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InvestIgatIon of MIcrostructure, MechanIcal and corrosIon ProPertIes  
of BIodegradaBle Mg-ag alloys

in this study, microstructure, mechanical, corrosion and corrosive wear properties of Mg-xag the as-cast and extruded alloys 
(x: 1, 3 and 5 wt. % ag) were investigated. according to the experimental results, as the amount of ag added in the casting alloys 
increases, the secondary phases (Mg4ag, Mg54ag17) emerging in the structure have become more clarified. Furthermore, it was 
observed that as the amount of ag increased, the grain size decreased and thus the mechanical properties of the alloys increased. 
similarly, the extrusion process enabled the grains to be refined and the mechanical properties to be increased. as a result of the in 
vitro tests performed, the Mg-1ag exhibited very bad corrosion properties compared to other alloys. On the other hand, according 
to corrosive wear tests results, a high wear rate and friction coefficient were found for Mg-5ag alloys.
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1. Introduction

although the most common materials for the production of 
biodegradable implants are polymers, Mg-based alloys have been 
an increasing interest focus in medical fields such as [1-3] as 
a better biodegradable material for load-bearing applications due 
to their superior strength and ductility combinations. Magnesium 
is potentially a great implant material because it is not toxic to 
the human body in moderate amounts. Mg2+ is abundant in the 
human body and takes an active role in many metabolic reac-
tions and biological mechanisms [4]. Furthermore, the Young’s 
modulus of magnesium (41-45 GPa) is closer to the natural bone 
(3-20 GPa) than that of iron (~211.4 GPa) [5,6]. 

incompatibility of Young’s moduli between bone and me-
tallic implant materials might cause critical clinical problems 
such as implant loosening, injury at healing process, skeletal 
thickening, and chronic inflammation [7-9].

thus, the biocompatibility and biodegradation tendency of 
magnesium in the human body has made magnesium alloys a po-
tential candidate for biodegradable implant applications [5,10]. 
However, this is only effective when the corrosion properties 
can be controlled. Because today, the biggest disadvantage of 

magnesium alloys as implant materials is that they corrode very 
quickly [11], this is because the Pilling-Bedworth (PB) ratio of 
0.84 for the oxide layer ( MgO) is less than 1 and the oxide layer 
cannot form a stable protection [12]. since Mg is a passive metal, 
pitting corrosion will occur at the free corrosion potential when 
exposed to chloride ions in a non-oxidizing corrosive environ-
ment [13]. these emerging corrosion pits are first observed in 
defects located adjacent to the secondary phase particle bounda-
ries as a result of the deterioration of passivity [13]. this is then 
followed by the formation of an electrolyte cell in which the 
secondary phase particles act as the cathode and the surround-
ing Mg main matrix as the anode. as a result, these reactions, 
which start with an anodic reaction, then continue with a series 
of autocatalytic reactions and form pitting corrosion. this case 
emerges as an important factor that increases the corrosion rate 
of Mg [14]. therefore, there are several studies in the literature 
regarding the corrosion control of Mg. (Koc) [15], revealed that 
the corrosion of magnesium can be controlled by the addition of 
certain amounts of zn. By (Kara at al.) [16], suggested that the 
corrosion resistance of magnesium alloys can be controlled by 
microstructure properties such as grain size or secondary phases. 
it has also been proven by some studies [17-20] that it has an 
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important role in the development of microstructure control 
Mg alloys. (zengin at al.) [21], emphasized that the sn element 
improves the corrosion properties of Mg alloys. However, since 
the fluids in the human body create an environment with pH 
levels between 1-9, the mechanical properties of biomaterials 
should be good as well as their corrosion properties.

although it has high solubility (15% by weight) in 
magnesium, silver (ag) [22], which develops the mechanical 
properties of magnesium alloys by forming solid solution, is a 
very important element in the field of biomaterials. the main 
reason why it is an important element in the field of bioma-
terials is that it shows antibacterial behavior by deforming 
the dna and rna structure of bacteria and preventing them 
from multiplying and surviving [23]. Magnesium alloys with 
ag addition are the most ideal alloys to reduce and eliminate 
the viability of facultative anaerobic, spore and gram-positive 
bacteria, especially methicillin-resistant staphylococcus aureus 
(Mrsa, a type of bacteria that lives and grows in general mu-
cosal tissues) [23]. (Hardes at al.) and (Bosetti at al.), reported 
that in addition to antibacterial capability, small amounts of ag 
content in alloys or coatings also significantly increased cyto-
compatibility [24] and cell viability [24,25]. ag in any form was 
considered non-toxic [26] and non-carcinogenic to the immune, 
cardiovascular, nervous, and reproductive systems [27]. thus, 
the use of ag in the healthcare field has become quite common  
in recent years.

therefore, in this study, the microstructure, mechanical and 
in vitro corrosion properties of (1 wt. %, 3 wt. % and 5 wt. %) 
ag containing Mg-ag alloys in hanks solution were investigated.

