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Magnesium alloys have many unique properties, mostly benefitting from the low density of
magnesium. However, they are not competitive, when compared with other lightweight
materials, such as aluminum alloys, particularly in ductility and corrosion resistance.
There is a strong need to improve the mechanical properties and corrosion resistance of
magnesium alloys. In the present research, friction stir processing (FSP) as a severe plastic
deformation process was applied to the WE43 magnesium alloy. The effect of FSP up to 6
passes on the grain structure, second-phase particle distribution, mechanical properties
and corrosion resistance of the alloy was investigated. It was found that a continuous
network of second-phase particles was present at the grain boundaries, which was
considered to be one of the main causes for the poor ductility of the alloy in the as-
annealed state. By applying two passes of FSP, the grain structure was significantly
refined, changing from an average grain size of 12.4 to 2.5 pm. By further FSP, the grain
structure continued to refine to an average grain size of 1.4 pm after 4 passes and remained
unchanged after 6 passes. However, the fragmentation and redistribution of second-phase
particles continued to occur during the 4th and 6th passes of FSP. Because of these
microstructural changes, the uniform strain to maximum stress and the strength of
specimens gradually improved with increasing number of FSP passes. The corrosion
resistance of the alloy was found to be improved by applying 6 passes of FSP, compared to
that of the alloy in the initial as-annealed state, which was attributed to the fragmentation
and redistribution of second-phase particles. By applying FSP, the uniformity of the pro-
tective passive layer was improved and, in the meantime, the intensity of micro-galvanic

coupling leading to pitting corrosion was decreased.
© 2021 Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Magnesium and its alloys have high specific elastic modulus
and strength values, which opens up a wide range of possible
applications where weight reduction is important, e.g., in the
biomedical [1-3], military [4—7] and transport [8—12] in-
dustries. Despite superior strength-to-density ratios [8,13—15],
they suffer from poor ductility [8,13—15] and corrosion resis-
tance [16—20], making them less competitive to other light
metals, such as aluminum alloys. These weaknesses are
inherent to magnesium and related to the microstructures.
The poor ductility is, for example, due to the hexagonal close
packed (HCP) crystal structure of magnesium with a limited
number of slip systems at room temperature and also due to a
coarse grain structure, especially in the as-cast condition
[21-29]. The poor corrosion resistance of magnesium is
attributed to its low electromotive force (EMF), corresponding
to a high chemical activity and a small amount of negative
electrochemical potential. The poor corrosion resistance is
also related to the presence of impurities and second-phase
particles, inducing localized corrosion. Understanding the
mechanisms and finding way to decrease the corrosion rate of
magnesium alloys have been a priority area of research for
two decades [16—20]. In addition, although Mg and its alloys
have high specific elastic moduli and strengths, further en-
hancements in strength are strongly desired, as this can result
in lighter structural parts [9]. Alloying has been found to be an
effective way to improve both mechanical properties, i.e.,
strength and ductility, and corrosion resistance [14,15].
Improved mechanical properties and corrosion resistance by
adding rare earth elements have been reported [30—34].

While the approach to improving mechanical and corro-
sion properties by alloying is successful, it results in the for-
mation of second-phase particles in the microstructure,
which can in turn deteriorate the ductility and corrosion
properties of magnesium alloys [16—20,35,36]. The presence of
second-phase particles limits the uniform corrosion and en-
hances localized corrosion, particularly pitting corrosion. The
negative effect of second-phase particles can again be attrib-
uted to the very low EMF of Mg, which causes the micro-
galvanic effect, with second-phase particles acting as the
cathode and the a-Mg matrix as the anode.

