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Abstract: This study aims to establish the effects of equal channel angular pressing (ECAP) processing
on the corrosion behavior and hardness values of the AZ31 Mg alloy. The AZ31 billets were processed
through ECAP successfully at 250 °C and their microstructural evolution was studied using optical
and field emission scanning electron microscopy. The corrosion resistance of the AZ31 alloy was
studied before and after processing through ECAP. The homogeneity of the hardness distribution
was studied using both sections cut parallel and perpendicular to the extrusion direction. ECAP
processing resulted in highly deformed central regions with elongated grains aligned parallel to
the extrusion direction, whereas the peripheral regions showed an ultra-fine-grain recrystallized
structure. After processing, small ultra-fine secondary particles were found to be homogeneously
dispersed alongside the grain boundaries of the x-Mg matrix. Regarding the corrosion properties,
measurements showed that ECAP processing through 1-P and 2-Bc resulted in decreasing their
corrosion rate to 67.7% and 78.3%, respectively, of their as-annealed counterpart’s. The corrosion
resistance of the ECAPed Mg alloy increased with the number of processing passes. This was due to
the refinement of the grain size of the «-Mg matrix and secondary phases till ultra-fine size, caused
by the accumulation of strain during processing. On the other hand, ECAP processing through 2-Bc
resulted in increasing the Vickers hardness values by 132% and 71.8% at the peripheral and central
areas, respectively, compared to the as-annealed counterpart.

Keywords: Mg alloys; corrosion behavior; Tafel plots; electrochemical impedance spectroscopy;
ECAP; ultrafine-grained; severe plastic deformation

1. Introduction

Among the metallic materials, magnesium (Mg) excels and shows prospects of great
future success when it comes to usage in medical implants. Mg’s elastic modulus is similar
to that of the human bone, which naturally makes magnesium a great choice for bone
implants without affecting the human structure’s strength [1-3]. On top of that, Mg alloys
are known for being biodegradable, biocompatible, and non-toxic to the human body.
Their excelling in these properties has caused scientists who work with medical implants
applications like osteosynthesis and cardiovascular surgery to delve into the usage of Mg
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alloys in these applications [4,5]. Recent technologies proposed biocompatible, non-toxic,
and biodegradable materials, as they degrade continuously in the human body and are
absorbed by the body during bone or tissue healing. This makes Mg alloys suitable for
medical implants [4,6]. Mg also has a multitude of beneficial properties that make Mg alloy
great candidates for industrial applications: Mg is the lightest metallic element, and Mg
alloys have low densities, high strength-to-weight ratios, can be machined relatively easy,
and are great dampeners [7-9]. These properties provide magnesium with a wide range of
possible applications including usage in the electronics, automotive, telecommunication,
military, biomedical, and aeronautical industries [8-13]. However, Mg alloys are not
the perfect industrial material, they possess several undesirable properties that must be
treated to promote the industrial usage of Mg alloys [6,8,9,13,14]. The major drawback
to the industrial usage of Mg alloys is their poor corrosion resistance. Mg alloys corrode
rapidly in most environments, causing electrochemical reactions, due to their low standard
electrode potential [6,10,12,15,16]. As a result, the corrosion behavior of Mg alloys has been
under great scrutiny in an effort to improve them [11].

To be able to utilize Mg alloys effectively, it is necessary to address their shortcomings,
namely, the poor corrosion resistance, and to improve their mechanical properties. A tried
and effective approach to enhance their properties is adding alloying elements, whereas
another approach is processing [13,17]. A better alternative to conventional Mg alloys
is Mg-Al-Zn alloys (AZxx). Both newly introduced elements bring to the table a lot
of improvement on their own and in both facets: mechanical properties and corrosion
resistance. The newly introduced alloy elements produce a passive layer that improves the
alloy’s corrosion resistance, as well as enhances its mechanical properties through solution
strengthening [15,18]. Zinc (Zn) possesses a higher corrosion potential than Mg, and thus
is suitable for improving Mg alloys’ corrosion resistance [1,19], while adding aluminum
(Al) resulted in a significant improvement in the mechanical properties and ductility [9,20].
On the other end of the spectrum, the other way to improve Mg alloys’ properties is
through processing through severe-plastic deformation (SPD) methods, which causes
grain refinement [21-23]. SPD’s effect on corrosion behavior of metallic materials, like
the aforementioned alloy, is notable and has been a subject of contemporary analysis [11].
Building on this, SPD processes are acclaimed for their effectiveness in enhancing the
mechanical properties of Mg alloys as well as the corrosion resistance as highlighted before.
This is due to the significant grain refinement that occurs because of the homogenization of
the nano-sized second phases’ distribution [1,13,17,24]. SPD methods’ results are exemplary
when it comes to the grain refinement of hardly deformable, hexagonal, close-packed
crystal structures such as Mg alloys, especially for industrial applications [1,3,8,11,25].
Equal channel angular pressing (ECAP), a branch of the SPD tree, is a popular choice in
the preparation of high-performance Mg alloys. ECAP-processed (ECAPed) alloys show
enhancement in terms of physical-mechanical properties, (like ductility, strength, impact
toughness, strain super plasticity, and corrosion resistance) [8,12,13,26], which is due to the
effectiveness of ECAP in preparing ultrafine-grained (UFG) metallic materials [8,19,25-28].