2. Materials and methods

in the experimental studies, 99.9% pure Mg as matrix 
materials and 99.9% pure ag as alloying elements supported 
by BdM Bilginoglu company and 4d Machine and technology 
respectively.

an atmosphere-controlled induction furnace is used in 
the melting processes of the investigated alloys. Following the 
melting and mixing processes, the melting was casted in steel 
mold under gas (cO2 + 1% sF6) protection by gravity casting 
method. the casting temperature and the mold temperature set 
on at 750°c and as 250°c respectively.

chemical compositions of the produced Mg-ag alloys after 
casting were determined by using the XrF (X-ray Fluorescence) 
method using rigaku zsX Primus ii brand device.

after the casting process, homogenization annealing was 
applied at 430°c for 12 hours in order to eliminate possible 
defects such as small amounts of segregation, inhomogeneous 
grain size and distribution in cast parts. the extrusion process 
was carried out at 16:1 extrusion ratio, 300°c temperature and 
1 mm/s constant extrusion speed.

Microstructure investigations were carried out by nikon 
epiphot 200 brand optical microscope (OM) and carl zeiss 
ultra Plus brand scanning electron microscopy (seM). Before 

the microstructure characterizations, the samples were etched 
with picric acid solution.

Formed phases in microstructure were characterized by 
rigaku ultima iv x-ray diffractometer (Xrd) with a scanning 
speed of 3 deg/min and a scanning angle from 10° to 90°.

tensile tests of the cast and after the extrusion specimens 
were carried out on a zwick/roell z600 tensile device at a ten-
sile speed of 1.67×10–3 mm/s–1. in the tensile test, at least five 
samples were prepared for the each alloys. the hardness of the 
samples were determined by the vickers hardness (vickers-
Qness60a) test under 0.3 kg load.

characterization of corrosion properties of the cast and 
extruded samples was carried out at ~37°c, pH 7.4. in Hanks 
solution consisting of its composition: nacl 8.0 g/l, Kcl 0.4 g/l, 
cacl2 0.14 g/l, naHcO3 0.35 g/l, c6H6O6 (glucose) 1.0 g/l, 
Mgcl2 6H2O 0.1 g/l, MgsO4 7H2O 0.06 g/l, KH2PO4 0.06 g/l, 
na2HPO4 12H2O 0.06 g/l. For the immersion corrosion test, 
8 mm diameter and 10 mm long specimens were cut from 
the cast and extruded alloys. the samples were ground with 
 120-1200 sic abrasive papers and cleaned with ethyl alcohol in 
an ultrasonic bath for 5 minutes prior to testing. each sample was 
weighed (Ms) and its surface area was measured before starting 
the test and then immersed in corrosive medium for 24 hours. 
immersion tests were repeated three times. after each test, the 
corrosion products of the samples were cleaned by immersion 
in 182 g l–1 aqueous chromic acid solution in an ultrasonic 
cleaner for 5 minutes. it was then washed with deionized water 
and placed in an ultrasonic bath in ethyl alcohol for 3 minutes. 
Finally, it was dried in warm air and then the mass (Mf) was 
weighed. the difference between the first measurement (Ms) 
and the last measurement (Mf ) is determined as the corrosion 
mass loss. 

the mean corrosion rate CRm was determined by using 
following equation:
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where Δg is the weight change (difference before and after im-
mersion) in grams, A is the surface area of the sample in cm2, 
t is the immersion time in hours and ρ is the density in g/cm3.