Another approach, from the perspective of materials pro-
cessing, including casting and forming, has been also used to
improve the mechanical properties and corrosion resistance
by reducing grain sizes and second-phase particle sizes
[37—45]. Thermomechanical processing, including severe
plastic deformation (SPD), has been found to be an effective
way to achieve desired microstructural modifications [46—53].
However, the poor deformability of Mg and its alloys limits the
application of the thermomechanical approach; precise con-
trol over temperature and deformation rate is not easy or even

not feasible [54—57]. For example, temperature management
during multi-pass rolling requires constant supply of thermal
energy. Temperature stability during equal channel angular
processing (ECAP) appears to be more easily under control.
However, still a large amount of heat loss occurs during ECAP,
making it difficult to maintain the whole tooling set-up,
including the die, at a desired high temperature. Among the
thermomechanical processes, friction stir processing (FSP)
offers an easy way to achieve process stability [58]. This is
because, during this process, heat is generated by itself, due to
the rotation of the processing tool. Only a few process pa-
rameters, i.e., rotation and moving speeds, should be
controlled to make FSP stay within the defined processing
window [58].

FSP has already been used for thermomechanical pro-
cessing of Mg and its alloys in order to achieve enhanced
mechanical properties or improved corrosion resistance
[58—67]. A critical analysis of the relevant literature shows
that previous research was focused either on deformation,
microstructure and mechanical properties or on corrosion
resistance. Systematic research is missing. The main objective
of the present research was to establish the correlations be-
tween FSP pass number, grain structure, second-phase parti-
cles sizes and distribution, mechanical properties and
corrosion resistance. The WE43 magnesium alloy was used as
an experimental material for this research.

2. Experimental details

WE43 magnesium alloy plates with a thickness of 10 mm were
received in the hot-rolled condition. The chemical composi-
tion of the alloy determined by optical emission spectroscopy
(OES) is shown in Table 1. Prior to FSP, the hot rolled sheets
have to be annealed to acquire an equiaxed grain structure.
Duration of such annealing treatment has to be limited to
avoid undesirable grain growth. Annealing at 440 °C for 3 h
was chosen according to previous investigations. After
annealing and cooling in air, the plates were cut to the di-
mensions of 140 x 50 mm. FSP was conducted using a milling
machine equipped with a cylindrical tool with a shoulder
diameter of 15 mm and a pin height of 2.5 mm and a pin
diameter of 3.5 mm (Fig. 1). The tool displaced at a moving
speed of 107 mm/min and a rotation speed 180 rpm, which
were chosen, based on the previous experimental research
[68,69]. To investigate the effect of the cumulative deforma-
tion on the microstructure, mechanical properties and corro-
sion resistance of the alloy, multiple FSP passes, i.e., 1,2, 4 and
6, were applied to the as-annealed alloy. The repetitive passes
of FSP were conducted on one specific sample to acquire
sufficiently processed samples. In each case, the first pass was
applied clock-wise and the second pass counter clock-wise,
which was successively continued.

Table 1 — Chemical composition of the WE43 magnesium alloy used as the experimental material in this investigation.

Element Mg Zn Y

Zr Sc Ce Nd Gd

Wt. % Balance 0.08 4.28

0.41 1.47 0.13 0.74 0.28
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Fig. 1 — Schematic illustration of FSP and the region where samples were extracted.

Samples for microstructural analysis were extracted from
the region below the surface along the FSP centerline (Fig. 1).
An HUVITZ HR3-TRF-P optical microscope was used to
examine the grain structures after different passes of FSP.
Prior to microscopy, the samples were ground, polished and
etched. The etchant was a solution composed of 5 ml acetic
acid, 5 g picric acid, 100 ml ethanol and 10 ml distilled water.
TESCAN VEGA/XMU and Philips XL30S-FEG SEM microscopes
were used to determine the sizes, morphology and distribu-
tions of second-phase particles. Electron backscatter diffrac-
tion (EBSD) was used to reveal the effect of FSP on grain
refinement. Samples were ground and electro-polished at 20 V
in a 300 ml HNO; + 700 ml C,H;OH solution at —35 °C. EBSD
micrographs were taken using a Philips XL30S-FEG SEM
microscope.

Compression tests were performed, using a 5-ton SANTAM
universal tensile/compression machine at a crosshead speed
of 0.5 mm/min to investigate the effect of FSP on the me-
chanical properties of specimens. Cylindrical specimens with
a diameter of 2 mm diameter and a height of 3 mm, according
to the ASTM E9 standard, were prepared from the region
below the surface along the centerline of FSP (Fig. 1).