The effects of using ECAP to process Mg alloys are well researched, with numerous
studies choosing to focus on the resulting changes in mechanical properties or texture
evolution. ECAP is one of the most useful methods to improve the mechanical properties
as well as corrosion resistance in Mg alloys. This is a result of the superior UFG structure
that results from shifting the corrosion mode. ECAP spreads the corrosion mode from
localized pitting, as in the as-received sample, to a more uniform mode. This results in
mitigated localized attacks with less impact on the integrity of the Mg alloys samples; this
shifting is attributed to the homogenization of the distribution of the nano-sized secondary
phases [17]. A number of studies substantiate these claims of ECAP’s effectiveness. Li
et al. [11] analyzed the influence grain refinement and second-phase redistribution on the
corrosion behavior of the ZK60 alloy. Their findings proved that the ECAPed ZK60 alloys
had higher corrosion current density (Icorr) On polarization curves than their as-annealed
counterparts. They have also discovered that, first, a higher number of ECAP passes
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correlates with lower corrosion potential (Ecorr). Second, they found that ECAP processing
mitigated any signs of localized corrosion because ECAPing results in the homogenous
distribution of anodic and cathodic sites on the fine-grained alloy, and thus prevents the
formation of a potential gradient across the surface of the sample. Cubides et al. [13]
investigated the AZ91 alloy and the effect of ECAP processing on the microstructure
evolution; they found that alloy’s mechanical properties and corrosion resistance improved
afterwards. The improvement in corrosion resistance can be attributed to the passivity
effect, the development of an adherent and compact layer of corrosion products, and
the uniformity of corrosion distribution along the surface along with the formation of
shallow corrosion pits. Another study by Némec et al. [1] investigated two alloys: Mg-6
wt%Zn and Mg-12 wt%Zn and the effects of ECAPing them with applied back-pressure.
They discovered that the ECAPed samples had higher corrosion rates than those of the
as-received samples. They also found out that the corrosion did not propagate any further
in any of the material. Zhang et al. [6] conducted a study into the ECAPing of Mg-Gd-Nd-
Zn-Zr alloy and its effect on the texture and microstructure. They found out that the texture
became stronger and the microstructure became more refined, decreasing the corrosion
rates. A study conducted into the Mg-Zn binary alloy by Torabi et al. [29] investigated
the effect of increasing Zn content by wt%; they found that increasing the Zn content up
to 3 wt% resulted in increased corrosion resistance in the alloy but increasing it beyond
that led to the increase of the corrosion rate. Torabi et al. [3] also investigated several
binary magnesium-hydroxyapatite bio-nano-composites and their corrosion behaviors.
The testing results proved that best alloy in terms of corrosion resistance is the Mg-5HA.
The study also found that any increase in the HA content beyond 5 wt% led to an increase
in corrosion rate. Another study on ECAP by Prithivirajan et al. [10] investigated ECAP’s
influence on the corrosion behavior of the ZE41 Mg alloy. The study found that ECAPing the
sample improved its grain refinement. Observing the sample’s crystallographic orientation
through EBSD proved that the corrosion resistance was indeed improved after using ECAP.
On the other hand, a study conducted by Vaughan et al. [30] showed that ECAP has a
detrimental effect on the corrosion resistance of Mg-6Zn-0.6Zr-0.4Ag-0.2Ca alloys. They
attributed this deterioration in corrosion resistance to the formation of heterogeneous,
anodic shear zones, which contained dense regions of refined grains and fine precipitates
in the alloy, after using ECAP.

The current study aims to provide a detailed analysis of the effect of ECAP processing
on corrosion behavior, microstructural evolution, and hardness values of the AZ31 Mg
alloy. The morphologies of the AZ31 alloy and the electrochemical response were compara-
tively analyzed before and after processing through ECAP. To this aim, electrochemical
measurements such as open circuit potential, potentiodynamic polarization, cyclic poten-
tiodynamic polarization, and electrochemical impedance spectroscopy tests were used to
examine the effects of ECAP processing on the corrosion properties. The as-annealed AZ31
alloy sample has also been tested as reference. Scanning electron microscopy was used to
investigate the microstructural evolution before and after corrosion tests. To obtain better
visualization, hardness contour maps along and perpendicular to the extrusion direction in
new 3-D plots were created to investigate the effects of ECAP processing on the hardness
distribution homogeneity across the ECAPed longitudinal and transverse sections. Finally,
the interrelations between the corrosion findings, microstructural behaviors, and micro-
hardness as a function of the number of ECAP passes were investigated. The displayed
results established ECAP as an effective SPD tool for usage in the grain refinement of AZ31
alloy. Processing through ECAP resulted in superior corrosion resistance in the AZ31 alloy,
making it a strong candidate for usage as a structural material in industrial applications.

2. Materials and Methods

Commercial AZ31 wrought alloy with a chemical composition of 2.8 wt% Al, 1.2 wt%
Zn, 0.3 wt% Mn, and 0.1 wt% Si (balance Mg) (China Jingan Chemicals & Alloy Limited,
Shanghai, China) was ECAP processed through 1 pass (1-P) and 2 passes of route Bc (2-Bc)
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at 250 °C (by rotating the sample in the same direction along their longitudinal axis by
90° before each new pass). The AZ31 bars were received with 20 mm diameter and 50 cm
length. The starting extruded bars were machined into billets with a diameter of 20 mm
and a length of 50 mm. As it is illustrated in Figure 1, the adopted ECAP die had two
cylindrical channels intersecting at an angle of 90° and with an outer arc of curvature of 20°,
supplying an equivalent strain of 1.05 on each pass in accordance with [31]. To homogenize
the microstructure before any experiments could be conducted, the samples were annealed
at 430 °C for 16 h followed by furnace cooling. The billets were pressed into the ECAP die
with a speed of 10 mm/min using graphite-based lubricant.

