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Abstract

Magnesium (Mg) alloys have several advantages, such as low density, high specific strength and biocompatibility. However, they also suffer
weak points, such as high corrosion, low formability and easy ignition, which makes their applications limited. Many studies have been
conducted to overcome these disadvantages and further improve the advantages of Mg alloys. Severe plastic deformation (SPD) is one of
the most important techniques and has great effects on the microstructure refinement of Mg alloys and improvements in their strength and
formability. Several researchers have studied the corrosion behavior of SPD-processed Mg alloys in recent decades. However, these studies
have reported some controversial effects of SPD on the corrosion of Mg alloys, which makes the research roadmap ambiguous. Therefore,
it is important to review the literature related to the corrosion properties of Mg alloys prepared by SPD and understand the mechanisms
controlling their corrosion behavior. Effective grain refinement by SPD improves the corrosion properties of pure Mg and Mg alloys, but
control of the processing conditions is a key factor for achieving this goal because texture, dislocation density, size and morphology of
secondary phase also importantly affects the corrosion properties of Mg alloys. Reduced grain size in the fine grain-size range can decrease
the corrosion rate due to the increased barrier effect of grain boundaries against corrosion and the formation of a stable passivation layer
on the surface of fine grains. Basal texture reduces the corrosion rate because basal planes with the highest atomic planar density are more
corrosion resistant than other planes. Increased dislocation density after SPD deteriorates the corrosion resistance of the interior grains and
thus proper annealing after SPD is important. The fine and uniform distribution of secondary phase particles during SPD is important to
minimize the micro-galvanic corrosion effect and retain small grains during annealing treatment for removing dislocations.
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1. Introduction motive [4-8], electrical [6,9], railway transportation [10,11],

aerospace [12,13], and biological applications [14,15]. How-

In recent decades, the energy crisis and human health have
been critical issues, resulting in the development of new ma-
terials to solve these related problems. Magnesium alloys are
one of these new materials that have attracted the attention
of researchers [1] due to their low density (1.74 g/cm?), high
specific strength, and positive biological effects [2,3]. Thanks
to these advantages, they have been utilized as structural
components in a large variety of applications, such as auto-
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ever, their weaknesses, such as poor plastic formability and
high and non-uniform corrosion behavior, remain obstacles
for the widespread use of Mg alloys [16].

Severe plastic deformation (SPD) is an effective way to
bring remarkable grain refinement in metals [17]. Although
substantial grain refinement has been achieved via conven-
tional/traditional methods, such as extrusion and rolling, ob-
taining ultrafine grains (UFGs) with high-angle grain bound-
aries has been difficult. However, SPD processes have the ca-
pability to produce microstructures comprised of UFGs with
a high fraction of high-angle grain boundaries [17-20]. Fur-
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thermore, when conventional techniques, such as rolling and
extrusion processes, are used, a significant reduction in the
thickness and diameter of the products occurs, resulting in
a limited use due to the reduced size constraints. In most
SPD methods, it is possible to impose large amounts of strain
(through the accumulation of high shear deformation) on sam-
ples without (or minimally) changing the overall dimensions
[17].

Despite these remarkable characteristics of SPD-processed
(SPDed) materials, industrial applications of UFG material
products are still limited. Industrialized application of UFG
materials depends on the capability to reduce the produc-
tion cost and fabricate products on a large scale [21]. Until
now, the SPDed materials have been most commonly used for
biomedical, sports, and hydrogen storage applications [21,22].
However, modifications that have been made to conventional
continuous processing, such as rolling, allow researchers and
engineers to produce a material with no size limitations. For
instance, applying a large shear force through differential
speed rolling resulted in the formation of UFGed material
sheets in a continuous process [23-25]. The most suitable ar-
eas for the use of UFG materials are in the field of medical
implants. Ti alloys are popular materials for this design due
to their high strength, good formability, high corrosion resis-
tance, and low toxicity [26,27]. However, they suffer from a
high material cost (almost 20 times higher than magnesium
alloys), a secondary surgery for the removal of the implant,
a surface treatment for activation in vivo and a higher elastic
modulus than human bones (which causes the stress shield-
ing effect). Mg alloys have attracted much attention recently
regarding their low density and elastic modulus, which are
much closer to human bones than other materials, such as
titanium and steel. [28,29]. Moreover, the biodegradability
of Mg alloys in the body, which removes the cost and in-
convenience of secondary surgery for removing the implant
after healing, makes them a suitable option as biomaterial
implants [30-33]. Furthermore, Mg-based implants have an-
titumor properties (through the release of H, and Mg?* ions
in vivo) by catching metastatic cancer cells before they grow
into tumors [34-39]. In addition to the medical fields, SPDed
Mg alloys have a potential use for hydrogen storage applica-
tions [21,22,40]. This is because by reducing the grain size to
the submicron or nanoscale, the H-absorption kinetics can be
substantially accelerated due to the highly increased volume
fraction of grain boundaries and triple junctions [41].

To the best of the authors’ knowledge, from the corro-
sion behavior viewpoint, the first study investigating the ef-
fect of the SPD process on the corrosion behavior of Mg
alloys was in 2006, in which the equal channel angular press-
ing (ECAP) process was applied to refine the microstruc-
ture and enhance the corrosion resistance of AZ31 alloys
[42]. In 2007, the in vitro corrosion behavior of the ECAPed
AZ31 alloy was studied by Wang et al. [43]. After approx-
imately 15 years of research, investigations on the corro-
sion behavior of magnesium alloys were extended to other
SPD methods, such as shot peening (ShP) [44], friction stir
processing (FSP) (or friction stir welding (FSW)) [45-47],
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cryogenic machining (CM) [48,49], HPT [50,51], high-ratio
differential speed rolling (HRDSR) [52-54], multidirectional
forging (MDF) [55-57], screw rolling (SR) or three roll
planetary milling [58-60], dual directional extrusion (DDE)
[61], groove pressing (GP) [62,63], laser shot peening (LSP)
[64,65], high strain rate rolling (HSRR) [66,67], rotary swag-
ing (RS) [68,69], sliding friction treatment [70,71], friction
stir extrusion [72], cyclic extrusion-compression [73], ultra-
sonic nanocrystal surface modification [74,75], large strain
extrusion machining [76-78], accumulative channel-die com-
pression bonding (ACCB) [79], repeated upsetting process
[80], surface mechanical attrition treatment (SMAT) [81,82]
and accumulative roll bonding (ARB) [83,84]. In 2016, Sunil
et al. [85] studied the in vivo performance of an ultrafine-
grained AZ31 alloy prepared via ECAP. The schematic time-
line evolution of several studies regarding the use of vari-
ous SPD methods on the corrosion behavior of Mg alloys is
shown in Fig. 1. The numbers of published papers on the
corrosion behavior of Mg alloys prepared by various SPD
methods are presented in Fig. 2 (a). Notably, the total num-
ber of investigations has increased during the last 15 years.
The pie chart of various SPD methods in Fig. 2 (b) shows
that ECAP and FSP have the highest contributions.

Regarding the lack of summarizing articles about the cor-
rosion properties of SPDed Mg alloys and controversies over
the SPD effect on the corrosion behavior of Mg alloys, in
this study, the available literatures on the effects of various
SPD routes on the corrosion properties of Mg alloys are re-
viewed, and efforts are made to understand the importance of
various microstructural parameters on the corrosion behavior
of SPDed Mg alloys.

2. Effects of microstructural parameters on corrosion
behavior of Mg alloys

The overall corrosion reaction for Mg in aqueous solution
is [90,91]:

Mg + 2H,0 — Mg?* 4 2(OH)~ + H, 1 (1)

The reaction indicates that the metallic Mg is transformed
into Mg?*, and a molecule of H, is liberated during the cor-
rosion process. The cathodic reaction of the above-mentioned
reaction is hydrogen evolution, which can be written as:

2H,0 + 2e¢” — Hy1+ 2(OH) 2)
And the anodic reaction is given as:
Mg — Mg>t 4 2e” 3)

In practice, significant amounts of Mg>* precipitate as
Mg(OH),, which has a low solubility in water [3]. The vol-
ume of H, per unit time represents the rate of Mg degrada-
tion, which is called the hydrogen evolution rate. In addition
to hydrogen evolution measurements, the corrosion rate of Mg
alloys has been evaluated by using weight loss measurements
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Fig. 1. Schematic timeline representations of studies that investigated the corrosion behavior of SPDed Mg alloys. The data are quoted from the references of

[42-45,48,50,53,60,86,87].
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Fig. 2. (a) The number of research papers by year with the different SPD methods and (b) a pie chart of the contribution of different SPDs to the investigation
of corrosion behavior. The graphs are plotted based on the statistical data extracted from the Scopous and Google Scholar websites [88,89]. All the index

keywords and abbreviations are mentioned in the Table S1.

and an electrochemical analysis [3,92]. For a given corro-
sion environment, the chemical composition is the key pa-
rameter that determines the corrosion properties of materials.
This is because addition of alloying elements can dramatically
change surface potential of substrate and surface potential of
secondary phase. It is well known, however, that the corro-
sion properties of materials can be also greatly affected by
microstructure parameters even at a fixed composition [93].
Therefore, it is essential to recognize the influence of each mi-
crostructural feature on the corrosion behavior. By knowing
the effect of each microstructural parameter, one can under-
stand how a specific process and its controlling parameters,
such as deformation directions, strain rate, temperature, and
number of processing passes, affect the corrosion behavior of
the material. Here, we have reviewed the literature explaining
the effect of microstructural features on the corrosion behavior
of Mg alloys. Understanding of the effect of microstructural
parameters on corrosion behavior of Mg alloys is important

for depicting the effect of SPD on corrosion properties of
pure Mg and Mg alloys.

2.1. Grain size

One of the most principal microstructural features is the
grain size (d), which can be greatly reduced through SPD pro-
cesses. Given that there are more lattice defects and disloca-
tions at grain boundaries than inside grains, grain boundaries
are expected to corrode faster during exposure to corrosive
environments. Thus, grain boundaries are considered to ac-
celerate the corrosion rate. It is then anticipated that a single
crystal of pure Mg has a very low corrosion rate and that
decreasing d increases the corrosion rate. There are, however,
several controversial reports on the effect of grain size on the
corrosion rate of pure Mg and Mg alloys [94]. Some studies
have reported a reduction in the corrosion rate by increasing
the grain size, while others have stated the opposite. Song
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Fig. 3. Effect of the grain size on the corrosion rate of pure Mg in vari-
ous studies. The data are quoted from the references of [94,95,101-105]. P;,
Pw and Py represent the corrosion rates obtained from the electrochemical,
weight loss and hydrogen evolution methods, respectively. The types of so-
lution media have been mentioned in Table S3. Open symbols represent the
initial materials (cast or extruded samples).

et al. [95] observed that the corrosion rate of pure cast Mg
(d: 800-1500 pwm) increased after the ECAP process and the
authors attributed this result to the highly increased density
of dislocations and lattice defects after heavy deformation via
ECAP. The corrosion rate of the AZ91 alloy also increased
after the SPD process, which was attributed to the accumu-
lation of a high dislocation density and the change in the
morphology of the 8 phase from a continuous net shape into
isolated particles during the SPD process [96]. However, Chen
et al. [97] reported that more effective grain refinement of Mg
alloys by high strain rate rolling compared to conventional
rolling resulted in a better corrosion resistance. Ralston et al.
[98] introduced the relationship between the corrosion rate
and the grain size with a Hall-Petch type equation, which will
be called the Ralston equation here. Several researchers used
this equation to explain the corrosion behavior that changed
after grain refinement via plastic deformation [60,99,100].
To understand the role of the grain size on the corro-
sion rate of pure Mg and Mg alloys, it is better to con-
sider its effect in pure Mg first. The corrosion behaviors of
pure Mg with different grain sizes studied by several authors
are summarized in Fig. 3. As seen in the plot of the corro-
sion rate vs. d~07, the slope is positive at large grain sizes
and negative at small grain sizes (d~%3> 0.2). This result
shows that the grain-size effect on corrosion can be differ-
ent even in an identical material, depending on the grain-
size range. Golappudi [106] compared the corrosion rates of
ECAPed pure Mg (studied by Song et al. [95] and Birbilis
et al. [103]) in solutions with low and high NaCl contents
(Fig. 3) and suggested that the grain size plays a different
role in different solutions. In solutions with a low NaCl con-
tent, grain boundaries act as sites for releasing the mismatch-
ing energy between the surface layer and the substrate, and
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Fig. 4. PCP corrosion in extruded pure Mg after immersion in a 3.5 wt. %
NaCl solution saturated with Mg(OH), (unpublished authors’ work).

hence allow the formation of a more stable and protecting
layer on the surface of the Mg substrate [103]. Thus, the
passivation capability becomes enhanced as the grain size de-
creases. However, in solutions with a high content of NaCl
(such as 3.5 wt. %), passivation does not occur, and thus
grain boundaries corrode faster during immersion due to the
anodic effect of grain boundaries against the grain interior
[103]. Grain boundaries may also play a role as corrosion
barriers. It has been shown that grains were preferentially
corroded parallel to close-packed planes, such as basal planes
[106—-108]. This type of corrosion is called preferential crys-
tallographic pitting (PCP). An example of PCP corrosion is
shown in Fig. 4, where pure Mg was immersed in a 3.5 wt.
% NaCl solution media saturated with Mg(OH), for 2 h. It
can be seen that corrosion propagated on the surface by cor-
roding the grain interiors with preferential crystallographic
pitting, forming parallel lines on the grains. PCP appears to
have been stopped temporarily after reaching a grain bound-
ary to find a preferential orientation in the next grain. In this
regard, the grain boundaries are considered to act as corrosion
barriers [109]. Thus, when PCP is an important reactive cor-
rosion mechanism, as the grain size is smaller, the corrosion
rate is expected to decrease (Fig. 5).