Potentiodynamic polarization tests and electrochemical
impedance spectroscopy (EIS) were performed to investigate
the effect of FSP on the corrosion properties of the alloy. The
polarization tests were conducted in simulated body fluid
(SBF) solution according to the ASTM G102-98-E1 standard,
using a Princeton Applied Research potentiostat apparatus
(Versa Stat 4) with a three-electrode electrochemical cell at
room temperature. Sample with a surface area of 10 mm? was
set as the working electrode and the counter and reference
electrodes were platinum rod and saturated calomel, respec-
tively. Scans were done at a rate of 1 mV/S and started at
—0.25 V below open circuit potential (OCP) and finished at a
reference electrode potential (SCE). Corrosion current density
and corrosion potential were calculated using the TOEFL
extrapolation of the anodic and cathodic branches. Electro-
chemical impedance spectrometry (EIS) was performed in SBF

solution, according to ASTMB457-67, over a range of applied
frequency from 10 mHz to 100 KHz. The amplitude of voltage
was 10 mV. Experimental results were fitted by using the
ZSimWin 3.21 software.

3. Results and discussion
3.1 Evolution of microstructure
3.1.1. Initial microstructure

The as-annealed microstructure of the WE43 alloy is shown in
Fig. 2. An equiaxed grain structure was observed, which could
be attributed to dynamic crystallization occurring during hot
rolling and subsequent grain growth during annealing. The
average grain size was calculated, according to the ASTM E-
112 standard, to be 12.4 um. A continuous network of second-
phase particles was present at the grain boundaries (Fig. 2a).
In the as-annealed WE43 alloy, these particles are known to be
binary intermetallic compounds of Mg—Nd and Mg-Y [70] or
ternary intermetallic compounds of Mg-Nd-Y [71], of high
hardness and strength, and a main contributor to reduced
ductility and deformability of the alloy. The distribution of
intermetallic particles at the grain boundaries imposes addi-
tional restrictions to the deformation of the alloy which has an
HCP crystal structure and an inherently low number of slip
systems at room temperature [72—77]. In addition to the
second-phase particles at the grain boundaries, a large num-
ber of intermetallic particles in the needle shape (Fig. 2b) were
distributed inside the grains, which would also contribute to
reduced ductility.

3.1.2. Macrostructures of the alloy after multi-pass FSP

The material subjected to FSP has varied thermal and me-
chanical histories. The FSP region on the cross section can be
divided into the stir zone (SZ), thermo-mechanically affected
zone (TMAZ), heat affected zone (HZ) and the base metal (BM)
which is not affected by FSP. The width, depth and direction of
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Fig. 2 — The as-annealed microstructure of the WE43 alloy
showing (a) the grain structure and (b) the distribution of
second-phase particles.

these zones depend mainly on process parameters, i.e., tool
rotation speed and moving speed and on tool design [58].
These zones may undergo small changes at successive FSP
passes. The effect of the successive FSP passes on the shape
and extent of the FSP zones in the WE43 alloy are shown in
Fig. 3. It can be seen that the FSP region in general had the
shape of a spherical cap with a width of 15 mm and a depth of
3 mm. This region did not significantly change with rising FSP
passes. However, the extent of the SZ zone, being the main
part stirred during FSP, was changed. Compared to the other
zones, SZ was subjected to the maximum amount of defor-
mation, had the finest grain sizes and experienced particle

fragmentation and redistribution the most [78—80]. Therefore,
this zone was selected to investigate the effect of FSP on the
microstructure, mechanical properties and corrosion resis-
tance of the alloy.

3.1.3.  Evolution of grain structure in the stir zone (SZ)

EBSD micrographs showing the grain structures of the SZ
samples after 1, 2, 4 and 6 passes of FSP are presented in Fig. 4.
Progressive reduction in grain size indeed occurred during
FSP. The average values of grain size, measured according to
ASTM E112, were 5.47, 2.47, 1.43 and 1.41 ym with an error
range of 5%. Comparison of these values with the average
grain size of the as-annealed material (12.4 um) indicated 56
and 80% reductions in average grain size because of the first
pass and second passes of FSP. With further deformation,
grain refinement continued to reach a minimum value of
1.4 um, which was about an 85% reduction from the as-
annealed grain size. Such a significant reduction in grain
size could significantly contribute to increasing ductility and
strength of the alloy. The differences between the average
grain size values after 4 and 6 passes of FSP, however, fell
within the margin of error. In other words, grain refinement
reached the ceiling after 4 passes of FSP.