Plunger

Specimen

Figure 1. The schematic of the equal channel angular pressing (ECAP) die.

To characterize the microstructural evolution, an as-annealed alloy and ECAP-processed
billets were used. Samples were cut along their longitudinal cross-section, and grinded,
polished, and etched in a solution of 6 g picric acid, 5 mL acetic acid (95%), 10 mL water, and
100 mL ethanol for 50 s (according to ASTM, E407-07). The microstructural evolution of the
AZ31 billets before and after ECAP processing was characterized using an optical microscopy
(OM) (Qualitest, Nisku, Canada), which was equipped with Vision Lite & PE 8.0 advanced
image analysis software (Clemex Technologies Inc., Vision Lite & PE 8.0, Longueuil, Canada)
and a scanning electron microscope (SEM,) of type JSM-IT300 InTouchScope™ in combination
with an X-MaxN Oxford energy dispersive X-ray spectroscopy EDS analyzer (Joel Ltd., Tokyo,
Japan).

The Microhardness testing was conducted on both ECAP-processed and non-processed
samples. To prepare them for testing, the samples were cut longitudinally and transversely
and both sections were cut near the top edge of the samples. The testing was conducted on
both sections to evaluate the hardness variation across the ECAPed rods’ different orienta-
tions. They were then grinded and polished thoroughly to a mirror-like surface. Vickers
microhardness tests (Hv) were conducted using digital microhardness tester QV1000
(Qualitest, Nisku, Canada), which was equipped with iVision_ V.1.0.0 Hv software (Clemex
Technologies Inc., Longueuil, Canada), and readings were taken in a rectilinear grid-like
pattern. Each microhardness indentation had 1 mm space between it and the next indenta-
tion. The indentation process started at the peripheries, moving towards the center. The
testing was conducted on the longitudinal section (LS), which was a square 20 x 20 mm?

4
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and on the transverse section (TS), which was a circular area with diameter 20 mm. The
hardness test was conducted using a load of 1 kg applied for 15 s at a time. The results
collected and displayed are the average of at least 5 indentations, all equidistant. Further-
more, color-coded maps of hardness profiles and homogeneity were used herein as visual
aids to illustrate the hardness distribution along both directions.

The corrosion testing of the AZ31 samples took place using a 3-electrode flat corrosion
cell. A platinum mesh was used as the counter electrode, a saturated calomel electrode
(SCE), as a reference electrode, and the AZ31, as a working electrode. A Luggin capillary
was used in this experiment to minimize the ohmic drop and ensure accurate results. The
electrolyte used as a corrosive agent was ringer acetate (130 mmol/L of Na*, 112 mmol/L
of C1~, 27 mmol/L of acetate (C3H¢O3), 4 mmol/L of K*, and 1.4 mmol/L of Ca?*) at
room temperature. The experiment was conducted, and the measurements were recorded
through an SP-200 Potentiostat (Bio-Logic) (Lambda System Kreft Barszczewski Sp.J.,
Warszawa, Poland). The potential scan rate for the polarization technique was 0.166
mVs~! to ensure a steady-state condition. A linear potentiodynamic polarization scan
was applied in a wide potential window of £250 mV vs. open circuit potential. The
electrochemical impedance spectroscopy (EIS) was performed at the open-circuit potential,
Ecorr, by applying a sinusoidal voltage between 10 mV within a frequency range of
10 mHz to 100 kHz. In addition, full cyclic potentiodynamic polarization was applied to
investigate the development of passive layers and localized corrosion occurrence. Before
performing electrochemical measurement, samples kept in the solution until the open
circuit potential reach a steady state (normally about 2 h).

3. Results and Discussion
3.1. Microstructural Evolution

The optical microstructure of AZ31 alloy is shown in Figure 2, the figure shows the
alloy in its as-annealed condition (AA), after processing through 1-P, and after processing
via 2-Bc. In addition, Figure 3 shows the microstructures of the AA, 1-P, and 2-Bc ECAPed
AZ31 samples as examined by SEM. As confirmed by Figure 2a, the grain boundaries
almost disappear after annealing and the microstructure of the AA sample contains large
equiaxed grains of the a-Mg matrix (approximately between 30 and 50 pm in diameter)
in some areas. These grains are coupled with large secondary phases which were found
at the grain boundaries (GBs) (Figures 2b and 3a,b) The microstructure of AZ31 changes
after processing the alloys through ECAP, and the second phases’ size and the grain size
diminished visibly, when compared to the AA alloy. From the microstructure, two parts
can be distinguished: coarse grain (CG) a-Mg isolated by deformation networks with
the presence of UFGs nucleated along the grain, and twin boundaries occurring through
dynamic recrystallization (DRX), which agreed with [10,32-34]. It can be deduced that
the deformation and grain refinement begin at the GBs of the AZ31 Mg alloy and then
propagate elsewhere, because the boundaries of large grains visibly contain extremely fine
grains (Figure 2c) [1,15]. A considerable decrease in the alloy’s grain size was caused by
lattice defect generation from the SPD and DRX, too [1]. The microstructure of the x-Mg
matrix, when processed through 1-P, contains large grains (about 25 pm) coupled with
finer grains (~10 um) as a result of incomplete DRX with fine secondary phase particles,
highlighted at both the GBs and grains interior in Figures 2d and 3c,d.