Fig. 3 shows that when d~%° is larger than 0.2 (i.e., d <
25 wm), the corrosion rate tends to decrease regardless of the
solution type and concentration, implying that effective grain
refinement through SPD strongly improves the corrosion re-
sistance. This may be because when the grain size is fine
enough, uniform corrosion occurs on the surface, and grain
boundaries act as barriers for PCP and stabilize the passiva-
tion layer on the surface. These issues will be discussed in
detail later.

2.2. Secondary phase

The addition of alloying elements can result in the for-
mation of a solid solution or a secondary phase based
on the solubility in the matrix. The increased amount of
secondary phase usually accelerates the corrosion phenom-
ena by forming micro-galvanic cells. Then, depending on
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Fig. 6. Volume percent of intermetallics as a function of wt. % RE alloying addition for the HPDC Mg-Ce/La/Nd alloys [114].

the potential difference between the substrate and the sec-
ondary phase, one of them begins to degrade [94]. There-
fore, the potential difference of the secondary phase com-
pared to the Mg matrix [111-113] and the fraction, distri-
bution, and morphology of the secondary phase are the es-
sential parameters that determine the corrosion characteris-
tics of Mg alloys in the presence of a secondary phase [94].
Fig. 6 shows that the volume percent of intermetallic phases in
the Mg alloy increases with increasing added amounts of rare
earth elements (Fig. 6 (a)), and this increase results in an in-
crease in the corrosion current density (icorr) (Fig. 6 (b)). The
difference in the slopes of the i relative to the volume per-
cent of secondary phases may be related to the Volta-potential
difference of intermetallics relative to the Mg matrix, which
will be discussed later.

In addition to the fraction of the secondary phase, the
secondary-phase morphology also plays a vital role in the
corrosion properties of Mg alloys. When the alloy surface is
in contact with the corrosive media, the anodic phase begins
to degrade. As shown in Fig. 7, if the matrix functions as an
anode and the secondary phase functions as a cathode, and if
the cathodic phase distributes in the form of a continuously

connected network over the matrix, then the cathodic phase
is expected to stop corrosion progress effectively because it
is electrochemically nobler than the matrix and the anodic-
cathodic circuit is cut off after degradation of the exposed
matrix [115-120]. A discontinuous cathodic secondary phase,
however, can act as a dispersed galvanic cell, and thus accel-
erate degradation. In this case, the anodic phase (Mg matrix)
corrodes fast without any barrier. This is why cast Mg alloys
with high concentrations of alloying elements, such as AZ91
and AZ80, with the net-shaped § phase have a low corrosion
rate, while their corrosion rate significantly increases after
fragmentation of the net-shaped 8 phase via plastic deforma-
tion [90,96].

A different story applies for the anodic secondary phase.
The continuous net-like Mg,Ca intermetallics in the cast al-
loys accelerate the corrosion rate because corrosion propa-
gates inside the material by preferentially corroding the sec-
ondary phase (Fig. 7). Moreover, non-Faraday corrosion oc-
curs in places where some parts of the matrix are removed be-
fore complete degradation. When the anodic secondary phase
is discontinuous, however, these events hardly occur, and thus
the corrosion rate decreases [121,122].
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Fig. 7. Schematic representation of the morphological role of the (a) cathodic and (b) anodic secondary phases on the corrosion attack [117].

When the cathodic secondary phase is discontinuous in ini-
tial microstructure, refinement of secondary phase by plastic
deformation is beneficial in improving the corrosion resis-
tance. This is because uniform corrosion is promoted as the
secondary phase is crushed into smaller particles and uni-
formly dispersed in the matrix. For the Mg-Zn-Ca alloys pro-
cessed by HPT [123], with increasing the number of HPT rev-
olution, not only the grain size was significantly refined, but
also the secondary phase was highly broken up and distributed
uniformly over the matrix. Unlike in its initial microstructure
where formation of localized corrosion pits occurred due to
micro-galvanic corrosion near coarse secondary phase along
grain boundaries, the entire surface of the HPT-processed al-
loy corroded at the similar rate, indicating a change of corro-
sion mode from pitting corrosion to uniform corrosion after
the microstructural refinement by HPT (Fig. 8).

The effect of the fraction of secondary phase and their
Volta potential difference with the matrix on the corrosion
behavior of Mg when the secondary phase acts as a cath-
ode is schematically shown in Fig. 9 [94]. As the amount
of secondary phase increases, more sites for corrosion are
provided. As the Volta-potential difference between the sec-

ondary phase and matrix increases, the galvanic cells become
more active. It is worthwhile to note that there are several
methods for measuring the Volta potential difference between
the matrix and secondary phase, such as the use of scanning
Kelvin probe force microscopy (SKPFM) [94,113,124], the
OCP measurement of each phase [111,112], and the calcula-
tion of the work function of each phase using the first prin-
ciple calculation method [125-127]. Recently, an empirical
model that can depict the effect of the amount of secondary
phase (f;) and the volta-potential difference between the ma-
trix and secondary phase (AE) on the corrosion rate of Mg
alloys has been proposed by Bahmani et al. [94].

2.3. Texture

Generally, each grain has its orientation, and is separated
from the neighboring grains by high-angle grain boundaries.
Magnesium and its alloys have a hexagonal close-packed
(HCP) structure, which gives them strong anisotropic prop-
erties. Thus, the mechanical and corrosion properties of Mg
alloys are dependent on the crystallographic orientation [128].
Liu et al. [129] found that grains with misorientations closer
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Fig. 9. Effect of the Volta-potential difference and the fraction of secondary phases on the corrosion rate: (a) corrosion of the matrix adjacent to the cathodic
(secondary) phase, (b) enhanced corrosion due to the presence of a higher fraction of secondary phase (higher f4;), and (c) an enhanced corrosion rate due
to a higher volta-potential difference between the matrix and secondary phase (AE) [94].

to the basal plane corroded more slowly than those with ori-
entations far from the basal plane (Fig. 10). Moreover, re-
search studies on a single crystal of Mg [130], Mg-Al, and
Mg-Cu alloys [131] showed the dependence of corrosion pro-
gression on the grain orientations: the orientations closer to
the basal and prismatic planes showed a lower corrosion than
the atomic planes with less packing density. Polycrystalline
Mg alloys also showed a similar orientation (texture) effect on
their corrosion behavior [53,132—134]. Since the work func-

tion of grains with orientations near the basal planes is higher
than that of grains with non-highly packed planes [135], a
higher energy is required to remove atoms from the surface
of packed planes, and hence grains with more highly packed
planes have a lower corrosion rate [109,130,136]. Since the
basal planes are closely packed, it is difficult to remove atoms
from them, and thus it is difficult for corrosion to propagate
perpendicular to the basal plane direction. Fig. 11 shows the
PCP corrosion pits introduced into the matrix of Mg through
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Fig. 10. (a, b) Cross section of the corroded surface showing the obvious difference in the corroded grains regarding their orientation and (c) the orientation
of each grain presented in the standard stereographic triangle [129].
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Fig. 11. (a), (b) SEM micrographs showing the areas corroded by PCP corrosion, (c) schematic of the PCP corrosion and (d) an SEM micrograph showing
PCP that propagated along a preferential crystallographic orientation [109].

some lines that are parallel to the basal planes [109]. As the  rate is expected to be more synergistically reduced due to

basal plane is the most corrosion resistance plane, dissolu-  the increased barrier effect of grain boundaries against PCP
tion might have occurred parallel (rather than perpendicular)  corrosion (Fig. 5).
to the basal plane. This observation suggests that if the Mg Fig. 12 shows the corrosion of the extruded Mg sample

matrix with a basal texture has fine grains, then the corrosion immersed in 3.5 wt.% NaCl saturated with an Mg(OH), so-
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lution. It is observed that the basal textured region (composed
of subgrains with low angle grain boundaries) that faces the
solution media with prismatic plane has been more locally
corroded compared to the randomly oriented grains with high
angle grain boundaries [108]. This might have occurred be-
cause the barrier effect of subgrain boundaries was weaker
than that of high angle grain boundaries, such that corrosion
propagated faster into the direction parallel to the basal plane.

SDAN/1 =
1478 160.0KV  X20K 200nm
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This result suggests the importance of the grain boundary
characteristics againstPCP corrosion.

2.4. Dislocations and twins

Lattice defects such as dislocations can act as anodic sites
relative to the matrix and lead to fast localized corrosion.
Dislocation sites are places with fewer atomic bonds than
dislocation-free zones, and thus it is easier to remove atoms
there. Grains with dislocations are sensitive to degradation in
corrosive media. In other words, dislocations are anodic sites
relative to the matrix in the grain interior; hence, increas-
ing the dislocation density increases the corrosion rate. For
this reason, SPDed materials processed at low temperatures
(with no post-annealing) with a high density of dislocations
(Fig. 13) usually suffer a higher corrosion rate.

Zhang et al. [123,137] studied the corrosion behavior of
Mg-Zn-Ca alloys processed by HPT and subsequently an-
nealed at 90-270°C for 30 min and investigated corrosion
resistance in simulated body fluid. Fig. 14 (a) shows the grain-
size and the corrosion rate calculated based on measurements
of the volume of released hydrogen as a function of annealing
temperature [123] and Fig. 14 (b) show the curve of corro-
sion rates against d~°, plotted based on the data given in (a).
As the grain size increases by annealing, the corrosion rate
decreases, but above 210°C where the grain-size increase is
rapid, the corrosion rate increases as the grain size increases.
This result may be interpreted as follows: below 210°C the
effect of the decreasing dislocation density with increasing
annealing temperature is higher than the effect of increasing
the grain size and thus the corrosion rate decreases though
the grain size increases. When the dislocation density is suf-
ficiently reduced above 210°C, however, the increasing grain
size increases the corrosion rate.

SDAN/1 t—
1481 160.0KV  X30K 208nm

Fig. 13. TEM images of highly deformed grains in pure Mg after ECAP [95]. (a) Morphology of the grains (and subgrains) and (b) dislocation distribution

in a subgrain.
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Fig. 14. (a) Degradation rate and grain size of HPT processed Mg-Zn-Ca alloy after annealing at different temperatures [137], (b) degradation rate agains
d=93, which is plotted based on the data in (a), (c) rates of the weight loss measured from the immersion tests on the as-received sample, the HRDSRed
samples, and the annealed HRDSRed AZ61 alloy [53]. (d) Weight loss rate of as-received (hot-rolled) and annealed AZ31 alloy at 3.5 wt. % NaCl solution
agains d~%, which is plotted based on the data provided in the reference of [138]. The temperatures marked on the graph represent the post-deformation

annealing temperatures.