3.1.4. Evolution of second-phase particles

The effect of FSP on the sizes, morphology and distribution of
second phase particles is depicted in Fig. 5. In comparison
with the as-annealed microstructure with a continuous
network of second-phase particles at the grain boundaries
and a high density of needle-shaped particles in the grain
interior, the second-phase particles became fragmented and
redistributed inside the grains. The needle-shaped particles
were not observable in the grain interior any more, after two
passes of FSP were applied. In addition, the linkage and con-
tinuity of the particles at the grain boundaries were destroyed,
with some residuals still visible. Along with further FSP, i.e., 4
passes, the remaining grain boundary particles were further
redistributed in the grain interior and fragmented into finer
sizes. In the sample having experienced 6 passes of FSP, extra-
fine second-phase particles were hardly discernible at the
same magnification under SEM (Fig. 5d).

3.2.  Mechanical properties

The compression stress—strain curves of specimens in the as-
annealed state and after 1, 2, 4 and 6 passes of FSP are shown
in Fig. 6. Since the specimens were not supposed to show
necking in compression testing and consequently reduced
stress, the uniform strain to maximum stress (¢,) was chosen
to represent the ductility of the specimens after SFP. For the
as-annealed WE43 alloy, the uniform strain at the maximum
compressive strength of 206 MPa was only 0.026, showing poor
ductility. After the first pass of FSP was applied, the maximum
strength reached 227 MPa, while the uniform strain remained
unchanged. With two passes of FSP applied, the ¢, value
increased to 0.05%, which was a 100% increase, and the
maximum compressive strength reached 250 MPa. With
further FSP to 4 passes, about a 50% further increase in ¢, and a
10% increase in compressive strength were achieved. This
upward trend continued to ¢, = 0.1, after 6 passes of FSP were
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Fig. 3 — Macrostructures of the FSP samples after (a) 2, (b) 4 and (c) 6 passes.
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(d)

Fig. 4 — EBSD maps showing the grain structures of the FSP
SZ samples after (a) 1 pass, (b) 2 passes, (c) 4 passes and (d)
6 passes of FSP.

applied, while the maximum compressive strength remained
unchanged at 277 MPa. Therefore, the application of 6 passes
of FSP resulted in a 4-fold increase in uniform strain to

maximum stress and a 35% enhancement in compressive
strength.

The increase in ductility after 2 passes of FSP could be
attributed mainly to the significant grain refinement. With a
further increase in FSP pass, further grain refinement
occurred in addition to the fragmentation of second-phase
particles. A continuous network of particles at the grain
boundaries would seriously limit the ductility of the alloy
which is inherently low due to a limited number of slip sys-
tems in the «-Mg matrix at room temperature [75—77]. Nor-
mally, for a metal with an HCP crystal structure, grain
boundaries can be of help in enlarging its ductility, due to an
increased number of slip systems in their vicinity [75-77].
When the grain boundary regions are occupied by a contin-
uous network of second-phase particles, however, the
constructive effect of grain boundaries on ductility will
severely diminish [75—77]. Furthermore, most of intermetallic
compounds themselves are of low ductility and high strength,
as compared to the matrix. Usually, they do not deform as
much as the matrix, which may result in discontinuity be-
tween the particles and matrix, and the formation of crack
initiation points. Consequently, very poor ductility of an HCP-
structured metal with a network of intermetallic compounds
at the grain boundaries can be expected. However, when the
particles become fragmented and redistributed inside grains,
the grain boundaries will offer increased ductility to the metal
due to a larger number of slip systems. Moreover, crack initi-
ation points at the vicinities of particles are fewer in number,
as they are finer and discontinuous. Therefore, improved
ductility can be achieved.