Metals 2021, 11, 363 6 0of 19

(@) (b)

(e) ()

Figure 2. Optical microscopy (OM) micrographs of the AZ31 alloy after ECAP processing (a,b) as-annealed condition (AA),
(c) ECAP processed through 1 pass (1-P), and (e,f) 2 passes of route Bc (2-Bc) (arrows indicate the secondary phase particles).
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Figure 3. SEM micrographs of AZ31 alloy after ECAP processing showing the secondary phase particles as revealed in
(a)b) AA, (c,d) 1-P, and (e,f) 2-B condition at (a,c,e) low magnification, and (b,d,f) high magnification (arrows indicate the
secondary phase particles).

The 2-Bc sample’s grain size distribution was not at all uniform. The sample’s mi-
crostructure was characterized by having partially recrystallized regions (Figure 2f) and
being highly deformed near the center (Figure 2e). Furthermore, some of the sample’s
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surface had ultra-fine grain structure, while others had grains that were over a micron
in diameter, as found in Figure 2e,f. This leads us to indicate that the homogeneity of
the material could be drastically improved by processing the sample through a higher
number of ECAP passes. Concerning the microstructure, comparing the 2-Bc-processed
surfaces with the AA one shows that strain accumulation leads to drastic changes in the
microstructure. 2-Bc processing results in broken and elongated un-deformed grains that
are ultimately of finer grain size. These fine elongated grains were detected in central areas,
which were directed in a direction parallel to that of extrusion, trailing the trace of SPD.
Additionally, several twins are present within the grains, which contributed to the limited
slip-system of the closed packed hexagonal structure of Mg (Figure 2e). However, the
recrystallized regions increased in size as equiaxed ultrafine grains with an average size of
5 um were formed. The majority of the microstructure is deformed and ultra-fine in size,
but some elongated un-deformed grains remain, concentrated inside the UFG region as
shown in Figure 2f.

ECAP processing significantly refined the «-Mg matrix and the secondary phase
particles as seen in Figure 3e,f, and the higher the deformation, the more the distribution
of particles became homogenous, as evident when comparing the 2-Bc sample with the
others. Not only that but 2-Bc ECAP processing also fragmented the x-Mg matrix and the
secondary phase particles at the grain boundary thus remarkably refining them through
dynamic recrystallization and severe shear deformation. The previous can be ascertained
by comparing Figure 3e,f to their AA counterparts: Figure 3a,b. The high magnification
SEM images (Figure 3b,d,f) indicated that the grain boundaries are concentration areas
for the secondary phase with rather a few of them distributed in the grain interior. When
comparing the secondary phase particles of both types of samples, it was clear that those of
the AA sample were large and agglomerated, while those of the ECAP processed were fine
to a high degree. Those of AA samples were also sparse as shown in Figure 3a,b, while the
ECAPed secondary phases greatly precipitated in the matrix. Processing the AZ31 samples
through 1-P resulted in a multitude of fine secondary phase particles with an average size
ranging from 3 to 5 um. The majority of these fine particles were distributed along the
«-Mg GBs, as previously mentioned and shown in Figure 3c,d. Processing via 2-Bc, and
thus increasing the straining, produced some small ultra-fine secondary particles (ranging
from 1 to 3 um) that are not only homogeneously distributed along the grain boundaries of
the «-Mg matrix but also lie inside the a-Mg grains as (Figure 3e,f.)

3.2. Corrosion Measurement

To investigate the effects of using ECAP processing on the corrosion behavior of AZ31
Mg alloy, several electrochemical tests were conducted on the AA and processed samples
in ringer acetate solution. Shown in Figure 4a are the ECAP-processed samples’ and the AA
sample’s open circuit potential (OCP) curves, which plot the variation of electrode potential
against the immersion time. Notably, the three curves follow the same pattern. The steady
state potentials continuously become more noble, which indicates that a stable passive
layer was formed and that it develops as the more samples are immersed. The OCP values
of the three samples increase rapidly to reach the steady state after nearly 1 h. The initial
rapid increase in OCP values is regarded to be caused by an oxide-protective layer that
forms on the alloy surface and becomes more stable and protective as time passes. A few
things could be deducted from Figure 4a. First, it is clear that the 2-Bc sample is the slowest
(47 min) to reach peak value. Second, the AA sample shows a slightly nobler free corrosion
potential in comparison to the ECAPed ones. Finally, the 1-P and 2-Bc samples had slightly
more negative OCP values of —1.53 V, whereas the AA sample displayed a more positive
OCP value of —1.516 V. These data are in agreement with earlier studies [11,17]. However,
this potential difference of 14 mV is trivial and does not reflect the refinement revealed by
SEM results. Therefore, further electrochemical investigation and testing is still needed to
examine and explain the corrosion behavior of the Mg alloy.
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Figure 4. Corrosion measurements curves of AZ31 alloy processed through ECAP: (a) open circuit potential, (b) poten-
tiodynamic polarization curves, (c) cyclic potentiodynamic polarization, (d) Nyquist plot, (e) electrochemical impedance
diagrams (Bode plot), and (f) phase angle.

