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Abstract: Commercial ZK60 Mg alloy was processed by multi-pass equal-channel angular pressing (ECAP) and subsequent aging to
investigate the effect of grain refinement and second-phase redistribution on its corrosion behavior. Electrochemical tests show that
the fine-grained samples after more ECAP passes have higher corrosion current densities (J.o) in the polarization curves, lower
charge-transfer resistance (R,) values in the EIS plots. The severe plastic deformation decreases the alloy corrosion resistance besides
the well-known strengthening and toughening. Scanning Kelvin probe (SKP) measurement shows that the anodic and cathode sites
are homogeneously distributed on the surface of the fine-grained alloy, which inhibits localized corrosion. The SKP potential, having
linear relationship with the corrosion potential (@), decreases with increasing the ECAP pass. Furthermore, the post-ECAP aging
can slightly improve the corrosion resistance of the fine-grained ZK60 Mg alloy and enhance the comprehensive performances, due

to the stress relief and uniform distribution of second-phase particles.
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1 Introduction

Mg and its alloys have been widely used in
aerospace, portable microelectronics, telecommunication
and military industry due to their low density, high
specific strength and excellent recycle ability. However,
the low standard electrode potential of Mg and the loose
oxide film on the surface of Mg make its corrosion
resistance poor in most environmental media, which
hinders the application of Mg alloys. Therefore, the
corrosion behaviors and corrosion protection of Mg
alloys have received extensive attention in recent years.

The main factors affecting the corrosion resistance
of metallic materials include the microstructure [1],
second phases [2], chloride ion and pH value [3]. In view
of excellent mechanical properties and promising
applications of ultrafine-grained (UFG) alloys [4], the
effect of grain refinement by various severe-plastic-
deformation (SPD) methods on the corrosion behavior of
metallic materials has caught considerable attention in

recent years. Equal-channel angular pressing (ECAP) is
considered as the most appropriate SPD method to
produce bulk UFG alloys for industrial application [5,6].
Although many studies have been done on the materials
processed by ECAP [7,8], there are relatively few reports
available on their corrosion resistance. Furthermore, the
available literatures express contradictory views on the
corrosion resistance of UFG alloys in comparison with
their coarse-grained (CG) counterparts [9—13]. Grain
refinement decreases the corrosion resistance of pure
Mg [9], AZ31 Mg alloy [12] and AE21 Mg alloy [13] in
corrosive media, but enhances the corrosion resistance of
AE42 Mg alloy [13]. Now, UFG Mg alloys may have
higher corrosion resistance than the coarse-grained ones,
particular attention should be paid to the relationship
between the microstructure change and corrosion
behavior of the ECAP-processed Mg alloys.

Mg alloys are gradually used in structural
applications and new classes of wrought Mg alloys are
emerging. ZK60 Mg alloy, one of the representative
wrought Mg alloys, has been successfully processed by
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ECAP to markedly improve its mechanical properties
[8,14]. However, appropriate corrosion resistance has not
been achieved. The influence of microstructure
parameters (such as the grain size, distribution of second
phases, internal stress) on the corrosion behavior of UFG
Mg alloys should be further investigated. The second-
phase particles in ZK60 Mg alloy usually form the
cells. The size and
distribution of second-phase particles will be changed by
ECAP and sequent heat treatment, which has great effect
on the corrosion resistance of the UFG Mg alloys.

The objective of this study is to investigate the

cathodes of electrochemical

effect of microstructural evolution during processing by
ECAP and post-ECAP aging on the corrosion behavior
of ZK60 Mg alloy, which can provide guide for its
application and perfect the corrosion theory study. Based
on the previous researches [15,16], the post-ECAP aging
of the alloy was done at 453 K to obtain better
mechanical properties. Electrochemical tests were
performed in a 3.5% NaCl (mass fraction) aqueous
solution, complemented by morphological, structural and
surface analysis. Scanning Kelvin probe (SKP) was used
to investigate the atmospheric corrosion process on
micro- and even nano-scale [17-20]. In the present work,
the potentials of a-Mg matrix and second phases of the
ZK60 Mg alloy with different ECAP passes and
post-ECAP aging were studied by SKP to address the
role of those fine second phases on the corrosion
behavior, with the aim to better understand the influence
of UFG microstructure on the corrosion behavior of
ZK60 Mg alloy.

2 Experimental

2.1 Materials and ECAP process

Commercial ZK60 Mg alloy with a nominal
composition of Mg—6Zn—0.5Zr (mass fraction, %) was
used. The raw material used for the ECAP process was
cut by an electric discharging machine from the as-cast
ZK60 Mg ingots and then solid-solution (SS) treated at
703 K for 16 h. The billets after SS treatment were cut to
the sizes of 20 mm x 20 mm x 40 mm and then equal-
channel-angular-pressed at 518 K from 1 pass to 16
passes. To reduce the friction coefficient between the
billet and the die inner wall, graphite was used as the
lubricant. After each ECAP pass, the billet was inverted
and then rotated by 180 ° on the same axes. After ECAP,
all of the samples were cut perpendicularly to the

pressing direction to the sizes of 10 mm x10 mm X 8 mm.