Pitting factor is calculated by the ratio between Pcorr 
(maximum penetration depth) and the average penetration depth 
obtained by dividing Wcorr (weight-loss corrosion rate) with the 
density [28].

electrochemical measurements were made at ~37°c, in 
Hanks solution with 7.4 pH, with Gamry model Pc4/300 ma 
potentiostat/galvanostat with computer controlled dc105 cor-
rosion analysis. the tests were repeated five times. Polarization 
curves were constructed starting from –0.25 v (open circuit 
potential versus eoc) to +0.25 v (eoc versus) at a scan rate of 
1 mvs–1. using a sample with 0.25 cm2 open area as the work-
ing electrode, a graphite rod as counter electrode and a saturated 
calomel electrode (sce) as a reference electrode, tafel curves 
were drawn and the corrosion potential (Ecorr) and corrosion 
current density (Icorr) were recorded.
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Wear tests of the cast and extrusion specimens were meas-
ured in a reciprocating wear tester, in Hanks solution, under 
constant load, at constant speed and at a constant distance. tests 
were carried out under 20 n load, 0.1 m/s sliding speed and 400 m 
sliding distance in total. Before the abrasion test, the samples 
were cut to fit the sample bed in the device and their surfaces 
were sanded up to 1200 numbered sandpaper and cleaned with 
alcohol. during abrasion, the friction force was measured by the 
load cell connected to the tribometer arm and recorded in the 
computer instantly. aisi 52100 quality high hardness steel ball 
is used as the indenter material.

3. results and discussion

chemical compositions analysis results of the produced 
casting Mg-ag alloys are given in taBLe 1.

taBLe 1

the compositions by weight in the investigated Mg-ag alloys

alloys alloy code
elements (% wt.)

ag al si ca Mn Mg
Pure Mg Q0 — — — — — 99,9
Mg-1ag Q1 1,08 0,02 0,04 0,01 0,02 Balance
Mg-3ag Q3 3,35 0,02 0,03 0,01 0,02 Balance
Mg-5ag Q5 5,4 — — 0,03 0,03 Balance

Xrd phase analysis results of Mg-ag alloys are given in 
Fig. 1. according to these results, the presence of Mg4ag and 
Mg54ag17 phases in addition to the α-Mg main matrix were de-
termined in the microstructure. Furthermore, it has been assessed 
that the Mg4ag phase is more dominant in the magnesium-rich 
regions and the other secondary phases do not exhibit a visible 
situation. this situation has also been reported in the literature 
[23,29].

Optical microscope images of the investigated Mg-ag alloys 
are shown in Fig. 2. the microstructure examinations of the cast 

Mg-ag alloys reveal that the secondary was observed that the sec-
ondary dendrites in the grain [30] increased significantly with the 
increase of ag content and that the eutectic phases formed during 
solidification [31] were dispersed along the grain boundaries [30]. 
it was also found that the grain size decreased with increasing 
ag content. in addition, the grain size was reduced through the 
elimination of secondary dendrite particle by hot extrusion [30].

combined with seM images and edX analysis (Fig. 3) 
indicated that the eutectic consists of large β-Mg4ag/Mg54ag17 
phase particles and α-Mg phase. Moreover, it was also observed 
that the secondary phase (Mg54ag17) extends along the extrusion 
direction [32]. in Fig. 3, while the phases in the form of particles 
in the direction of extrusion are Mg54ag17, the light colored 
linear phase with approximately 30% ag observed at the end of 
the line analysis is Mg4ag.

Fig. 1. Xrd analysis of Mg-ag alloys

Fig. 2. Optical microscope images of the sections parallel to the casting and extrusion directions of the alloys



892

Mechanical properties of the cast alloys are shown in 
(Fig. 4(a)). compared to the pure magnesium, it is thought that 
the grain size decreases with the addition of ag (Fig. 2) and 
thus, mechanical properties of the investigated alloys increased 
with ag additions. it is thoughted that the mechanical test results 
confirm this situation. in addition, (zhao et al.) [33] reported 
similar results with this study.

the extrusion process of the Mg alloy is a thermome-
chanical process applied to the material and the extrusion pro-
cess can be considered as one of the important grain refining 
techniques. consequently, it is known that the most important 
parameters affecting grain refinement in the extrusion process 
are the working temperature and the extrusion rate. therefore, 
in this study, the extrusion rate together with the temperature 