Figure 4b superimposes the potentiodynamic polarization curves (Tafel plots) of the
AZ31 Mg alloys before and after ECAP processing over each other. The corrosion current
densities (Icorr) Were extrapolated from the Tafel plots in [35]. The values of Loy, corrosion
potential (Ecorr), Tafel anodic and cathodic constants (i.e., fa and f3c), and the corrosion
rate in mils penetration per year (mpy) are listed in Table 1. Two notes are to be made here
before expanding on them later. First, ECAP-processed AZ31 billets had corrosion current
densities lower than that of the AA sample, according to the polarization curves in Figure
4b and as listed in Table 1. Second, the anodic and cathodic Tafel slopes varied with the
number of ECAP passes applied, as listed in Table 1.
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Table 1. Electrochemical parameters obtained from potentiodynamic polarization curves of as-
annealed condition (AA) and processed AZ31 Mg alloys.

Condition Ba —PBc Ecorr Icorr Corrosion
(mV.dec1) (mV.dec1) (V/ISCE) (tAcm—2) Rate mpy
AA 47.3 224.6 —1.361 88.34 2.63
1-P 50.1 204.7 —1.382 22.57 0.85
2-Bc 38.1 151.5 —1.338 19.318 0.57

Herein, .o provides a reliable means to estimate corrosion resistance [10,11]. In
Figure 4b, the 1-P sample showed a significant noble shift in the Icorr compared to the AA
samples when the polarization curves shifted towards lower current densities. Accord-
ingly, with reducing the corrosion current I.orr, the corrosion rate significantly decreased.
Furthermore, when the number of ECAP passes increased up to 2-Bc, a further reduction
in current density occurred, and accordingly led to a reduction in the corrosion rate. Thus,
this confirms that more ECAP passes result in decreasing the corrosion rate. The poten-
tiodynamic curves show that the Ecorr remains relatively unchanged after the first pass;
however, the 2-Bc-processed sample showed a notable noble shift in Ecorr compared to
the AA curve (—1.3 V). ECAPed alloys show passive-like behavior in the anodic branch,
as seen in Figure 4b. This can confirm that an oxide film forms on the alloy surface. A
significant finding was that the anodic current density is impacted by strain accumulation,
this was revealed when it was significantly reduced by the shear strain accumulation in the
fine-grained 2-Bc alloy compared to the coarse-grained AA alloy. This correlation leads us
to infer that the anodic reaction kinetics decrease with ECAP, which is in a good agreement
with [13]. Two chief post-processing microstructural factors or changes can explain the
decrease in Iy, related to the decline of anodic kinetics and the passivation of Ecorr in
the ECAPed alloys, i.e., grain refinement and changes in the secondary phases like their
distribution, volume fraction, and morphology.

Processing the AZ31 alloy through ECAP via 1-P and 2-Bc resulted in improving the
corrosion resistance by 67.7% and 78.3%, respectively, compared to the AA counterpart
as listed in Table 1. In general, a tendency was noticed, the current density in the Tafel
plots incline towards lower values when there is an increase in the number of ECAP
passes. Hence, the polarization curves observations are in a good accordance with earlier
study [10]. Another related finding was that processing via ECAP mitigates the activity
of galvanic corrosion, while also impeding the formation of pitting corrosion due to
the refinement of grains till fine and due to the resultant uniformly distributed second
phases [36]. Accordingly, this significant refinement in both «-Mg matrix and the secondary
phases coupled with the homogeneous distribution of the secondary phases after processing
through multi passes of ECAP noticeably improves the corrosion rate of the ECAPed
samples compared to the AA counterpart as shown in the OM and SEM findings (see
Figures 2 and 3). As indicated by Table 1, ECAP profoundly affects the anodic and cathodic
Tafel slopes (Ba and Bc, respectively) with each change in the number of passes, which lies
in a good agreement with [37].

Cyclic potentiodynamic polarization tests were conducted to investigate the relation
between ECAP processing and the passivity of AZ31 alloy, aiming to study whether ECAP
enhances passivity capabilities or not (Figure 4c). From Figure 4c, which superimposes
the cyclic potentiodynamic plots of the AA and the ECAPed samples, it can be seen that
all Mg alloys have common features like having a well-defined corrosion potential Ecorr
that is then followed by an almost constant current density, which is a passive region, and
like all anodic curves showing a passive region of 0.4 V with range from —1.04 to —1.44
V. The visible passive region was formed due to an oxide film developing over the metal
that acted as a barrier impeding further electrochemical reactions, which is related to the
structure of the passive film. While the effect of the metal’s passivity was not impacted by
decreasing the grain size, the figure shows that the more processed the samples via ECAP,
the lower the values of current density in the passive regions. This leads us to conclude that
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the oxide film further develops on the surface of 2-Bc sample, which agreed with previous
study [37]. Figure 4c, however, indicates that the AA AZ31 alloy has an unstable passive
layer, evident by the pitting that starts around the —1.36 V.