Fig. 14 (c) shows the rates of weight loss obtained from
the immersion tests on the as-received AZ61 alloy. The AZ61
alloy processed by HRDSR and the HRDSR-processed AZ61
alloy annealed at different temperatures are plotted against
d=%3. The linear relationship is obtained from the rate of the
weight loss, which decreases with an increasing d~%°. How-
ever, the linear relation does not hold when the data for the
annealed HRDSRed samples are considered together. The an-
nealed samples exhibit lower rates of corrosion than what
is expected from the linear relation at the same grain size,
implying that the corrosion resistance of the AZ61 alloy in-
creases as the dislocation density substantially decreases by
annealing.

Aung and Zhou [138] studied the corrosion resistance of
the twinned and untwined microstructures of AZ31B alloy
sheet in 3.5% NaCl solution. Fig. 14 (d) shows the grain size
effect on the corrosion rate for the microstructures without
deformation twins in the range of average grain size between

65 and 250 pm (annealed between 300 and 500 °C). The lin-
ear relationship is obtained from the rate of the weight loss,
which decreases with an increasing d=%>. The samples with
twinned microstructures, however, exhibit higher rates of cor-
rosion than what is expected from the linear relation at the
same grain size below d=65 pm, implying that the existence
of twins accelerates the corrosion process. However, this re-
sult can be interpreted in terms of dislocation density as well
because there is a high chance for the presence of high den-
sity dislocations in the as-rolled and low-temperature annealed
samples. Yan et al. [139] showed that the solution-treated
AZ80 alloy subjected to multi-directional compressions with
12 passes had ultrafine-grain structure consisting of dense ul-
trafine twins and the low corrosion rate was recorded from
the ultrafine grained microstructure after aging in 3.0% NaCl
solution. This result was attributed to the suppression of local-
ized corrosion by the uniform distribution of fine 8-Mg;; Al
on twin boundaries, indicating that deformation twins, which
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Fig. 15. Schematic representation of some popular SPD processes for producing ultrafine-grained Mg materials, including equal channel angular press (ECAP),
multidirectional forging (MDF), friction stir processing (FSP), screw rolling (SR), rotary swaging (RS), shot peening (ShP), high-pressure torsion (HPT) and

high-ratio differential speed rolling (HRDSR) processes [68,140-149].

are fine and densely distributed, can increase the corrosion re-
sistance for precipitate-hardened Mg alloys by providing the
nucleation sites of precipitates.

3. The SPD techniques used for corrosion studies of pure
Mg and Mg alloys

To date, more than 60 methods of SPD have been devel-
oped, and it is expected that the figure will see a gradual
increase in the future. The following section provides infor-
mation about the most well-known SPD techniques that have
been utilized to refine the microstructures of the pure Mg
and Mg alloys. The schematic figures of the mentioned SPD
methods are represented in Fig. 15.

3.1. Equal Channel Angular Press (ECAP)

Equal channel angular pressing or equal channel angu-
lar extrusion is one the most well-known SPD processes
in which alloys are deformed through an angular channel
[142,147,150,151]. The key controllable processing parame-
ters for ECAP are the channel angle and the method of sample
rotation around the centerline for the next passes [152—154].

11

ECAP effectively refines the microstructure through repeated
cycles and modifies the texture to enhance the ductility of Mg
alloys [155,156]. Either an increase or decrease in the corro-
sion rate after ECAP has been reported for pure Mg and Mg
alloys [95,96,103,157]. Sekar et al. [158] showed that ECAP
improved the resistance of galvanic corrosion in the ZE41
Mg-Al7075 galvanic couple, indicating that the ECAP pro-
cess is also useful in connecting magnesium alloy components
to other metals. Recently, Torkian et al. [159] applied ECAP
to WE43 Mg alloys followed by extrusion and showed that
ECAP plus extrusion processes considerably enhanced the
corrosion resistance in vivo biodegradation tests (Fig. 16). The
unprocessed sample with coarse grains was degraded severely
during the period and thus did not exist in the body, while
the ECAPed samples experienced less degradation. The de-
gree of degradation decreased in the ECAPed samples as the
ECAP pass number increased, implying that microstructural
refinement effectively improved the bio-corrosion resistance.

3.2. Friction Stir Processing (FSP)

Based on the basic principles of a well-known solid-state
joining process, friction stir welding (FSW), FSP has now
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Fig. 16. The photographs of the implants before and after 12 weeks post-
surgery [159].

become an effective method for the generation of an ultra-
fine grained structure. In this process, a rotating pin con-
nected to a shoulder is inserted into the material to modify
its microstructure [160-162]. FSP has some benefits, mak-
ing it unique among other metalworking techniques because
it controls the processed zone by the length of the pin, modi-
fies the mechanical properties by optimizing the designed tool
as well as the heating/cooling rate, and performs solid-state
microstructural refinement processing with homogenization in
one step [145]. However, as this technique only modifies the
alloy surface, improvement of bulk properties, such as tensile
strength, cannot be expected for thick materials. The corro-
sion and surface hardness of a ZK60 alloy after FSP were
studied by Liu et al. [163]. After 1 FSP pass, the grain size
was reduced from 68.2 to 3.1 pm. This grain refinement re-
sulted in a corrosion rate reduction from 12.5 to 5.0 mm/y.

3.3. High-Pressure Torsion (HPT)

HPT provides a condition in which a cylindrical specimen
experiences torsional shear straining through a high hydro-
static pressure exerted by two plungers [164]. In this proce-
dure, the small specimen is placed between the plunger and
the support, and the plunger rotates and deforms the spec-
imen through contact surface friction forces, subjecting the
specimen to a high torsional strain. HPT can be performed
for the desired number of turns at ambient and elevated tem-
peratures and has become a potent scientific tool for studying
the properties of SPD materials in recent years [51,164,165].
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The disadvantage of this process is its limited sample size. A
mixture of HPT and extrusion, which is called high-pressure
torsion extrusion (HPTE) [166], has been proposed to over-
come this limit. Silva et al. [165] reported that they achieved
grain sizes of ~130 and 160 nm from AZ31 and ZK60 alloys
by using HPT. Parfenov et al. [167] reported that the grain
size of an Mg-1Ca (X1) alloy was reduced from 42 pm to ~
100 nm after HPT and that grain refinement enhanced the cor-
rosion resistance. The post-deformation annealing treatment,
which increased the grain size to 1.1 wm, further decreased
the corrosion rate due to dissolution of the large Mg,Ca phase
and the precipitation of nano-sized Mg,Ca particles instead.
Removal of dislocations via annealing can be another reason
behind the enhanced corrosion resistance.

3.4. High-Ratio Differential Speed Rolling (HRDSR)

HRDSR is a modification of the conventional rolling pro-
cess, or equal speed rolling (ESR), in which the upper and
lower rollers rotate at different speeds. The ratio of the upper
to lower roller speeds, defined as the speed ratio coefficient
(R), is a key factor determining the final microstructure and
hence the mechanical and corrosion properties [23,168,169].
The SPD effect has been often achieved at R>2. The amount
of shear strain increases with an increasing speed ratio. A
higher amount of shear strain compared to ESR, which has
been proven through FEM [24] and experimental analyses
[170], results in an effective grain refinement and uniform dis-
persion of the fragmented secondary phase [171]. HRDSR has
been demonstrated to be efficient in enhancing the mechanical
properties of Mg alloys [172-181]. For instance, Kim et al.
[168,182,183] showed that the HRDSRed AZ31 alloy had an
exceptionally high yield strength of 380 MPa due to effective
grain refinement and the strengthened basal texture, which
is the highest yield strength of the AZ31 alloy to date. On
the other hand, the ultrafine-grained HRDSRed Mg-9.25Zn—
1.66Y alloy with an icosahedral quasicrystalline phase that is
stable at high temperatures exhibited excellent superplasticity
at elevated temperatures [184]. The above-mentioned advan-
tages and capability of being used as a continuous process
[25] make HRDSR an effective technique to produce SPD
Mg materials in sheet form [146]. Kim and Kim [53] showed
that after HRDSR on an AZ61 alloy, the corrosion rate in
a 0.1 M NaCl solution (through a weight loss measurement)
decreased from 0.81 to 0.50 mm/y. The corrosion rate was fur-
ther decreased after subsequent annealing, despite the grain
growth, due to the removal of dislocations from the inte-
rior grains. Seong and Kim [185] showed that the effective
grain refinement and uniform dispersion of the nano-sized
Mg,Ca phase particles and formation of strong basal texture
during the HDRSR process and the effective removal of dis-
locations by post-HRDSR annealing with minimizing grain
growth can greatly improve the bio-corrosion resistance of
Mg-Ca alloys. Fig. 17 shows the optical photographs of the
HRDSR-processed Mg-Ca alloy sheets and the microstructure
obtained by post-HRDSR annealing.
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A high degree of refinement of
MgpCa phase by HRDSR

Fig. 17. The optical photographs of the HRDSR-processed Mg-Ca alloy sheets and the TEM micrographs for the HRDSR-processed samples after annealing

[185].

3.5. Accumulative Roll Bonding (ARB)

The accumulative roll bonding (ARB) process was in-
vented by Saito et al. [186] as an effective SPD method
to provide ultra-fine grain structures without geometrical
changes. During ARB process, a considerable amount of shear
and compressive strain is accumulated [187]. ARB process is
a profitable deformation method to manufacture large sheets
with ultra-fine grain structure.

Limited studies on corrosion properties of the ARB-
processed Mg alloys have been conducted. Pei et al.
[188] found that ARB process resulted in significant refine-
ment of grains and Mg;7Al;, phase in the AZ63 alloy, lead-
ing to a decrease in micro-galvanic corrosion. Samiei et al.
[189] investigated the effect of the ARB process on the
microstructure, mechanical, and corrosion properties of the
AZ31 alloy. Applying ARB resulted in remarkable enhance-
ment of yield strength and hardness. The corrosion properties
of the AZ31 alloy was, however, deteriorated after ARB due
to the highly increased dislocation density.

3.6. Multi-Directional Forging (MDF)

MDEF is a relatively low cost method that is suitable for
large bulk components and can be performed without any
special tools, making it appropriate for many potential ap-
plications. The process is also known as Multi-Axial Forg-
ing (MAF) [190-192] or Multi-Axial Deformation [193]. The
MDF is comprised of three main steps. The deformation be-
gins with applying a load in the first direction known as X-
direction, and with rotating the cubic sample by 90° along its
Z-direction, the material experiences a Y-directional deforma-
tion. The final stage relates to a ninety-degree rotation along
the X-direction and exerting a load in the Z-direction. These
three steps are repeated. MDF can be processed with or with-
out a die [144,191,194—-196]. However, due to the friction ef-
fect between the die and the sample, inhomogeneous deforma-

tion can occur, leading to an inhomogeneous microstructure
in the specimens [144,197]. Researchers have achieved very
high strength for an AZ61 alloy using this technique (UTS:
550 MPa), which is the largest value in the time of publish-
ing data for Mg alloys. The elongation of this sample was
26%, which is also large for Mg alloys [198]. These results
represent the capability of this process for producing effective
grain refinement and texture randomization in Mg alloys. A
low corrosion rate of 0.254+0.05 mm/y was recorded from the
alloy processed by MDF, which is lower than that of high pu-
rity Mg and almost equal to that of ultra-purity Mg in a 3.5
wt. % NaCl solution saturated with Mg(OH), [56,87,199].
This corrosion rate enhancement has been attributed to the
uniform distribution of grain size and secondary phase parti-
cles in the matrix.