Fig. 3. seM images and edX analysis of the alloy Q5

Fig. 4. (a) hardness values, and tensile-yield strength and % elongation values of the (b) cast and (c) extruded alloys with respect to the ag addition
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Fig. 5. Fracture surface analysis after tensile test

of the samples and extrusion die was controlled according to 
the temperature and extrusion rate highlighted in the literature 
[34-36]. according to the results of the tensile test performed 
after extrusion, it was observed that the uts and tYs and % 
elongation values (Fig. 4(b)) increased due to the grain structure 
refined by the extrusion process as well as the ag addition. the 
influence of the extrusion process on the mechanical properties 
of the investigated Mg-ag alloys are agreement to the studies 
of the ref [36,37]. due to the hexagonal close-packed (HcP) 
crystal structure, the number of simple sliding systems in Mg 
alloys are not sufficient to provide homogeneous plastic defor-
mation according to von Mises criteria [38]. For this reason, 
it is not possible to achieve a fully compatible deformation by 
the dislocation movement [38]. instead, it occurs by twinning, 
which plays a key role in the deformation of magnesium alloys 
[39,40]. the twin boundary is interrupted by many micro-steps, 
resulting in a step-line distributed interface decomposition. it is 
also known that interfacial separation plays an important role 
in mechanical properties, especially thermal stability of mag-
nesium alloys. the separated structure is not sensitive to heat 
treatment temperature and time, and has four crystallographic 
structural factors including crystal types, atomic radius, inter-
facial energy, distribution of stress field [41-43]. in Mg-ag 
alloys, because the atomic diameter of ag is lower than Mg, 
it tends to split into dislocation cores. therefore, dislocations 
cause interruption of the separation between interfaces in mi-
cro steps. With the increase in the ag content and the effect of 
extrusion, the grains were thinned and accordingly (Fig. 4(c)), 

it was observed that the hardness value increased. the size and 
distribution of the secondary  Mg-ag phase was thought to cause 
the increase in the hardness of the investigated alloys. this 
situation can be explained by the increase of Mg4Ag β phases 
and dendrite structure independent of the heat treatment state. 
similar results reported by the study of (tie et al.) [23] and  
(Liu et al.) [36].

Fractography has been performed after the tensile tests 
(Fig. 5), the fracture surfaces of the investigated tensile specimens 
showed brittle fracture after casting and ductile after extrusion. 
the brittle fracture of the casting specimens can be attributed to 
the larger grain structure of as-cast alloys. due to the reduction 
of grain size after extrusion, the fracture surface appearance has 
changed to ductile fracture with the formation of slip bands.

corrosion of Mg-based implants causes four components: 
an abrasion surface on the implant; dissolved magnesium ions 
and other alloying elements; large amount of OHˉ; and hydrogen 
gas. sBF solutions used in in vitro studies contain large amounts 
of buffering agents such as HCOˉ3, HPO4²ˉ, Tris-HCl and Hepes, 
which can deplete the OHˉ produced and mediate abrupt changes 
in pH [44]. therefore, despite the rapid dissolution of magnesium 
in these buffered solutions, the pH changes slowly [44]. By the 
means of the given knowledge on these effects, the results of 
polarization and immersion tests on both pure Mg and Mg-ag 
alloys have been analysed.

three potentiodynamic polarization tests were made for 
each parameter and the average of the results found (Fig. 6-7) 
is given as a graphic.
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as a result of the polarization tests, the examined corrosion 
current densities and corrosion potentials of the ag containing 
alloys showed that the corrosion potential of the casting alloys 
was more negative than the corrosion potential of the extrusion 
alloys. the corrosion current density with ag addition increased 
in the casting alloys. However, in the extruded alloys, the density 
decreased up to 3 wt. % ag and increased with the addition of 
higher amount of ag. according to the results obtained, the ad-
dition of ag up to a certain amount (3 wt. %) and the extrusion 
process (for Q3 alloy) exhibited better corrosion properties. 
the increase in the corrosion current with 3 wt. % ag amount 
might be based on the phases occurring in the microstructure 
being more noble than the Mg-matrix. therefore they are acting 
as the cathode. in addition to that, with the application of the 
extrusion process, the volume fraction of the cathodic areas and 
the corrosion current density have increased. this case can be 
explained by the different distributions and sizes of the second 
phase particles. thus, the discrete distribution of spherical-
shaped Mg54ag17 particles (Fig. 3) in the transverse direction 
formed a greater contact surface area with the matrix phase and 
possibly caused a stronger micro galvanic corrosion [45]. For 
this reason, it is thought that as a result of the extrusion process 
applied to the alloys, both the corrosion current density and the 

corrosion potential increased. However, the Q1 alloy containing 
1 wt. % ag exhibited very poor corrosion properties. (zhao et al.) 
[46] reported in their study that the addition of ag up to 1 wt. % 
provides poor corrosion resistance.