The Ecorr of the 1-P sample closely matches that of the AA sample. However, small
variations in anodic curve between both shapes were observed. The Ec,r of the 2-Bc sample
was observed to be shifted catholically relative to AA specimen by about 50 mV. In addition,
the reverse sweep resulted in a positive hysteresis loop, while positive hysteresis loops
were also attained for the cyclic potentiodynamic polarization curves of the ECAPed AZ31
alloy but no pitting had occurred [38,39]. It can be seen that both 1-P and 2-Bc passivate
at an Eqorr of —1.55 V (Figure 4c). It is worth to mentioning here that for all samples, the
re-passivation potential Erep is higher than the corrosion potential Ecorr of the forward scan.
The potential difference between Eqor and Erep for 2-Bc sample, AA AZ31, and 1-P are
100, 143, and 150 mV, respectively, with the 2-Bc sample showing less potential difference,
which indicates improvement against pitting corrosion.

The anti-corrosion performance of the ECAP-processed alloy was evaluated using
electrochemical impedance spectroscopy (EIS). Figure 4d details the Nyquist plots of the
AA alloy as well as the ECAP-processed alloy. The plots in Figure 4d shows that it is
characteristic of all the Mg alloys to produce capacitive semicircles at intermediate-to-
high frequencies [10]. This capacitive semicircle is a result of a combination of the alloy’s
resistance to charge transfer and the manifestation of double-layer capacitance [37]. Herein,
the analysis found that processing via ECAP gradually increases corrosion resistance
performance (Figure 4d). The AA sample’s plots displayed a small semicircle, whereas the
ECAPed AZ31 samples showed a much larger semicircle than that of the AA counterpart
(Figure 4d), which agrees with the potentiodynamic polarization results in this study and
also in a previous study [32]. This indicates that the UFG sample has better corrosion
resistance performance compared to the unprocessed rod. Additionally, increasing the
processing passes up to 2-Bc resulted in a larger semicircle diameter compared to the 1-P
rod, which indicates that a higher number of ECAP passes correlates with improved alloy
corrosion resistance due to the grain refinement; this finding is in a good agreement with
Sherif et al. [40]. Further inspection of Figure 4d reveals that increasing the strain on the
sample via ECAP processing produces a stronger oxide film, which in turn improves the
anti-corrosion performance of Mg alloys. ECAP accomplishes this by impeding charge
transfer processes through deactivating active anodic and cathodic sites [32].

The Bode impedance plots of the AA and ECAP-processed AZ31 Mg alloys are
superimposed in Figure 4e. Through the inspection of the figure, it becomes apparent that
at lower and moderate frequencies (up to 1.7 Hz), the impedance values rise remarkably
with those of the ECAP-processed samples predominating over the AA samples. It is
worth mentioning here that in low frequencies, larger values of impedance indicate a better
corrosion barrier [41]. The polarization resistance is extrapolated at low frequencies (log
f =0). At intermediate frequencies (1.7 Hz), the ECAPed alloys exhibit a more extended
capacitance like shown in Figure 4e. In addition, the processed samples show higher phase
angles (Figure 4f) in comparison to their AA counterpart, which is a sign that they exhibit
a stable oxide film formed on the surface. Alongside the phase angle plots, the Bode plots
in Figure 8a indicate that the corrosion in the ECAP-processed samples is less developed,
meaning that ECAP provided better corrosion protection. The high impedance values of
both processed samples, highlighted in Figure 4e, confirm that more ECAP processing, at
higher strain values, leads to better corrosion resistance. Alongside this, increasing the
processing via ECAP also increases the phase angles, as mentioned above, which leads to a
more protective and improved oxide film.

To more accurately gauge and analyze the electrochemical response of the various
AZ31 alloys, the EIS spectra of the samples were fitted to an electrical circuit (Figure 5). The
resistance of the solution is denoted by Rs, the constant phase element (CPE1) describes
the capacitance of the oxide film, and the double layer charge transfer resistance of the
charge transfer process at the AZ31 alloy/solution interface is denoted by Rct. The RL
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and L denote, respectively, the pitting corrosion resistance and inductance. The capacitive
CPE element is defined in terms of n where n is an empirical exponent that ranges from 0
to 1. Table 2 showcases the electrical parameters of the various components of the fitted
equivalent circuit based on the EIS data of the various AZ31 alloys. The Table evidently
confirms that the ECAPed AZ31 alloys display much better corrosion performance than
the AA ones: where the charge transfer resistance (Rct) has significantly higher values and
the pitting corrosion resistance (RL) improves from 235.1 to 649.3 Q.cm?.

CPE1
Rs Ret
RL L

Figure 5. Equivalent circuit used to fit (EIS) data.

Table 2. Electrical parameters obtained from fitting the electrochemical impedance spectroscopy (EIS)
data of the ECAPed AZ31 alloys.