3.7. Rotary Swaging (RS)

As a hammer forging method for reducing the cross-
section of pipes, wire, or billets, RS is an efficient technique
to achieve superior mechanical properties while minimizing
processing costs and decreasing metal losses. Samples pro-
cessed by this procedure will have an excellent surface quality
and condensed structures, with dimension tolerances that are
more precise compared to other deformation methods, such
as extrusion. As shown in Fig. 15, the quickly rotating dies
swage the billet in the axial direction, providing permanent
peripheral swaging in a continuous process. In recent years,
RS has been considered an efficient technique for produc-
ing UFG structures, since it has shown an excellent potential
for the SPD of steel, aluminum, titanium, and magnesium
[68,148,200]. Martynenko et al. [148] utilized the RS pro-
cess for the grain refinement of a WE43 alloy. The grain size
decreased from 61.3 to 0.6 pm after RS. The highest yield
strength (287 MPa) was achieved after RS at 325°C. The
corrosion rate (measured by the hydrogen evolution method)
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Fig. 18. Microstructures of the (a) as-received and (b, ¢) SShp treated AZ31 Mg alloy [209].

slightly decreased after RS (from 0.87 + 0.21 to 0.73 £+ 0.24
mm/y).

3.8. Screw Rolling (SR)

The process of Screw Rolling [60,201], also known as
Radial-Shear Rolling (RSR) [141,143,202], three roll plane-
tary milling [59,203,204] or three roll planetary rolling [205],
is illustrated in Fig. 15. In this method, a material with a
round cross-section undergoes a reduction in thickness by
three planetary rolls. The SR can be an efficient technique
for alloys that are difficult to deform. From the beginning,
SR has been introduced as a process of intense plastic defor-
mation for the structuring of long components, such as rods
and pipes. The bulk shear, which is created by the helicoid
motion of the material in the deformation region over de-
termined trajectories, leads to a controllable increase in the
material temperature. The temperature rise (100-150°C) then
results in the elimination of the intermediate heating, thereby
reducing the heat needed before rolling and saving energy.
The amount of energy and force required for deformation
is 12-15 times less in SR than in longitudinal rolling with
a comparable reduction [143]. A significant improvement in
yield strength of pure Mg [59] (from 52 to 140 MPa) was
achieved. The grain size was reduced from 43 pm to approx-
imately 1-3 pm after 11 passes by SR. The yield strength
of the ZAX421 alloy was enhanced after SR from 225.3 to
308.6 MPa due to grain refinement and uniform dispersion of
secondary phases. The corrosion rate decreased after SR. The
best corrosion rate was achieved at the processing temperature
of 300°C where the secondary phase distribution, grain size,
and dislocation density were simultaneously well controlled
[60].

3.9. Severe Shot Peening (SShP)

Derived from a surface treating technique known as con-
ventional air blast shot peening (CABSP), SShP has now be-
come one of the most effective and least demanding meth-
ods of SPD. In this process, the surface of the material is
subjected to high-energy shots whose size and speed are ad-
justable, making it a suitable technique for various appli-
cations. This introduces numerous defects, dislocations, and

grain boundaries onto the surface of the workpiece and trans-
forms the coarse grains into nanostructures. Compared with
other SPD techniques, SShP does not involve dimensional re-
strictions on the surface of the material, and has shown a
high potential in improving both the mechanical and physical
properties of metals in terms of hardness, fatigue strength,
corrosion, and wear. This method has been applied to a wide
range of materials, including stainless steels, cast iron, and
aluminum alloys [140,206-208]. Liu et al. [209] shot peened
AZ31 and AZ91 wrought alloys. The grain size of the sur-
face of the AZ31 alloy was reduced from 32.5 pm to 130 nm
(Fig. 18). The depth of the grain refinement due to shot peen-
ing was approximately 130 pwm. The hydrogen evolution study
showed that the corrosion rate of the as-received AZ31 alloy
decreased from 18.8 to 8.8 mm/y in a 3.5% NaCl solution af-
ter 30 h of immersion. Bagherifard et al. [210] shot peened an
AZ31 alloy and found that SShP enhanced the surface hard-
ness from approximately 42 to 105 Hv due to effective grain
refinement, but the corrosion rate was largely increased due
to the development of residual stress in the damaged layer.

4. Effect of grain size (and other microstructural
parameters) on corrosion rate of SPD-processed pure Mg
and Mg alloys

The corrosion rates of pure Mg and Mg alloys subjected to
various SPD processes as a function of the grain size is shown
in Fig. 19. The related processing and testing conditions, grain
size and mechanical properties are summarized in Table 1.

4.1. Corrosion rates of MDF processed Mg alloys

The data of pure Mg and Mg alloys subjected to MDF are
shown in Fig. 19 (a). As seen for the majority of the studies,
the corrosion rate decreased after MDF. The corrosion rate
of the cast-homogenized Z6 alloy was significantly reduced
after MDF from 0.92 to 0.36 mm/y after 5 days of immer-
sion in 0.1 M NaCl [211]. The corrosion rate of pure Mg
[94] shows the grain size effect on the corrosion rate in the
absence of secondary phases and impurities. The corrosion
rate of pure Mg increased after MDF at high temperatures
(MDF at 300 and 340°C) due to grain growth and decreased
after MDF at a low temperature (260°C) due to effective grain
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Table 1

Corrosion and mechanical properties of various SPDed Mg alloys.

Type of
SPD

Alloy Grain Refine. (wm)

CR Trend

by SPD

CR before
SPD

Lowest
CR after
SPD

Method

Solution

Duration

()

SPD condition

Best mechanical properties Refs.

UTS

YS El

ECAP

ECAP

ECAP

ECAP

ECAP

Pure Mg 1150 to 75

AZ91 50 to 25

AZ80 50.2 to 6.4

WEZK2200 1.12 to 0.25

LAE422 21 (Extrusion) to

1.7

Inc.

Inc.

Inc. and
Dec.

Inc.

Dec.

5.04

2.52

34.27

0.13

6.03

120.96
(P#1)

60.48
(P#1)

13.71
(@:110°,
P#3)

0.92 (P#1)

5.23
(P#12)

Py

P;

v

Py

S1, T1

S1, T1

S1, T1

S2, T2

S3, T1

48

As-
immersed

As-
immersed

168

- ECAP

* Pass No: 6
* Pass speed: 0.5 mm.s™
«T: 573 K

1

- ECAP

* Pass No: 12
 Pass speed: 0.5 mm.s™
*+ T: 523 K

1

- Homogenization: 400 °C, 18 h 492 08 (:

« ECAP

* Pass No: 4

* Pass speed: 1 mm.s™
* T: 598 K

* ®: 90" and 110°

1

- Prepared by powder
metallurgy
- Extrusion

* T: 250-400 °C
* Ratio: 1:17

- ECAP

« Pass No: 4
* T: 577 K
* @: 90°

o W: 20°

- Extrusion
* T: 350 °C
* Ratio: 1:22

- ECAP

* Pass No: 12

» T: 185-230°C

* Pass speed: 5-10 mm-min~
o @: 90°

e W 0°

1

90°, P#3)

307 (P#4)

[95]

[266]

27.63 (®:  [262]
110°, P#2)

303 (P#4) 11.4 (P#3) [267]

[268]

(continued on next page)
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Table 1 (continued)

Type of

SPD

Alloy

Grain Refine. (wm)

CR Trend
by SPD

CR before
SPD

Lowest
CR after
SPD

Method

Solution

Duration

()

SPD condition Best mechanical properties

UTS YS El

Refs.

ECAP

ECAP

ECAP

ECAP

ECAP

ECAP

Mg-Y-Zn

ZEA1A

ZK60

Pure Mg

AZ31

Pure Mg

170 (Cast) to 7

5 (P#8) to 2.5
(P#60)

85 (Cast) to 1.95

125 (Cast) to 2.6

47 (homogenized)
to 3

250 (Rolled) to 22

Dec. and
Inc.

Dec.

Dec.

Dec.

Dec.

Neut.

2.54

0.04

0.96

0.24

16.5

1.02

1.43 (P#8)

0.005
(P#60)

0.59

0.15 (P#8)

5.5 (P#d)

1.02

Py

S4, T2

S2, Tl

S3, T1

S3, T1

S4, T1

S5, T2

144

192

As-
immersed

As-
immersed

72

As-
immersed

- ECAP

* Pass No: 8

« T: 380°C

 Pass speed: 5-10 mm-min~—
e ®: 90°

s W 0°

1

- ECAP

« Pass No: 8, 16, 60
* T: 603 K

- ECAP and Extrusion

351 310 17.1

« Pass No: 1 (ECAP) (ECAP) (ECAP)

« Extrusion strain: 3.4
* ECAP strain: 2

- ECAP

* Pass No: 8
* T: 250°C
o ®: 90°

¢ Route: B¢

Annealing: 340°C, 30 min
* ECAP

« Pass No: 4

* T: 300°C

* Route: B,

- Hot roll 160 40 10
- ECAP

* Plastic strain: 0.76

¢ Pass No: 2

* T: 275°C

* Pass No: 4

* T: 250°C

[216]

[269]

[270]

(continued on next page)
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Table 1 (continued)

Type of

SPD

Alloy

Grain Refine. (um)

CR Trend
by SPD

CR before
SPD

Lowest
CR after
SPD

Method

Solution

Duration

()

SPD condition Best mechanical properties

UTS YS El

Refs.

ECAP

ECAP

ECAP

ECAP

ECAP

ZK60

AZ31

ZEXM2110

WEA43

Pure Mg

7.5 (Extruded) to
0.7

35 (Annealed) to
35

60 (Cast) to 0.75

25 (Extrusion) to
10

1500 (Cast) to 9

Dec.

Inc.

Inc.

Dec. and
Inc.

Dec. and
Inc.

1.38

1.66

0.63

0.38

2.87

1.29 P;

2.10 (P#8, Py
300°C)

091 P;

0.14 (P#1) Py,

0.09 (P#4, Py
360 °C)

S5, T2

S6, T2

S2, T2

S2, T2

S4, T2

As-
immersed

24

As-
immersed

336

504

- ECAP 340 280 33
- Plastic strain: 0.76 (extruded  (extruded  (ECAPed
* Pass No: 4 alloy) alloy) alloy)
* T: 250°C
« Pass No: 4
* T: 150°C
* Pass No: 4
* T: 100°C
o @: 110°
o W 20°

- Annealing: 723 K, 24 h
- ECAP
* Pass No: 8
* Pass speed: 4 mm.s™
* Plastic strain: 0.76
* T1: 573K
e T2: 423K

1

- ECAP 225 170 12.5
« Pass No: 12
* Pass speed: 0.5 mm.s™
* T1: 573K

1

- Homogenization: 500°C, 18 h
Extrusion

¢ Preheated: 460°C, 2 h
* Ratio: 64

* T: 460°C

« ECAP

« T: 250°C

¢ Route: B¢

« Pass No.: 3

380 (P#3) 300 (P#3) 209

(extruded)

- ECAE

* Route: A 162 58

¢ Pass No.: 3 (P#1, (P#1,
e ®: 90 ° 360°C 360°C
e W:20° +P#3, +P#3,
« Pass speed: 7 mm.s~! 200°C) 200°C)

360°C
+P#3,
200°C)

15.9 (P#1,

[270]

[215]

[271]

[214]

[102]
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Table 1 (continued)

Type of
SPD

Alloy

Grain Refine. (um)

CR Trend
by SPD

CR before
SPD

Lowest
CR after
SPD

Method

Solution

Duration

()

SPD condition

Best mechanical properties Refs.

UTS

YS El

HPT

HPT

HPT

MDF

MDF

MDF

MDF

7X20

X1

Pure Mg,
AZ31,
AZ91,
ZK60

ZK40

z6

7GX420

Pure Mg

97 pm (cast alloy)
to 1.2 pm

42 pm
(Homogenized
alloy) to 0.1 pm

1000 wm (cast pure
Mg) to 0.51 um

400 pm to 8 pm

510 to 3.8

65 to 1.8

16.5 to 13.8

Dec.

Dec.

Inc.

Dec.

Dec.

Dec.

Dec. and
Inc.