according to the galvanic corrosion principles, the fact that 
the α-Mg (anode phase) ratio is higher than the intermetallic 
(cathode phase) ratio plays an accelerating role in galvanic corro-
sion [13]. However, precipitations and segregations in materials 
often occur at the grain boundaries. therefore, because of a) the 
secondary phases precipitate primarily and in large amounts 
along the grain boundaries, b) the increasing intermetallic phases 
with the ag addition, c) the spreading secondary phases after 
homogenization into the grain as well as the grain boundaries, 
and (d) as a result of extrusion, the elongated grains in the 
structure (Fig. 7(b)), different corrosion rates were observed 
in this study. in addition, whether the dissolving effect of the 
secondary phases of homogenization (420°c 12 hours) process 
is the same in all alloys can be examined as another study issue 
with diffusion control.

immersion test results of the cast and extruded alloys con-
taining pure-Mg and 1-5 wt. % ag are given in Fig. 8. Fig. 8 
shows, apart for alloy Q5, that the corrosion rate loss of the cast 
alloys is lower than that of the extruded alloys. since the protec-

Fig. 6. Potentiodynamic polarization test results (a) after casting, (b) after extrusion

Fig. 7. corrosion current density and potential values of alloys after (a) casting, (b) extrusion
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tive oxide film layer formed on the surface of magnesium is less 
stable than the oxide layer of many metals, it cannot be effective 
in deactivating the corrosion progress at the first onset of cor-
rosion [11]. Because of this metastable oxide layer, magnesium 
alloys primarily exhibit rapid dissolution in corrosive media. 
With dissolution, the oxide film layer on the surface becomes 
more stable and dissolution slows down due to corrosion effect. 
However, ag has a great influence on the degradation behavior 
of the Mg-xag alloys. since it has low solubility in magnesium 
at ambient temperature [47], when the ag content is higher, 
there is more secondary phase or precipitate in Mg-ag alloys 
[23]. thus, both the amount and distribution of precipitate may 
affect the degradation behavior depending on the microgalvanic 
corrosion principle [48-50]. the corrosion rate increases linearly 
with increasing amounts of sediment, and precipitates can cause 
a local degradation state [51].therefore, the corrosion rates of 
the extruded alloys decreased with the addition of ag, whereas 
the opposite results have occurred in the casting alloys. (Bryla 
at al.) [52] and (Yang at al.) [53] observed a similar situation in 
their study and reported that the corrosion rates of Mg-ag casting 
alloys were higher. the mean corrosion rate CRm was calculated 
according to eq. (1) and is shown in Fig. 8(d). it was observed 
that it increased as the ag addition increased (Q3 except) in as-
cast alloys. But opposite case was observed in extruded alloys. 
Both the corrosion rates of the extruded and that of the cast Q5 
alloys are similar.

after the immersion corrosion test, the visual inspection 
showed that the corrosive surface of the Q0 alloy was almost 
completely white, while black corrosion layers containing vari-
ous sized white precipitates were observed in the cast alloys with 
ag additions. However, the opposite situation was observed after 
the corrosion tests of the extruded alloys. it was observed that 
the outer corrosion layers of the samples were mainly composed 
of MgO/Mg (OH)2. the different appearances on the surface 
are formed by the different density and thickness of corrosion 
products.

Fig. 9 shows the representative morphologies of the cor-
roded areas of the cross-sections for both Q0 and Q5 alloys. 
according to results, pits found in the Q0 samples are the more 
in the extruded rather than the as-cast, of a high amount and 
shaped as subsurface or undercutting pits (Fig. 9), whereas in Q5 
they were observed in the as-cast more than extruded alloy. in 
addition pits were observed, both in the direction perpendicular 
and in the direction parallel to the extrusion direction in the Q5 
alloy. But these pits do not appear to be in a critical narrow and 
very deep shape in the all alloys.