3.3. Corrosion behavior

3.3.1. Potentiodynamic polarization
The potentiodynamic polarization curves of the samples in
the as-annealed state and after 6 passes of FSP are shown in
Fig. 7. The values of I, (corrosion current density), Ecorr
(corrosion potential versus that of SC electrode), B, (the slope
of anodic branch), g. (the slope of cathodic branch) and CR (the
corrosion rate) were calculated by using the versaSTAT4
software. All the electrochemical polarization parameters are
listed in Table 2. In addition, the value of R, (polarization
resistance) was calculated using the Stern—Geary equation
(Eq. (1) [81]:
B 1

2.303 (ﬁ—la + %) Teorr

It can be seen that by applying 6 passes of FSP to the WE43
alloy, the values of I, and CR decreased and R, increased
significantly. FSP was found to have both negative and posi-
tive effects on the corrosion of the alloy. In general, two fac-
tors strongly affect the corrosion behavior of the WE43 alloy,
i.e., grain sizes and the sizes, surface fraction and distribution
of second-phase particles. Finer grains result in a higher
density of grain boundaries that are the corrosion-prone re-
gion owing to their high energy. In addition, second-phase
particles may cause a higher corrosion rate because they are
inherently different from the matrix in corrosion potential
and can form galvanic cells, resulting in galvanic corrosion

R, (1)
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Fig. 5 — SEM images showing the second phase particles in the FSP-processed samples after (a) 1, (b) 2, (c) 4 and (d) 6 passes.
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Fig. 7 — The potentiodynamic polarization curves of the as-
annealed WE43 alloy and the same alloy after 6 pass FSP.

and the formation of initial pits for pitting corrosion to
proceed.

After six passes of FSP, significant grain refinement took
place, as seen Fig. 4. The average grain size reduced from 12.4
to 1.5 pm, which could cause a significant increase in the
density of grain boundaries and consequently a higher
corrosion rate. An increase in corrosion rate after different
processes of SPD has been observed in different alloy systems
[82—90]. However, in the case of the current alloy, due to
effective fragmentation and redistribution of second-phase
particles (Fig. 5) along with FSP, the preferred sites for local-
ized corrosion at the grain boundaries were decreased, which
led to a reduced corrosion rate by changing the thermody-
namics and kinetics of corrosion, as demonstrated by the CR
values in Table 2. Because of the reduction in second-phase
particle sizes and the redistribution of these particles, the
differences in corrosion rate between anodic and cathodic
reactions and the intensity of microscopic galvanic coupling
were decreased. As a result, the main corrosion mechanism
changed towards more uniform corrosion. The negative ef-
fects of increased grain boundaries and densities became
much less than the positive effect of fragmented second-
phase particles. As explained earlier, in this case, the
second-phase particles would be so severely refined that they
might also be dissolved in many alloy systems [91—-93] or in
magnesium alloys [94]. Irrespective of being dissolved or
significantly reduced in size, they lost their detrimental effect
to act as preferred sites for localized corrosion. Consequently,
applying FSP led to the changes in corrosion behavior and the
kinetic aspect of corrosion, and to an increase in pitting
corrosion resistance. Consequently, the formed pits on the
surface became less stable and could re-passivate, causing
more uniform corrosion.

3.3.2. EIS analysis

The Nyquist, bode and bode phase diagrams of the WE43 alloy
in the as-annealed state and after 6 passes of FSP are shown in
Fig. 8. It can be seen in Fig. 8 (a) that the Nyquist diagram in-
cludes two positive capacitive arcs and one negative inductive
arc. One of the two capacitive arcs must have been correlated
to the passive layer that was generated near the surface of the
sample and indicated its corrosion resistance. The other one
was correlated to the transition of electrical charge at the
metal/electrolyte interface (i.e., a double electrical layer). In
addition, the negative inductive arc was related to the
inductive behavior of pits at low frequencies.

After fitting the experimental EIS data by using the ZSim-
Win 3.21 software, the simulated equivalent circuit was found
to be Rsor (CpRp) (Qai (Rt (LpitRpir)). In the obtained equivalent
circuit, R, is the electrical resistance of the SBF solution, C,
and R, are the electrical capacitive behavior and electrical
resistance of the passive layer, respectively. L,; and Ry
represent the inductive behavior of pits that may be related to
second-phase particles, Qg 1is the electrical capacitive
behavior of the double electrical layer and R; is the charge
transfer resistance of the substrate-passive layer interface.
The values of these EIS parameters were calculated from the
experimental EIS data and are reported in Table 3. There was a
good agreement between the measured data and the fitted
data, meaning that a convenient equivalent circuit was
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Table 2 — Calculated electrochemical polarization parameters of the as-annealed WE43 alloy and the same alloy after 6

passes of FSP.