12.11

19.74

0.4 (cast
pure Mg)

4.59

0.88

2.92

2.97

0.08
(HPT)

1.09

0.6 (HPT
AZ31)

3.82

0.36

0.42 (P#1)

2.55

Py

Py

Py

Py

Py

S4, T2

S7, T2

S1, T1

S4, T2

S2, T2

S1, T1

As-
immersed

768

As-
immersed

48

120

148

168

* HPT
 Pressure: 5 Gpa
e T: room

* Pass No: 5

* Homogenization: 450°C, 12

h
* HPT
e T: room
* Pressure: 6 GPa
* Pass No: 10
* Annealling: 250°C, 6 h

* HPT
e T: room

* Pressure: 6 GPa

- Preheated: 300 °C, 3 h

- Homogenization: 375 °C, 16 h

- Bi-directional forging (BDF)

+ -Speed: 10 mm.s~!
» T: 375 °C for 15 min

* Strain: 2

- Homogenization: 400 °C, 24 h

- MDF

* Speed: 0.03 mm/s
* Pass No: 3

- Homogenization: 430 °C, 16
h, 510 °C, 20 h
- MDF

* T: 350 °C

 Pressure: 350 KN

* Speed: 2.4 KN/s

e Pass No: 1, 3, 6

226.3

193
(MDF)

[50]

[219]

153 [272]

138 7 (211]
(MDF) (MDF)

[263]

[94]
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Table 1 (continued)

Type of Alloy Grain Refine. (wum) CR Trend CR before Lowest Method  Solution Duration SPD condition Best mechanical properties Refs.
SPD by SPD SPD CR after (h)
SPD UTS YS El
MDF ZAX441 2.11 (extrude) to  Dec. 1.74 0.57 Py S8, Tl 168 - Homogenization: 280°C, 0.5 h [108]
1.5 (MDF-180°C) » Extrusion: T= 260°C
« Ratio: 10:1
* Speed: 5 mm/s
- MDF
« Strain rate: 3 x 1073s~!
e Strain of Ye'= 2.7
* Pass No: 9
« T: 180, 300°C
MDF ZAX421 2.6 (extrude) to Dec. 1.65 0.69 Py S8, Tl 168 - Homogenization: 280°C, 0.5 h 327 269 [57]
1.14 (MDF-180°C) * Extrusion: T= 260°C
and 2.3 (MDF-300 « Ratio: 10:1
°C) * Speed: 5 mm/s
- MDF
« Strain rate: 3 x 1073s~!
* Strain of Ye'= 2.7
« Pass No: 9
* T: 180, 220, 260, 300°C
- Homogenization: 280°C, 0.5 h
MDF X1 3.4 (Extrusion) Dec. 1.09 0.25 Py S8, T1 168 » Extrusion: T= 260°C 202.72 241.01 12.32 [87]
to (MDF300) * Ratio: 10:1 (MDF220) (MDF220) (MDF220)
1.38 (MDF-220 °C) * Speed: 5 mm/s 174.11 223.21 16.87
3.44 (MDF-300 °C) - MDF (MDF300) (MDF300) (MDF300)
« Strain rate: 3 x 107 3s~!
e Strain of Xe'= 2.7
* Pass No: 9
« T: 220, 260, 300 and 340°C
- Homogenization: 525 °C, 8 h
MDF WE43 64.9 um (extruded Dec. 2.16 1.58 Py S9, T1 336 - Extrusion [213]

alloy) to 0.93 pm

* T: 430 °C
« Ratio: 6.6

MDF

 pass No: 28
e Strain: 17.5
» - T: 450 °C to 300 °C

(continued on next page)
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Table 1 (continued)

Type of
SPD

Alloy

Grain Refine. (pum)

CR Trend
by SPD

CR before
SPD

Lowest
CR after
SPD

Method

Solution Duration

()

SPD condition

Best mechanical properties Refs.

UTS

YS

El

HRDSR

HRDSR

HRDSR

HRDSR

Rotary
swaging

Mg-Ca

Mg-1.6Mn

AZ31

AZ61

WEA43

350 pm (cast alloy) Dec.

to 6.32 um

95 pm (cast alloy)
to 4 pm

20 pm (extruded
alloy) to 0.6 pm

17.4 pm (rolled
alloy) to 1.09 pm

61.3 pm (cast
alloy) to 0.66 pm

Dec.

Dec.

Dec.

Dec.

12.09 (cast
alloy)

0.43

0.32

0.81

1.82

0.04

0.17

0.16

0.50
(speed
ratio of 3)

1.52

P;

Py

Py

S2, T2

S3, T1 As-

immersed

S5, Tl 144

S3, T1

S9, 2T1 24

- Homogenization: 370 °C, 8 h
- Extrusion

* T: 350 °C

* Ratio: 19.6

« HRDSR

* Roll-speed ratio: 2

* T: 200 °C

e - Pass No: 6

- HRDSR
* Speed ratio: 3
¢ Thickness reduction: 67%
* - Pass No: 2

- HRDSR

* Roll-speed ratio: 2
* T: 150 or 200 °C
- Thickness reduction: 66%

- HRDSR
* Speed ratio: 2 or 3
* T: 150 °C
» Thickness reduction: 66% or
67%
e - Pass No: 2

- Homogenization: 8 h, 525°C
- Extrusion

* Ratio: 6.55

- Rotary swaging

* Maximum force: 8 kN

* Frequency: 1920 impacts per
minute

« - T: 400-325°C

336

220

[185]

[273]

[217]

(53]

15.2 [69]

(continued on next page)
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Table 1 (continued)

Type of Alloy Grain Refine. (wum) CR Trend CR before Lowest Method  Solution Duration SPD condition Best mechanical properties Refs.
SPD by SPD SPD CR after (h)
SPD UTS YS El
FSP AZ31 16.4 pum (annealed  Inc. 3.99 4.63 P, S9, T2 - Annealing: 340°C, 1 h [218]
alloy) to 3.2 pm - FSp
* FSP tool: H13 tool steel
* Travel speed: 100 mm/min
* Rotational speed: 1100 rpm
- Penetration depth: 3 mm
- Aging: 448 K, 10 h
FSP ZK60 68.2 pm (aged Dec. and  12.53 5.01 Py S1, T1 120 - FSp [163]
alloy) to 3.1 pm Inc. « Passes No: 3
(P#1) * Rotation speed: 1000 rpm
« - Traveling speed: 90
mm/min
- Rotation rate: 600 rpm
FSP WE43 53 pm (cast alloy) Dec. 38.41 15.12 Py S4, Tl 6 days * Traveling speed: 60 [220]
to 2.7 pm mm.min~!
- Passes No: 1
Shot AZ31 53 wm (rolled and  Inc. 0.48 7.33 P; 9, T1 As- - Shot Particles: Ceramic beads [210]
peening annealed alloy) to 2 (Repinned immersed ~ composed of zirconium oxide,
pwm Severe silica and alumina with a
Shot nominal size of 0.1-0.15 mm
Peened) and a hardness of 640-780 HV

- Re-peened Particles: AGB6
are soda-lime glass beads with a
nominal size and hardness
ranging between 0.043-0.089
mm and 500-550 HV

- Almen intensity (mm): 0.15,
04,04 N

- Surface coverage: 100, 1000,
1000 %

(continued on next page)
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Table 1 (continued)

Type of
SPD

Alloy

CR Trend
by SPD

Grain Refine. (m)

CR before
SPD

Lowest
CR after
SPD

Method

Solution

Duration

()

SPD condition

Best mechanical properties Refs.

YS El

Screw ZAXM4211

rolling

Shot AZ31
peening

Ext AZ80

Ext Mg-xCa

2.8 wm (extruded Dec. and
alloy) to 2 pm Inc.
(T=180°C)

32.5 pm (rolled Dec.
alloy) to 0.1 pm

84.1 (Cast) to 4.6 Inc

739.23 (Cast) to Inc.

(x=0,0.4,1,2,35.02

Ext AZ91

3-5 (Extruded) Inc.

5.94

0.31

10 (mpy)

0.16

1.01

1.38 Pu
(SR300)

0.18 Py

300 (mpy) Py

0.18 P;

1.66 Py

S8, T1

S1, T1

S1,T1

S2,T2

S8,T1

7 days

30

72

As-
immersed

- Homogenization: 340 °C, 12 h
- Extrusion
* T: 260 °C
* Ram speed: 5 mm/s
 Ratio: 10:1
- Screw rolling

e - T: 220, 260, 300, 340 °C
- diameter: 280 mm

- Rotating speed of impeller:
2520 r/min- Peening balls:
zirconia (400 mm in diameter)-
Time: 1 h- T: room

Initial diameter: 70 mm
Extruded diameter: 10.5 mm

- Extrusion
* T: 250 °C
e Speed: 0.12 mm/min
e Time: 1 h

- Homogenization
» T: 370 °C
*T:8h

- Indirect Extrusion
* Ratio: 19.6
* T: 350 °C
* Ram speed: 72 mm/min

- Anneal
* T: 250 °C
* t: 3 min
- Extrusion
* Ratio: 18:1
* T: 240 °C
* Rate: 2-3 m/min

308.6 8.3 [60]
(SR220)  (SR220)

2722 8.3

(SR300)  (SR300)

[209]

[90]

165.6 34 [117]
(Extruded  (Extruded
X0) X0)

[223]

(continued on next page)
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Table 1 (continued)

Type of
SPD

Alloy

Grain Refine. (wum) CR Trend
by SPD

CR before Lowest Method
SPD CR after
SPD

Solution

Duration

()

SPD condition

Best mechanical properties Refs.

UTS

YS El

cyclic
extrusion
and com-
pression

Ext

Ext

Ext

3.0Nd-
0.2Zn-0.47Zr

AZ61+xCa

ZX10+xAg

AZXW6110

50 (Extruded) to 1  Dec.
(CEC)

15.8 (Extruded Inc.
AZ61) to 15.9
(Extruded AZX610)

9.8 (Extruded Dec.
7ZX10) to 7.35

(Extruded ZX10

with 1 Ag)

17-18 Dec.

1.6 1.25 Py

0.71 1.76 Py

3.95 3.17 Py

1.84 0.31 Py
(AZX611) (AZXW6110)

S2,T2

S1,T1

S4,T2

S1,T1

120

72

168

72

- Solution treatment:
* T: 540 °C
«t: 10 h

- Extrusion:
» T: 350 °C
* Ratio: 8
* Ram speed: 2 mm/s

- CEC:
* Pass Num: 8
» T: 350 °C
* Ram speed: 2 mm/s

- Homogenization:
» T: 400 °C
*t:24h

- Extrusion:
* T: 300 °C
« Ratio: 30
* Ram speed: 1 m/min

- Homogenization:
» T: 450 °C
*t:24h

- Extrusion:
* T: 350 °C
« Ratio: 28

- Homogenization:
» T: 400 °C
*t:24h

- Extrusion:
» T: 300 °C
« Ratio: 30
* Ram speed: 1 m/min

300

224
(ZX-1Ag)

250 30 [224]

[274]

132 28 [246]
(ZX-1Ag) (ZX-1Ag)

[275]
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Table 1 (continued)

Type of Alloy Grain Refine. (wum) CR Trend CR before Lowest Method  Solution Duration SPD condition Best mechanical properties

SPD by SPD SPD CR after (h)
SPD UTS YS El

Refs.