Fig. 10 shows the pitting factors of the alloys Q0 and Q5 
and their dependence on the extrusion and ag include condition. 
Q0 as-cast is shown pitting factor around 1,2. this is the highest 
pitting factor. Because with a lower corrosion rate as a result 
of passivation (see Fig. 8) the pitting factor increases when the 
oxide layer is obviously not dense enough, which agrees with 

Fig. 8. after the immersion test in the Hanks solution, mass loss of (a) the cast and (b) extruded samples according to time and (c) corrosion rate 
of the cast and extruded samples (d) corrosion rate (mm/y) of Q0 and Q5 after immersion in the conditions: as-cast and extruded
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the immersion tests [54]. However, pitting factor is the lowest 
in the as-cast Q5 alloy.

seM and edX analysis after the immersion corrosion test 
are given in Fig. 11. With respect to Fig. 11, the corrosion ap-
pearance of the examined cast samples containing 5 wt. % ag 
exhibited a porous oxide appearance, while that of the extruded 

samples gained a flat and non-porous oxide appearance with the 
addition of 5 wt. % ag.

corrosion rate, wear rates and average friction coefficients 
obtained as a result of wear test of the cast and extruded alloys 
are given. in Fig. 12, it is known that simulated body fluids have 
some effects on the wear behavior of magnesium alloys.

Fig. 9. cross-sectional micrographs showing corrosion morphology of Q0 and Q5

Fig. 10. Pitting factor and maximum penetration depth (Pmax) of Q0 and Q5 alloys
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The graphs show that grain refinement of the α-Mg and 
secondary phases due to the extrusion process increased the 
hardness and prevented the progress of corrosive wear, resulting 
in less mass loss.

the corrosion effect of Hanks solution makes the surface 
of the cast magnesium alloy loose and porous, causing it to wear 
out more easily. at the same time, magnesium alloy is vulner-
able to scratching under high load generally, causing the alloy to 
corrode easily. the two influencing factors act simultaneously 

on the magnesium alloy and exacerbate the corrosive wear of 
the magnesium alloy. in the literature [12, 55] the wear rate 
and the friction coefficient have generally been similar to each 
other, as a load of 2-10 n has been applied. However, due to the 
amount of load applied and sliding distance in this study were 
20 n and 400 m, different results were obtained in the current 
coefficient and wear rate (Fig. 12(c), (d)) on the contrary reported 
in the ref. [12,55].

Fig. 11. seM images and edX analysis of the corroded (a) Q0, (b) Q5 cast and (c) Q0, (d) Q5 extruded samples

Fig. 12. after wear test in the Hanks solution, mass loss of (a) the cast samples and (b) the extruded samples according to distance, (c) friction 
coefficients of the cast and extruded samples, (d) wear rates of the cast and extruded samples
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in Fig. 13, seM and edX analysis of wear surfaces after 
corrosive wear test are given. the surface of the cast magnesium 
alloy worn in the Hanks solution becomes coated loose flakes and 
is easily worn. at the same time, the magnesium alloy corrodes 
easily, as it has poor scratch resistance under high load. these 
two influencing factors occur simultaneously on the magnesium 
alloy and exacerbate the corrosion of the magnesium alloy. With 
the increase in ag addition, casting alloys have weaker scratch 
resistance. However, with the extrusion process, wear resistance 
and corrosion resistance can be increased.

4. conclusions

Following main findings of this study can be summarized:
1. With the increase of the amount of ag added to Mg, the 

higher presence of Mg4ag and Mg54ag17 phases were 
detected in the microstructure.

2. compared to pure magnesium, it has been determined that 
the grain size decreases with the addition of ag and thus, 
better mechanical properties appear.

3. it has been observed that tensile and yield stress and % elon-
gation increase due to the refinement of the microstructure 
by the extrusion process as well as the ag addition.

4. By potentiodynamic polarization tests, it has been deter-
mined that up to 5 wt. % ag addition and extrusion process 
(for Q5 alloy) exhibit better corrosion properties. the Q1 

alloy, on the other hand, was found to have very poor cor-
rosion properties.

5. When the results of the immersion corrosion tests are ex-
amined, it has been determined that the weight loss in all 
cast alloys is almost constant in the first 3-12 hours of im-
mersion, and after these hours, Q1 and Q5 alloys progress 
faster.

6. in all of the extruded alloys, it was observed that the mass 
loss was lower as a result of the extrusion process thinning 
the α-Mg and secondary phases more, and consequently, 
the increase in hardness and the fine-grained microstructure 
preventing corrosion from progressing.
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