Sample  Icon (MA/cm?)  Ecor (VVS SCE)  By(mV.dec?) -Bc (mV.dec ') RP (ohm./cm?l/cm?lcm2lcm?2) CR (mm/y)

WE43 215.372 —1.585 147.932 253.297 188.285 3.994
WE43-6 N 133.951 -1.515 129.433 344.751 305.045 2.484

chosen and the fitting performed by the software was

adequate. The values of fitting process error (Ksguare) for the

A6 WEA43 alloy in the as-annealed state and after 6 passes of FSP

e \WE43 were 3.01 x 107 and 1.72 x 107>, respectively. The equivalent
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Fig. 8 — (a) The Nyquist, (b) the bode and (c) the bode phase
curves of the WE43 alloy in the as-annealed state and after
6 passes of FSP.

circuit includes a constant phase element (CPE) parameter for
the double electrical layer, in which CPE4 indicates the
dielectric properties of the double electrical layer that repre-
sents the amount of deviation from the ideal capacitive
behavior and the inhomogeneity of the sample surface [95].

It is known that larger capacitive and inductive arcs indi-
cate higher corrosion resistance. As can be seen in Fig. 8a, the
capacitive arc diameter enlarged and corrosion resistance
increased, due to FSP. As previously explained, the fragmen-
tation of second-phase particles contributed to the increased
corrosion resistance of the alloy after FSP. There is no specific
or clear definition of the inductive loop, but it may be corre-
lated to the generation and re-passivation of pits on the sur-
face due to the participation of second-phase particles in
localized corrosion. The WE43 alloy after 6 passes of FSF
exhibited a larger inductive arc diameter, higher pitting
resistance and fewer stable pits. In fact, because of the small
sizes of the generated pits in the WE43 alloy after 6 passes of
FSP, the intensity of micro galvanic coupling was reduced and
re-passivation of pits increased. In addition, the corrosive re-
actions on the surface became more uniform and caused the
creation of a more uniform oxide/hydroxide passive layer on
the surface. Also, the values of Rp;;, Ly and R; increased, which
could result from a uniform passive layer surrounding frag-
mented particles and resulted in increased inductive resis-
tance and decreased pitting corrosion.

In Fig. 8b, the slope of the linear portion of the bode curves,
n, at high frequencies, can be taken as an acceptable param-
eter for evaluating the corrosion properties of samples with
respect to the uniformity of the formed passive layer on sur-
face [96]. By improving the protective properties of the passive
layer, the n value is increased towards one. By applying FSP to
the WE43 alloy, the n value was indeed increased, indicating a
more uniform and smoother passive layer and a better pro-
tective effect (N'WE43 < nWE43-6 N). Thus, the formed passive
layer on the WE43 alloy after 6 passes of FSP could more
effectively prevent the detrimental and corrosive electro-
chemical reactions on the surface from taking place.

Furthermore, the single capacitive peak in the bode phase
(Fig. 8c) diagrams is a precise and good parameter for the
evaluation of the corrosion behavior of the metal substrate.
The highest peak in the bode phase diagrams is related to the
roughness of the substrate [96]. As clearly visible in the curves,
the highest peak was increased by applying FSP, which could
be correlated to the higher roughness of WE43-6 N sample
surface. In this sample, high density and fine sizes of second-
phase particles could be of help for surface protection.
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Table 3 — The calculated EIS parameters from the experimental EIS data.

Sample Rsor (Ohm/cm?) (Q-m)q Ra1 (Ohm/cm?) Rpir (Ohm/cm?) Lyit (H/cm?) Rz
‘WE43 24.63 0.88 281.72 21.81 140.92 3.01 x 10~°
WE43-6 N 24.69 0.74 368.94 37.03 233.88 1.72 x 10>
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