Ext 3.0Nd- 45 (T4 sample) to  Dec. 0.35 0.23 Py S4,12 240 - Solution treatment: 540 °C, 10 234 (Ext.) 162 (Ext) 26 (Ext)
0.2Zn-0.4Zr 5 (Extruded) h
- Extrusion
« T: 250 °C
« Ratio: 25

- Solution treatment: 540 °C, 10
Ext 3.0Nd- 45 (T4 sample) to  Dec. 0.35 0.11 Py S4,T2 240 h ) 312 (Ext) 308 (Ext.) 12.2 (Ext.)
0.2Zn-0.4Zr 2 (Extruded) - Extrusion
e T:32°C
« Ratio: 8

Ext ZAX422 Inc. 1.74 12.22 P, S8.T1 168 - Homogenization: 340 °C, 12 h 3654 3417 23.6
(ZA42) (ZAX422) - Extrusion (Extruded  (Extruded  (Extruded
e T: 260 °C ZAX422) ZAX422) ZA42)
* Ram speed: 5 mm/s
* Ratio: 10:1

Rolling AZ31 21 (Extruded) to 14 Dec. 29 18 Py S1,T1 45 - Rolling
(Rolled)

* Rolling speed: 0.2 m/s
 Pass No: 2

- Anneal

« T: 300 °C
t:1h

Rolling LAS1 94.3 (0% Rolled) to Dec. 40.32 10.5 Py SL,T1 336 - Extrusion
83.4 (20% Rolled)

» T: 380 °C

- Rolling

e T: room
* Reduction: 20%

[248]

[249]

[241]

[276]

[277]

>S1= 3.5% NaCl, S2= Hank’s, S3= 0.1 M NaCl, S4=SBF, S5=PBS, S6= RPMI-a 1640 Medium, S7=Ringer, S8= 3.5% NaCl+ Mg(OH),, S9= 0.9% NaCl
>Tl= 25 °C, T2= 37 °C, P: pass number, Pw: corrosion rate by weight loss, Py: corrosion rate by hydrogen evolution and P;: corrosion rate by electrochemical polarization method.
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Fig. 19. Corrosion rates of magnesium alloys subjected to SPD processes: (a) MDF, (b) ECAP, (c) HRDSR and (d) other SPD processes. The plots are
constructed using the raw data from the references of [50,53,57,60,85,94-96,103,108,148,157,163,185,209,211,213-220]. The types of solution media used for
the corrosion tests are stated in Table 3. The plots at the bottom show the enlarged area (where the data points are clustered) in the plots at the top.

refinement. The corrosion rates of the extruded X1, ZAX421
and ZAX441 alloys also decreased after MDF [56,57,108].
However, a decrease in the corrosion rate with an increase
in the MDF temperature below 300°C despite a less effective
grain refinement at a higher MDF temperature is noted. This
may be related to a higher dissolution of the secondary phase
into the matrix at a higher processing temperature due to the
increased solute solubility.

4.2. Corrosion rates of ECAP processed Mg alloys

The corrosion rates of pure Mg and Mg alloys subjected to
the ECAP process are drawn as a function of the grain size
in Fig. 19 (b). Corrosion rates in 0.1 M (0.6 wt. % NaCl)
and Hank’s solution (S2 and S3) are lower than those mea-
sured in other solutions, but a general trend of decreasing
the corrosion rate with the grain refinement is observed. Both
positive and negative slopes of the corrosion rate relative to
the grain size are, however, observed in pure Mg without sec-
ondary phases. Song et al. [95] reported acceleration of the
corrosion rate in pure Mg after ECAP, while Birbilis et al.
[103] and other researchers [94,101,104] reported a decrease
in the corrosion rate after ECAP in some cases [102]. The
main differences in the processing conditions used by these
researchers are the grain size range and the solution media
type, as discussed in Fig. 3. Bahmani et al. [94] used 3.5
wt. % NaCl with a high amount of Cl~ ions, and op’t Hoog
et al. [104] used a 0.6 wt. % (0.1 M) NaCl solution, which
is considered to be a low aggressive solution. According to
Golappudi’s study [106], aggressive solutions have a low ca-
pability of passivation because aggressive ions such as Cl™
attack the Mg(OH), layer, which initially forms on the sur-
face of Mg. The corrosion rates of Mg alloys such as ZE41
and AZ31 immersed in Hank’s and SBF generally tend to de-
crease as the grain size decreases. For an AZ91 alloy with a

25

large amount of secondary phase, however, the corrosion rate
increases when the cast microstructure is refined. This may
be because the negative effect of breakage of the secondary
phases on corrosion resistance is more pronounced than the
positive effect of grain refinement.

4.3. Corrosion rates of Mg alloys processed by HRDSR or
other SPD methods

The trend of corrosion-rate reduction by grain-size reduc-
tion has been observed from the majority of the alloys pro-
cessed by HRDSR or other SPD processes (Fig. 19 (c) and
(d)). In the case of HRDSR materials, the corrosion rate of
Mg alloys decreased after processing in various solution me-
dia. This behavior has also been reported in the case of pure
Ti for HRDSR [212]. The trend of decreasing the corro-
sion rate with a decreasing grain size is noted for the var-
ious alloys in the other SPD methods. However, the corro-
sion rate of the samples processed by SShP [209] and HPT
[167] with nanoscale microstructures did not effectively de-
crease. This may be due to the accumulation of a high den-
sity of dislocations in non-equilibrium grain boundaries char-
acterized by excess grain boundary energy and presence of
long range elastic stresses during very heavy deformation at
low temperatures. The corrosion properties of a ZAX421 al-
loy after extrusion and subsequent SR [60] show that the
corrosion rate effectively decreased after SR, but the pro-
cessing temperature affected the corrosion rate. The corro-
sion rate decreased by increasing the SR processing tem-
perature from 220 to 300°C due to dissolution of the sec-
ondary phase, but increasing the temperature from 300 to
340°C resulted in an increase in the corrosion rate due to
the enhanced grain growth. This trend has also been ob-
served for X1 [56] and ZAX421[57] alloys processed by MDF
(Fig. 19 (a)).
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As reviewed above, for the majority of cases the corrosion
rate reduction occurs after SPD due to grain refinement re-
gardless of difference in SPD technique. The minimum grain
sizes obtained by ECAP, MDF (and HRDSR, SR and FPS),
HPT (and shot peening) used for corrosion studies of pure
Mg and its alloys are near 0.1 pm, 1 pm and 2.5 pm, re-
spectively. The SPD-processed Mg and its alloys show typ-
ical corrosion rates of 0.1 - 1 mm/year at grain sizes less
than ~ 4 pm. Grain refinement less than 1 wm appears to
be not so effective in further improvement of corrosion re-
sistance. When grain size is in the large range (where the
degree of grain refinement via SPD is small), the positive ef-
fect of grain refinement on corrosion rate appears to be less
distinct. This is because the negative effect on corrosion such
as dislocation-density increase and break up a net-like shape
secondary phase exceeds the positive effect of grain reduction
that is small at large grain sizes. The Mg alloys processed un-
der the SPD conditions and post-SPD heat treatments where
grain refinement effectively occurred with minimizing the in-
crease of dislocation density and secondary phase was broken
finely and uniformly precipitated or dispersed over the matrix
commonly exhibited the low corrosion rates.

4.4. Corrosion rates of various composition Mg alloys
processed by SPD

The corrosion behavior of pure Mg and several commercial
Mg alloys that have been subjected to various SPD processes
has been drawn as a function of grain size for a given com-
position in Figs. 3 and 20 (a)—(c). For pure Mg, the corrosion
rate tends to decrease as a result of the grain refinement in
the small grain size range, as already discussed in Fig. 3. Li
et al. [102] obtained a complicated trend of the corrosion rate
relative to the grain size. They ran ECAP on pure Mg at dif-
ferent temperatures, including 200, 250, 300 and 360°C, for
4 passes. The corrosion rate of the pure Mg decreased after
ECAP for all deformation temperatures compared to that of
the cast Mg. Among the ECAPed materials, the lowest corro-
sion rate was obtained from the pure Mg ECAPed at 360°C,
and the highest rate was obtained at 250°C. For pure Mg pro-
cessed by MDF [94] where the dislocation density was low
at all grain sizes due to the occurrence of full dynamic re-
crystallization in the investigated temperature range, however,
increasing the processing temperature increased the corrosion
rate. This is because the obtained grain size was larger at the
larger processing temperature. The same trend of corrosion-
rate reduction by grain-size reduction has been reported for
other metals, such as pure Al [100,226], Fe [227] and Ti
[228]. Corrosion-rate reduction by grain refinement is a gen-
eral trend in the SPD AZ31, AZ61 and WEA43 alloys, despite
the difference in the SPD methods (Fig. 20 (a) and (b)). In
the case of the AZ31 alloy ECAPed at a low temperature
(ECAP-150°C), the corrosion rate during 24 h of immersion
in an RPMI solution media increased compared to that of the
as-received alloy due to the presence of high-density dislo-
cations in the ECAPed state. The AZ31 alloy ECAPed at a
higher temperature (ECAP-300°C) shows a lower corrosion
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Fig. 20. Corrosion rates of commercial Mg alloys subjected to SPD: (a)
AZ31 and AZ61 alloys, (b) WE43 and (c) AZ80 and AZ91 alloys. The plots
are constructed using the raw data from the references of [53,69,85,90,94—
96,102,103,185,213-215,217,218,220-225]. The types of solution media used
for the corrosion tests are stated in Table 1.

rate than the ECAP-150°C alloy due to the high annealing
temperature effect that reduces the lattice strain and disloca-
tion density more effectively. Their observation that the cor-
rosion rates of the as-received extruded AZ31 alloy decreased
after annealing at 420°C also supports the negative effect of
high dislocation density on corrosion [215]. For the AZ91 and
AZS80 alloys, which have higher amounts of alloying elements
and secondary phases, the trend is the opposite (Fig. 20 (c));
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that is, the corrosion rate increased after SPD, despite grain
refinement. This is most likely due to alteration of the sec-
ondary phase morphology from a net-like shape in the cast
state to isolated shapes after plastic deformation. The trend of
all results with the processing and testing conditions is given
in Table 1.

Another point that can be observed in Figs. 3 and 20 is
the effect of the solution media on the corrosion rate value.
For instance, pure Mg immersed in a solution with a lower
concentration of NaCl (S3 solution with 0.6 wt. % NaCl)
[103,104] has lower corrosion rates in the same grain size
range compared with those in the higher NaCl-containing so-
lIutions [94,101] (the S1 and S8 solutions with 3.5 wt. %
NaCl)). The corrosion rates of the AZ31 and AZ61 alloys
immersed in 0.9 [218] and 0.6 [53] wt. % NaCl solution are
also lower than those of the AZ31 alloy in the 3.5 [163] wt.
% NaCl solution media. Fig. 20 (c) shows that the corrosion
rates of the AZ91 and AZ80 alloys in 3.5 wt. % NaCl sat-
urated with Mg(OH), (S8) are lower than that of the AZ91
alloy immersed in a 3.5 wt. % NaCl solution (S1), suggesting
that the addition of Mg(OH); to the solution media decreases
the rate of Mg degradation.

5. Relationship between mechanical and corrosion
properties of SPD-processed Mg alloys

When designing an industrial component, the material
properties are the most important parameters that need to be
considered; mechanical properties such as tensile and com-
pressive strength, ductility and formability are the key fac-
tors. In this section, the mechanical and corrosion properties
of SPDed Mg materials are compared with those of cast Mg
and Mg alloys, and the results are discussed. Since different
researchers have used various solution media for corrosion
studies, graphs were drawn for each medium separately.

Fig. 21 shows the mechanical properties of Mg alloys rel-
ative to the corrosion rate in various solution media after
different SPD processing routes. In the first row (Fig. 21
(aj—a3)), the plots for the cases when the 3.5 wt. % NaCl
or 3.5 wt. % NaCl saturated with Mg(OH), were used as
the solution media are shown. These solution media are ag-
gressive due to the presence of a high concentration of Cl™
ions [229-232]. The yield strength (YS) and ultimate tensile
strength (UTS) of several Mg alloys were enhanced after the
SPD processes. The tensile ductility was also improved after
SPD (it was especially pronounced when MDF was used). In
the case of SR, however, elongation decreased due to the ef-
fect of a strengthened basal texture. Fig. 21 (b) and (c) show
Mg alloys immersed in in vitro media, such as Hanks’ solu-
tion (Fig. 21 (b)) and simulated body fluid (SBF, also called
Kokubo’s solution [233,234]) (Fig. 21 (c)). Mg alloys pro-
cessed by various deformation methods, such as ECAP, FSP
and HRDSR, have higher YS and UTS values than their cast
or extruded (rolled) counterparts due to microstructural refine-
ment and removal of casting defects, such as voids and solute
segregation [235,236]. Grain refinement after SPD enhances
the yield strength through the Hall-Petch relation [237]. In
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the majority of the studied cases, corrosion (degradation) rate
reduction was also observed after SPD. Running HRDSR on
the pure Mg, X1 and X04 alloys resulted in enhancement of
both the YS and UTS. Due to the large increase in the dislo-
cation density after SPD, corrosion rates in Hank’s solution
were increased (Fig. 21 (b)), but annealing at 350°C after
HRDSR reduced the corrosion rate and improved the tensile
elongation significantly, while it reduced the YS [238]. Zhang
et al. [214] reported that ECAP at 250°C enhanced the me-
chanical properties and corrosion behavior of a WE43 alloy
immersed in Hank’s solution (Fig. 21 (b)). After 2 passes
of ECAP, a high strength of 330 MPa (UTS) and 295 MPa
(YS) and a low corrosion rate of 0.15 mm/y after 2 weeks
were obtained. A high strength and a low corrosion rate were
also simultaneously obtained from the X1 Mg alloy processed
by MDF. Improvement in the strength and elongation along
with a reduction in the corrosion rate in SBF can also be
observed from the pure Mg and the ZK60 alloy processed
by ECAP and the WE43 alloy processed FSP (Fig. 21 (c)).
Fig. 21 demonstrates the promising abilities of SPD processes
in simultaneously improving both the mechanical and corro-
sion properties of Mg alloys).