Condition Rs CPE1 n Rct RL L
(Q.cm?) (Q-1.s".cm™2) (Q.cm?) (Q.cm?) (H. cm—2)
AA 4428 563 x 107° 1 72.5 235.1 109.5
1-P 41.68 528 x 107° 0.94 270.1 508.3 529.4
2-Bc 46 6.8 x 107° 0.94 224.98 649.3 435.5

Many previous works have concluded that UFG significantly impact and shape the
corrosion behavior of Mg alloys [42]. This was reconfirmed when it was reported that the
corrosion rate in UFG Mg alloys was remarkably lower than that in their coarse-grained
counterparts [42,43]. These reporting are in good agreement with the OM and SEM findings
in this study. Gu et al. [43] reported that processing AZ31 alloy via ECAP through up
to 2-passes resulted in improving the corrosion behavior of the ECAPed sample. One
possible explanation posits that decreasing grain size till ultra-fine improves the protection
the passive oxide layer provided through enhancing and stabilizing the uniformity and
coherency already associated with fine grains [36,44]. This enhancement then leads to
better protection against localized breakdown by aggressive chemical species. Additionally,
another explanation for the high corrosion resistance of the ECAPed sample was found in
a study conducted [13] and found that deformed grains and grain boundaries are more
susceptible to corrosive environments. They posited that this was a result of the imposed
strain to deform the samples in the first place, as its accumulation leads to more energy
absorption, which could be easily released afterwards [45]. In this context, the low angle
grain boundaries (LAGBs) in AA samples absorb the dislocations caused by ECAP and then
convert into to high angle grain boundaries (HAGBs) that makes the HAGBs produced by
ECAP, which as reported above have higher grain boundary energies, more vulnerable in
corrosive environments [46,47]. Two other studies [33,48], attribute the induced superior
corrosion resistance in grain refined Mg alloys to the UFGs, indicating that the UFGs are
the cause of rapid noble behavior and lower galvanic intensities that impact the corrosion
properties of the alloys.

To a certain extent, corrosion resistance is dependent on secondary phase particles,
despite their relative nobility, where its development is influenced by their distribution.
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On one hand, the precipitation of those particles in the «-Mg matrix could create local
cathodic sites [2], which might advance corrosion. However, another major factor in how
they impact corrosion resistance is their distribution in the matrix. Analysis of the 2-Bc-
processed sample revealed higher grain refinement than the 1-P sample (Figures 2 and 3).
Analysis also revealed a more homogenous distribution of the secondary phase particles
along the grain boundaries than the AA and 1-P counterparts, which means that processing
via ECAP results in a better, more homogenized distribution of alloying elements therein.
A previous study indicated that ECAP processing results in finer and a better distribution
of secondary phase particles in Mg alloys and, therefore, causes a better spatial distribution
of these particles. All of this led to more stabilized, enhanced passive layer that ultimately
resulted in the 2-Bc sample exhibiting better corrosion resistance as confirmed by [2]. In
this context, Cubides et al. [13,32] examined the AZxx alloy using X-ray diffraction (XRD)
and reported that the ECAPed alloy was composed of x-Mg matrix and a secondary phase
(B-Mg17-Alyp). They reported that the intensity of the 3-Mg7-Alj, peaks increased with
the number of ECAP passes. They also reported that the prismatic texture became stronger
with the accumulation of the strain that resulted from increasing the processing passes.
Indeed, these finding is in a good matching with the OM (Figure 2) and SEM (Figure 3)
findings. Accordingly, the formation of high potential phases leads to the improvement of
the corrosion resistance of the Mg alloy. Tang et al. [9] found that ECAP processing resulted
in an increase in the peak height of the 3-Mg;7Al;; phase dramatically; they attributed
that to the effect of ECAP in promoting the precipitation of a large number of Mgj7Al;»
particles from the x-Mg matrix.

It is worth mentioning here that ECAP processing Mg alloys produced a multitude
of energetic crystalline defect sites therein. These crystalline defects then play a role in
reducing the corrosion potential of the alloy to more noble values as reported in [41-43].
This takes place due to the defects promoting the development of magnesium oxide and
hydroxide MgO/Mg(OH), protective films [13,42,43]. The Mg(OH), protective film could
also be further strengthened through grain refinement, like that occurring due to ECAP pro-
cessing, which stimulates its development, improving the alloy’s corrosion resistance [42].
Figure 6 shows SEM micrographs of the AZ31 alloy before and after processing through
ECAP coupled with the EDS spectrum, which gives the elemental composition of the AZ31
samples after corrosion tests. It could be stated that intergranular corrosion is the dominant
corrosion mode in all the samples. From the magnified SEM micrographs (Figure 6a,c,e), it
is clear that there are some precipitate protective layers. As seen in Figure 6, increasing
the processing passes up to 2-Bc resulted in strengthening of the protective layer (as seen
in Figure 6e, when compared to the AA condition seen in Figure 6a), which leads to a
reduction in the corrosion rate. Accordingly, these findings agreed with the EIS findings
(Figure 4d,e) and a previous study [42]. Additionally, the ECAPed samples were denser and
coherent in appearance compared to the AA counterpart (Figure 6e compared to Figure 6a).
This morphology resulted in a more protective layer resulting in more corrosion resistance,
which agreed with [13]. On the other hand, from the EDS spectrum seen in Figure 6, it
is clear that the major constituent elements were found to be Mg, Al, Zn, O, Cl, Mn, and
Si. As shown in the EDS analysis, the microstructure mostly contains Mg and O, which
indicates the presence of the protective layer Mg(OH), [49]. Notably, the percentage of
Mg, Al, and Zn was reduced in the processed sample compared to the AA counterpart. In
addition, increasing the processing passes up to 2-Bc led to a further reduction (as seen in
Figure 6f compared to Figure 6b,d) due to high potential phases forming. Additionally, the
corrosion initiated at the grain boundaries was a consequence of microgalvanic coupling
between the secondary phases and the «-Mg matrix [32]. Furthermore, the large size of
secondary phases (as seen in Figure 3b) acts as a galvanic cathode more effectively than the
finer secondary phases (Figure 3f), thus accelerating the anodic dissolution of the x-Mg
matrix [32].
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Figure 6. SEM micrographs of the AZ31 alloy after corrosion test (a,b) AA, (¢,d) 1-P, and (e,f) 2-Bc at (a,c,e) high magnification
and (b,d,f) low magnification coupled with the EDS spectrum.

