure rises, the 
corrosion rate of alloy increases. 

(5) At the constant temperature, with 
increasing extrusion ratio, the recrystallization 
temperature in magnesium alloy decreases and the 
final grain size decreases. However, variation of the 
extrusion ratio has very little effect on the grain size 
of DRX. At low extrusion ratios and due to delay in 
the beginning of DRX, the number of the elongated 
and unDRXed grains is high. By increasing the 
extrusion ratio and decreasing the grain size, the 
volume fraction of the precipitates decreases, but 
they become larger. The presence of a large volume 
of different grain sizes reduces corrosion resistance. 
As the extrusion ratio is enhanced (until the grain 
growth does not occur), because of the increase in 
the percentage of DRXed grains, the microstructure 
becomes more homogeneous, and the volume of the 
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different grain sizes decreases and the corrosion 
resistance increases. 
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摘  要：作为新一代临时生物材料，镁合金具有良好的生物相容性和生物可降解性，也有助于损伤骨组织的修复。

但是，其在人体体液中不具备所要求的耐腐蚀性能。挤压等热机械加工对镁合金的力学性能和生物腐蚀行为均有

影响。本文综述挤压参数(挤压比和温度)对镁合金生物腐蚀性能的影响。它们的影响主要归因于挤压合金显微组

织的改变，包括最终的晶粒尺寸和均匀度、织构以及第二相的尺寸、分布和体积分数。挤压过程中的动态再结晶

和晶粒细化使组织更均匀，并导致基面织构的形成，从而提高镁合金的强度和耐腐蚀性能。挤压温度和挤压比是

影响降解的重要因素。随着挤压比的增加和/或挤压温度的降低，镁合金的晶粒尺寸减小，与挤压方向平行的样品

两侧的基面织构增强，析出相体积分数降低，晶粒尺寸减小，这些都有助于提高镁合金植入物的耐腐蚀性能。 

关键词：镁合金；挤压温度；挤压比；生物降解；显微组织 
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