6. Corrosion behavior of the SPD-processed Mg alloys

6.1. Case studies on the corrosion behavior of Mg alloys
processed by SPD

Several researchers have studied the corrosion behavior of
magnesium after plastic deformation. As the main approach
of the current article is reviewing and assessing the corrosion
behavior of Mg alloys processed by severe plastic deforma-
tion, here we first discuss the corrosion mechanism change af-
ter conventional plastic deformation, such as normal extrusion
and rolling, and then the corrosion mechanism alteration af-
ter severe plastic deformation will be discussed. Ben-Haroush
et al. [90] extruded an AZS80 alloy at different temperatures,
including 250, 300 and 350°C, and found that the corrosion
rate increased at all extrusion temperatures. The AZ80 alloy
comprises a high content of aluminum, which forms a contin-
uous net-like shape of the B phase in the as-cast microstruc-
ture. As previously proven in many studies, the 8 phase is ca-
thodic relative to the magnesium alpha matrix [112,256,257].
However, the volta-potential difference of this phase relative
to the matrix is small, making the B phase a good barrier
against corrosion progress in the as-cast microstructure. De-
formation by extrusion results in partial fragmentation and
alignment of the B phase through the extrusion direction,
which not only annihilates the barrier effect of this phase,
but also forms a continuously aligned galvanic cell through
the depth of the material, which results in a corrosion attack
inside the alloy during immersion (Fig. 22).

Unlike the aforementioned case for the AZ80 alloy, Gui
et al. reported [255,258] that the corrosion rate of VZKM?3300
(Mg-3Gd-3Zn-0.3Zr-0.3Mn)  decreased after extrusion.
Fig. 23 shows that the decrease in the corrosion rate after ex-
trusion is due to uniform dispersion of fine 8 phase particles
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Fig. 21. Mechanical properties of magnesium alloys vs. the corrosion rate in (al-a3) 3.5 wt. % NaCl or 3.5 wt. % NaCl saturated with Mg(OH),, (b1-b3) Hank’s
solution and (c1-c3) Konubo’s SBF solution. The plots are constructed using the raw data from the references of [2,60,86,87,94,108,199,221,222,238-255].
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Fig. 22. Secondary phase distribution in the cast and extruded AZ80 alloys [90].
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Fig. 23. Corrosion morphology of the exposed surface of the VZKM3300 alloy in Hank’s solution for 240 h after removal of corrosion products of the (a)
as-cast, (b) heat treated and (c) hot extruded samples and a schematic representation of the corrosion mechanism for the (d) as-cast, (e) heat treated and (f)

hot extruded samples [255].

on the refined grains, leading to uniform corrosion. When the
B phase is not fully continuous or coarsely discontinuous in
the cast and heat-treated materials, non-Faraday material loss
and localized corrosion can occur, such that the large grains
and secondary phases can be peeled off from the substrate
due to corrosion of the matrix near secondary phases on
grain boundaries, resulting in acceleration of the corrosion
damage [122]. These results indicate that when the breakup
of a continuous secondary phase is inevitable during plastic
working, its effective refinement and uniform distribution are
important in enhancing the corrosion resistance of Mg alloys.
Jeong and Kim [117] also showed a decrease in the corrosion
rate in Mg-Ca alloys after extrusion. As the Mg,Ca phase
acts as an anode in a micro-galvanic circuit between the
Mg,Ca phase and Mg matrix, breakup of the Mg,Ca phase
in the network structure by extrusion is advantageous in
enhancing the corrosion resistance of Mg-Ca alloys because
if it is continuous, then corrosion easily penetrates inside
the material with degradation of the Mg,Ca phase. For this
reason, refinement of the grains and secondary phase by
extrusion greatly improved the corrosion performance of
Mg-Ca alloys.
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The application of SPD to extruded Mg can further im-
prove the corrosion resistance by improving the uniformity
of the grain size. Bahmani and Shin [108] studied the cor-
rosion behavior of extruded and MDFed ZAX441 alloys in
a 3.5 wt. % NaCl saturated with Mg(OH), (Fig. 24). They
found that the extruded alloy with a mixture of elongated
grains and fine grains corroded more than the MDFed al-
loys with fine grains. This is because the large grains (i.e.
deformed grains), which were elongated through the extru-
sion direction, had been deeply corroded compared with dy-
namically recrystallized (DRXed) fine grains in the extruded
sample. The MDFed materials with finer and more uniform
grain size distributions exhibited less corrosion. This is one of
the advantages of the SPD method, which can develop more
homogenous and finer grains compared to conventional de-
formation methods, such as extrusion and rolling. The HRD-
SRed Mg-Ca alloys also exhibited noticeably increased cor-
rosion resistance compared to their extruded counterparts due
to a more effective refinement of Mg,Ca phase particles and
grains by SPD [185].

Characterization of the corroded surface can provide sig-
nificant information about the corrosion mechanism. SPD can
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Fig. 24. The surfaces (perpendicular to the extrusion direction [ED]) and the longitudinal cross-section (parallel to the ED) of the ZAX441 alloy after 3 h of

immersion: (a) extruded, (b) MDF-180°C, and (c) MDF-300°C [108].

change the initiation and propagation of corrosion attacks on
the surface of materials through significant alteration of mi-
crostructural features. Depending on the type and conditions
of SPD (e.g., temperature, number of passes, roll speed ratio
and total accumulated strain), various microstructures can
be obtained; hence, various corrosion mechanisms can take
place. If the SPD process is run at a low temperature, such
that high-density dislocations and lattice defects are created,
the material surface will be highly activated (at least at the
initial states of immersion) because dislocations and lattice
defects act as active anodic zones, facilitating the removal
of surface atoms by decreasing the local work function
[259-261]. This behavior can be observed for pure Mg
(Fig. 25) after the initial state of immersion for 2 min.
The number of pits increased as the pass number increased
(Fig. 25 (a;—d;)), indicating that the surface of this alloy
became more activated for corrosion as the material was
subjected to more plastic deformation [95]. Immersion for
a longer period of time (2 h) (Fig. 25 (ap—d;)) also shows
that the corroded area increased with the pass number. Due
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to the increased immersion time, almost the entire surface
of ECAPed pure Mg was corroded. Note that only a small
surface portion of the as-cast Mg was corroded during the
same immersion period.

The corrosion rate of the AZ91 alloy in 3.5 wt. % NaCl
solutions also significantly increased after ECAP compared
with that for the cast microstructure [95]. The corroded sur-
faces of the cast and ECAPed AZ91 alloys are shown in
Fig. 26. ECAP processing significantly increased the amount
of pitting corrosion and deteriorated the corrosion resistance
of the AZ91 alloy. The deterioration of corrosion resistance
by ECAP with the pass number might be related to the high
generation of internal stress and dislocation density, which
provide the preferred sites for corrosion [95]. Moreover, the
network-shaped S phase in the as-cast condition, which acts
as a barrier against corrosion attack, was broken up during
the ECAP process.

Unlike the two cases addressed above, there are many
cases where the corrosion progress was slowed upon applica-
tion of SPD to Mg materials. Gao et al. [50] demonstrated that
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Fig. 25. Macrographic images of corroded surface pure Mg: (a) as-cast, (b) 1 pass, (c) 4 passes and (d) 6 passes by ECAP at 200°C. The top images are for
the 2 min immersed samples, and the bottom images are for the 2 h immersed samples in a 3.5 wt. % NaCl solution [95].

Fig. 26. Corrosion features of the as-cast and ECAPed AZ91D alloy samples after immersion for 10 min in a 3.5 wt. % NaCl solution: (a) as-cast state; (b)
1 pass; (c) 4; (d) 6 and (e) 12 passes [96].

31



JID: IMAA
A. Bahmani, M. Lotfpour, M. Taghizadeh et al.

[m5+;October 15, 2022;1:50]

Journal of Magnesium and Alloys xxx (xxxx) xxx

v

Secorjdary phase

vi

Peeling off
Locations

(d) —— As-cast
15 —— Extrusion
— HPT
-1.6 -
o
— -1.7
-
g st
o)
A
21 F
-2.0
21 1 1 1 1 1 1 1

-7 6 -5

Log i/cmz, Afcm

Fig. 27. SEM images of (a) as-cast, (b) conventionally extruded and (c) HPTed Mg-Zn-Ca alloy samples after immersion for 2 days of immersion in Kokubo’s
SBF solution and (d) a potentiodynamic analysis of the alloys in different processing conditions [50].

the HPT process created more grain boundaries and changed
the localized corrosion mode to a more uniform corrosion
mode (Fig. 27). They also showed that the formation of nu-
merous lattice defects by HPT accelerates diffusion-controlled
recovery during SPD, even at low temperatures, leading to
relief of the local stress generated during the HPT process
and consequently a more uniform corrosion. The polariza-
tion curve also showed that the corrosion current density sig-
nificantly decreased after HPT, depicting the role of grain
boundaries in the formation of a uniform Ca-P layer that in-
creased the corrosion resistance against a severe attack by C1~
ions.

Naik et al. [262] examined the corroded surface of an
AZ80 Mg alloy processed by ECAP after immersion in a
3.5 wt. % NaCl solution and compared the results with those
from the as-received sample (Fig. 28). Their study revealed
that ECAP changed the corrosion mode from pitting corrosion
to more filiform-like corrosion with shallow and randomly
distributed pits, which could be attributed to the formation of
a uniform passive layer on the surface of the highly refined
grains.

Cao et al. [263] investigated the role of heat treatment
and the effect of MDF on the corrosion microstructure of
the Mg-47Zn-2Gd-0.5Ca alloy (Fig. 29). They found that after
heat treatment (solution treatment), the pitting corrosion was
significantly reduced due to a decrease in the amount of sec-
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ondary phase. However, the MDF (at 350°C with a pressing
rate of 2.4 KN/s) slightly enhanced the pitting corrosion, but
the degree of pitting and the corrosion rates of the MDFed
alloys were much lower than those of the as-cast counterpart.
The corrosion rate increased with the pass number, although
the fraction of un-DRXed grains continued to decrease by in-
creasing the MDF pass number. This may be related to pre-
cipitation of more secondary phase particles from the solute
supersaturated matrix with an increasing pass number, which
causes more severe micro-galvanic corrosion.