3.3. Hardness Evolution

The results of the Vickers microhardness test of the AZ31 extrudates have been mapped
to the 3D-colored contours depicted in Figures 7 and 8, which, respectively, display the
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readings across TS and LS cross-sections. The AA sample had a uniform hardness reading
of 55 Hv all over. As concluded from the displayed 3D-colored contours, each increase in
the number of passes corresponds to a general improvement of hardness readings. This
increase in passes also amounts to the homogenization of the hardness readings, as the
values shown tend towards more uniformity in the 2-Bc sample. From the displayed
contours in Figure 7a,b, it is evident that more strain hardening had occurred at the corners
compared to the central regions, as the highest Hv values of 103 and 126 were reported at
the corners versus the lowest values of 75 and 87 that were recorded at the center regions
of 1-P and 2-Bc transverse sections extrudates, respectively. The difference in the hardness
values between the central and peripheral areas was due to the interaction between the
billets” peripheries and the ECAP’s die walls. Friction between those two entities imposed
a large degree of inhomogeneous strain that would increase with any increase in the
cross-section.

Figure 7. Color-coded contour maps for the Hv values recorded on the top TS of the ECAP-processed rods through (a) 1-P

and (b) 2-Bc.

Distence from Top Edge

S
Distance from Top Edge

Distance from Center Distance from Center

a b

Figure 8. Color-coded contour maps for the Hv values recorded on the top LS of the ECAP processed rods through (a) 1-P

and (b) 2-Bc.

Figure 8 leads us to conclude that more ECAP processing leads to an improvement in
Hv values along the LS, whereas first pass processing via 1-P sample shows considerable
improvement over the AA and any further processing leads to minor improvement. Fur-
thermore, Hv value testing in the processed samples produces the lowest values near the
central region, with the hardness values increasing radially. Another noticeable finding
was that the upper part of the samples’ LS tended to produce relatively higher hardness
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values; this occurred with both 1-P and 2-Bc samples (Figure 8a,b). The aforementioned
difference in hardness values is caused by the plunge applying pressing force on the top
part during processing. A gradual increase in Hv values occurred along the peripheries
and central regions of the 1-P extrudate, with the increasing trend occurring towards the
top peripheral area, as observed in Figure 8a. The maximum recorded value was 109 Hv at
the sample top peripheral zone, whereas the minimum recorded value was 92.5 HV at the
sample bottom central area. However, for the 2-Bc extrudate, the highest value of 128 Hv
was recorded alongside the peripheral region, whereas the lowest value of 94.8 Hv was
recorded at the center as demonstrated in Figure 8b.

As discussed before, during ECAP processing dislocation occur, multiplicate and
sometimes get absorbed, causing the formation of both LAGBs and HAGBs alongside grain
refinement till materials become of UFG. In this context, the UFG structure after ECAP
processing is depicted in Figure 2. The evident enhancement in hardness values after
ECAP processing can be attributed to the strain accumulation as the number of processing
passes increased. Alongside that, the UFG structure yielded from ECAP processing inhibits
dislocation glide, thus leading to far greater strength in the material, according to the Hall-
Petch equation [50,51]. In addition, the formation of twins (Figure 2e) and accumulation of
dislocations also have an effective role in the ECAPed samples [52].

4. Conclusions

In the current study, a detailed analysis of the effect of ECAP processing on corrosion
behavior, microstructural evolution, and hardness values of the AZ31 Mg alloy was done.
The corrosion behavior of the ECAPed alloy was investigated using open circuit potential,
potentiodynamic polarization, cyclic potentiodynamic polarization, and electrochemical
impedance spectroscopy. The Vickers hardness distribution was studied on sections cut
parallel and perpendicular to the extrusion direction. The following conclusions can be
drawn:

1. The microstructure of the AA sample is almost solely composed of the agglomera-
tion of coarse equiaxed grains of the ®-Mg matrix and the secondary phase particles.

2. ECAP processing through 2-Bc resulted in a highly deformed central region with
elongated grains aligned parallel to the extrusion direction.

3. The UFG recrystallized structure was mostly visible in the peripheral regions.

4. Processing via 2-Bc resulted in the formation of some small ultra-fine secondary
particles that are uniformly dispersed inside the x-Mg grains and alongside its grain
boundaries.

5. Potentiodynamic polarization curves showed that ECAP processing through 1-P
and 2-Bc resulted in reducing the corrosion rate by 67.7% and 78.3%, respectively, compared
to the AA counterpart,

6. Analyzing the EIS results revealed that increasing the amount of ECAP processing
passes correlates with improved corrosion resistance.

7. Grain refinement due to ECAP resulted in improved pitting corrosion resistance
(RL).

8. ECAP processing through 2-Bc resulted in increasing the Vickers hardness values
by 132% and 71.8% at the peripheral and central areas, respectively, compared to their AA
counterpart.
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