Choi and Kim [264] reported that annealing at 250°C af-
ter HRDSR effectively decreased the corrosion rate when a
uniform grain size distribution was obtained after annealing,
but when a bimodal grain size distribution developed during
annealing, the corrosion rate increased. The corroded surface
of HRDSRed ZK60 with a bimodal grain-size distribution
immersed in Hank’s solution for 1 h and 2 h is shown in
Fig. 30. Corrosion occurred heterogeneously and was prefer-
entially initiated in regions where fine grains were agglom-
erated (Fig. 30 (a) and (b)). After an immersion time of 2 h
(Fig. 30 (c) and (d)), deeper pits developed in the fine-grained
regions, many of which were connected to form channels.
This result was attributed to accelerated corrosion by form-
ing a galvanic corrosion couple between the fine-grained and
coarse-grained regions. Zeng et al. [265] studied the corro-
sion behavior of an extruded ZK60 alloy bar that has coarse
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Fig. 29. SEM micrographs of the corroded surfaces of the Mg-4Zn-2Gd-0.5Ca alloy immersed in 3.5 wt.% NaCl for 30 min: (a) cast and (b) as-heat treated,
(c) MDF-1 pass, (d) MDF-3 passes, (¢) MDF-6 passes and (f) Nyquist plot curves of the samples after 40 min of immersion [263].

grains on the outer skin and fine grains in the interiors, and
they also observed the occurrence of preferential corrosion
on the fine grains near the skin. These results indicate the
importance of a uniform grain size distribution in addition to
grain refinement in enhancing the corrosion properties of Mg
alloys. Saikrishna et al. [218] studied the influence of bimodal
grain size distribution on the corrosion behavior of a friction
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stir processed biodegradable AZ31 alloy in a 0.9% NaCl so-
lution and found that the formation of the bimodal grain size
distribution deteriorated the corrosion resistance.

The surface morphologies of the annealed HRDSRed pure
Mg, Mg-0.4Ca (X04), and Mg-1Ca (X1) after immersion
in Hank’s solution (at three magnifications) are shown in
Fig. 31. It can be seen that large and deep-scale pits formed in
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Fig. 30. Corroded surface of the HRDSRed ZK60 alloy and annealed at 250°C for 6 h observed after immersion for (a)(b) 2 h and (c)(d) 6 h [264].

Fig. 31. The surface morphologies of the HRDSRed (aj—a3) pure Mg, (bj—b3) Mg-0.4Ca and (c;—c3) Mg-1.0Ca alloys annealed at 350°C for 30 min after 7
days of immersion in Hank’s solution at 37£1°C (after removal of the corrosion products) [238].
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Fig. 32. Schematic representation of the effect of grain refinement on the corrosion resistance [94].

the annealed HRDSRed pure Mg with a large grain size. The
size and number of pits in the surfaces of the annealed HRD-
SRed Mg-0.4Ca (X04) and Mg-1Ca (X1) with small grain
sizes (7-8 wm) and uniform grain size distributions were
considerably smaller than those of the pure Mg. In the case
of pure Mg, grain boundary corrosion took place by form-
ing corroded channels along grain boundaries. However, in
the annealed HRDSRed Mg-Ca alloys uniform corrosion oc-
curred despite having lots of Mg,Ca phase particles. This
result indicates that effective grain refinement can improve
the corrosion resistance of Mg alloys, even in the presence
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of a secondary phase, if the particles are finely broken and
uniformly dispersed in the matrix.

6.2. Corrosion mechanisms of Mg alloys processed by SPD

Based upon the reviewed corrosion behaviors of pure Mg
and Mg alloys, the corrosion mechanisms of the SPD pro-
cessed Mg and Mg alloys are discussed here. Fig. 32 schemat-
ically compares the corrosion progress in single-crystal, bi-
crystal and polycrystalline pure Mg. The corrosion rate from
the beginning is expected to be uniform in single crystal Mg
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Fig. 33. (a) A TEM image taken around the surface region of HRDSRed AZ61. (b) High-resolution TEM image of HRDSR 3SP taken in the Mg substrate
under the MgO layer (boxed area in (a)). (c) The inverse fast Fourier transform (IFFT) of the image in (b) using the selected spots in the diffraction pattern

ring in (b) [53].

because there is no preferential site (grain boundary) for cor-
rosion initiation. Therefore, a uniform Mg(OH), layer forms
on the surface. However, the presence of grain boundaries in a
bi-crystal or polycrystalline Mg would stimulate the preferred
corrosion initiation at grain boundaries and hence increase the
corrosion rate. More grain boundaries are expected to result in
more non-uniform corrosion. However, a significant increase
in the area of grain boundaries, which can be attained through
SPD, can lead to rapid formation of an Mg(OH), layer that
is more stable and better adherent to the substrate, thereby
increasing the corrosion resistance [103]. This is because if
a high density of grain boundaries are present in the mi-
crostructure of Mg, then the oxide that forms on the bound-
ary regions in Mg, which is beneath the Mg(OH), layer, may
have a better coherency with the Mg matrix [152]. A fine-
grained microstructure may also provide a means to relieve
the stresses through the grain-boundary diffusion of vacan-
cies, thus decreasing the degree of cracking in the MgO layer
[152]. Kim and Kim [53] observed the formation of many
MgO nanocrystals in a small-grained Mg substrate below the
MgO layer (Fig. 33), which was attributed to the diffusion of
oxygen atoms from the surface to the grain boundaries of the
matrix. This formation of MgO nanocrystals may contribute
to the stability of the MgO film by decreasing the sharpness
of the stress gradient across the boundary between the MgO
layer and the Mg substrate.

The corrosion mechanisms of pure Mg and Mg alloys be-
fore and after conventional and severe plastic deformation are
schematically summarized in Fig. 34. Pure cast Mg usually
has large grains (Fig. 34(al)). Therefore, its corrosion resis-
tance is poor. Conventional deformation, such as extrusion
and rolling at high temperatures, refines the grains of pure
Mg; however, a bimodal structure is typical in this process
(Fig. 34(a2)). Therefore, the corrosion rate will still be high.
After severe plastic deformation, however, ultrafine grains
or even nanograins with a uniform grain size distribution
can be achieved. If a high density of dislocations is present
in the ultrafine-grained microstructure, however, the corro-
sion rate will be poor, despite significant grain refinement
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(Fig. 34(a3)). Running SPD at higher temperatures or anneal-
ing after SPD at low temperatures can remove the dislocations
in the grain interior and near the grain boundaries, which
thereby decreases the corrosion rate (Fig. 34(a4)). When the
SPD temperature or annealing temperature/time after SPD is
too high/long, however, a grain-size increase due to grain
growth occurs, which will decrease the corrosion resistance
(Fig. 34(a5)).

In the case of alloys, there are two types of secondary
phases, which are cathodic or anodic to the Mg matrix. A
case when secondary phases exhibit the cathodic effect is
shown in Fig. 34(b). The as-cast alloy with a continuous
net-like phase has a low corrosion rate because the contin-
uous phase acts as a barrier against corrosion progression
(Fig. 34(bl)). However, when the secondary phase is not con-
tinuous and/or its electrochemical potential difference with
the matrix is too high, this barrier effect will decrease. Thus,
when the net-like phase is broken up during plastic deforma-
tion, corrosion will be accelerated near the secondary phases
due to the micro-galvanic corrosion effect (Fig. 34(b2)). SPD
is effective in breaking up the secondary phase to fine par-
ticles and uniformly dispersing the particles over the matrix.
Therefore, if the refinement effect of the secondary phase
is significant together with the grain refinement effect, uni-
form corrosion can occur despite the presence of the sec-
ondary phase. Then, the corrosion rate of the SPDed Mg
alloys with a discontinuous cathodic secondary phase can
be lower than that of their cast counterparts with a con-
tinuous net-like secondary phase. When the SPD tempera-
ture is sufficiently high or the SPDed samples are properly
annealed, dislocations and secondary phases can be greatly
removed (Fig. 34(b4)), resulting in a decrease in the cor-
rosion rate. Increasing the SPD temperature or the anneal-
ing temperature beyond the optimum temperature, however,
can increase rather than decrease the corrosion rate because
of the pronounced grain-size increase by large grain growth
(Fig. 34(bS)). As the presence of fine secondary phase parti-
cles is expected to retard grain growth, small grains can be
retained during the annealing process for the removal of dislo-
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Fig. 34. Schematic summary of the corrosion mechanisms of Mg and Mg alloys after conventional deformation and severe plastic deformation.

cations in the alloys. which is advantageous for improving the
corrosion resistance through grain-size reduction compared to
pure Mg.

The cast alloy with an anodic secondary phase
(Fig. 34(cl)) has a continuous and net-like secondary phase
that will be preferentially corroded under immersion, increas-
ing the susceptibility to non-Faradaic corrosion. In this case,
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corrosion can easily attack inside the material by corrod-
ing the secondary phase that decorates the grain boundaries.
The effective refinement and uniform dispersion of the an-
odic secondary phase via SPD and the removal of disloca-
tions through static recovery or recrystallization by annealing
can lead to the formation of microstructures, where nano-
sized anodic secondary phase particles are uniformly dis-
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persed in a fine-grained matrix with a low dislocation density.
From this microstructure, the best corrosion resistance can be
achieved.

7. Summary

The corrosion behavior of magnesium alloys after various
severe plastic deformation processes was reviewed qualita-
tively and quantitatively. First, the effects of microstructural
features on the corrosion of magnesium alloys were classified,
and the effects of various solutions on the corrosion behav-
ior of magnesium alloys were addressed. Then, the effects of
the microstructure parameters, such as the grain size and sec-
ondary phase on the corrosion rate and corrosion behavior of
magnesium alloys before and after SPD were analyzed. In ad-
dition, the effects of different SPD techniques on both the me-
chanical and corrosion properties of magnesium alloys were
analyzed, and based on the analysis results the best strate-
gies for simultaneously enhancing both the mechanical and
corrosion properties of the Mg materials were proposed. Fi-
nally, alterations of the corrosion mechanisms after SPD were
discussed by investigating the characteristics of the corroded
surface after immersion in solution media. In summary, the
following conclusions and suggestions can be presented here.

1. Severe plastic deformation techniques have a signifi-
cantly positive effect on both the corrosion and mechan-
ical properties of magnesium alloys. This simultaneous
significant improvement of both the mechanical and cor-
rosion properties shows a promising future for the appli-
cation of SPD methods in producing high-performance
Mg components.

2. Corrosion-rate reduction has been reported from most
of the studied SPD techniques, regardless of the type
of SPD. However, control of the processing conditions,
which is different in different SPD methods, is crucial
for achieving this goal.

3. It was determined that the grain size can decrease the
corrosion rate of magnesium alloys after SPD due to
the barrier function of grain boundaries for PCP cor-
rosion and the formation of a stable passivation layer
on the surface of fine grains. Solution media with less
aggressive ions, such as Cl~, appears to respond more
effectively with respect to the grain-size reduction.

4. Dislocations that are formed after severe plastic defor-
mation deteriorate the corrosion resistance of the in-
terior grains. Therefore, proper annealing after severe
plastic deformation is important. Another option is to
determine the optimal processing temperature for SPD,
which is not too low to create a high density of dislo-
cations, and not too high to lose the grain refinement
effect offered by SPD.

5. Texture has a significant effect on the corrosion behav-
ior of Mg alloys. This is because the work function
is different on different crystallographic planes. Basal
planes with the highest planar density are more corro-
sion resistant than other planes. The basal texture and
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fine grains can exert a synergistic effect on improving
the corrosion resistance.

6. Secondary phases are the source of precipitation hard-
ening and therefore can enhance the yield and ultimate
strengths. However, in the case of corrosion behavior,
they act as the second part of a galvanic cell and thus
accelerate the corrosion phenomena. Therefore, their
fraction, distribution and size are critical in improving
the corrosion properties of Mg alloys. After SPD, sec-
ondary phases can be fragmented and even dissolved
into the matrix, depending on the SPD temperature. If
the broken secondary particles are finely and uniformly
distributed over the well-refined matrix, corrosion can
occur uniformly, leading to suppression of accelerated
and localized corrosion by micro-galvanic corrosion.

Suggestions

1. Solution treatment prior to SPD can greatly improve the
formability and hence allows for effective grain refinement
through SPD. The obtained material after the solution treat-
ment followed by SPD will have fine grains with a small
number of secondary phase particles. Thus, good corro-
sion resistance is expected from this type of microstruc-
ture. However, to achieve a high strength, a proper aging
or precipitation process is suggested.

2. Choosing elements for the secondary phase that have a
low potential difference relative to the matrix can decrease
the negative role of micro-galvanic cells in corrosion. The
addition of alloying elements such as Al, Ca and Y can
improve the passivity. Proper addition of these elements
can also enhance the mechanical properties.
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