Then, the ECAP-fabricated samples were aged at 453 K
for 8 h in a vacuum tube furnace under the protective gas
of Nz.

2.2 Microstructure characterization

Optical microscopy (OM, ZEISS AXIO CSM700)
was used to observe the microstructure of ECAP-
processed ZK60 Mg alloy and the post-ECAP aged ones.
Scanning electron microscopy (SEM, Oxford, USA) was
used to observe the refined microstructure and the
distribution of second phases in detail. All samples
processed by ECAP and post-ECAP aging were, in turn,
ground by 400, 600, 800, 1000, 1200 and 1600 grit
emery papers and polished with diamond grinding fluid.
The metallographic etchant consisted of 1 g oxalic acid,
1 mL nitric acid, 1 mL acetic acid and 150 mL deionized
water.

2.3 Scanning Kelvin probe

The potential maps of the ECAP-processed ZK60
Mg alloy and the post-ECAP aged ones were recorded
using SKP technique. The experiments were performed
on VersaScan electrochemical scanning system
(Princeton Applied Research, Ametek). Before testing,
the samples were polished under the same conditions. All
tests were carried out at the same ambient temperature
and relative humidity. Step scan mode was employed,
with a step size of 50 um, a scan area of 1000 pmx
1000 pum, and scan points of 21x21. Each scan takes

about 21 min.

2.4 Corrosion tests

The corrosion behavior of the ECAP-processed
ZK60 Mg alloy and the post-ECAP aged ones were
investigated by electrochemical test. All samples were
cut from the core of the ECAP billets, cleaned and
polished to avoid surface contamination of the Iubricant.
The corrosive agent used is 3.5% NaCl (mass fraction)
solution prepared by A.R. grade NaCl and deionized
water at room temperature.

Electrochemical tests were conducted in the 3.5%
NaCl solution via VersaScan electrochemical scanning
system, which employed a saturated calomel reference
electrode, a Pt counter electrode and a working electrode
as a traditional three-electrode system. The samples, cut
from the core of the billets, were molded in the epoxy
resin with an exposed surface of 1cm’. For good
repeatability, all samples were polished, cleaned with
acetone and dried in air.

Three types of electrochemical tests, namely
open-circuit potential (OCP) test, potentiodynamic
polarization test and electrochemical
spectroscopy (EIS) test, were carried out to compare the
corrosion resistance of the ECAP-processed samples
with the post-ECAP aged ones. All samples were
immersed in the 3.5% NaCl solution for 1800s to

impendence
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stable OCP values,
polarization tests were performed at a scan rate of
2 mV/s. The frequency of EIS tests ranges from 100 kHz
to 100 mHz, and the amplitude of sinusoidal potential
signal is 5 mV with respect to the open circuit potential.

achieve and potentiodynamic

3 Results

3.1 Microstructure of ECAP-processed ZK60 Mg

alloy

Figures 1(a) and (b) present the microstructures of
the as-cast ZK60 Mg alloy and the solution-treated one,
respectively. The grain size of the as-cast sample is
100—200 um. After solution treatment, the branch-shaped
grain boundaries almost disappear and the intergranular
second phases are mostly dissolved into the Mg matrix.
Only a few precipitates can be seen along the grain
boundaries.

From Fig. 2, it can be seen that after the first ECAP
pass (1p), some extremely fine grains are located on the

boundaries of large grains, suggesting that the
deformation and grain refinement start firstly at the grain
boundaries (GBs) of the ZK60 Mg alloy. In the 4-pass
sample (4p), the deformed regions with UFG grains
become thicker and the un-deformed grains are broken
and become elongated with a finer grain size. In the
8-pass sample (8p), the fraction of deformed regions is
predominant with some elongated un-deformed grains
embedded inside the UFG region. The rest un-deformed
grains are one order of magnitude smaller than those in
the 4-pass sample. When the number of ECAP passes
increases to 12 and 16, respectively, the un-deformed
grains become even less. Hence, more ECAP passes lead
to a sharp decrease of grain size.

After aging, the grain size of the a-Mg phase does
not grow significantly, as seen in Fig. 3. The
microstructure of the solution-treated sample changes to
a flower shape, and the number of fine second phases of
the ECAP-processed samples slightly increases, as
shown in Figs. 3 and 4. The redistribution of second

N

Fig. 2 Optical micrographs of solution-treated ZK60 Mg alloys with different ECAP passes: (a) Solution-treated sample;

(b) Ip (1 ECAP pass); (c) 4p; (d) 8p; (e) 12p; (f) 16p
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Fig. 4 SEM images of ZK60 Mg alloys in different processing states: (a) As-cast; (b) After 4 ECAP passes; (

(d) 16 ECAP passes plus post-aging

phase after aging can influence the corrosion behavior of
the samples. As a result of SS treatment and ECAP, the
coarse secondary phases along the grain boundaries in
the as-cast alloy, as shown in Fig. 4(a), disappear and
smaller particles are homogeneously distributed in the
Mg matrix processed by ECAP, as shown in Fig. 4(c).

3.2 Electrochemical corrosion behavior
Electrochemical tests were performed to obtain the

c) After 16 ECAP passes;

electrochemical data of the ZK60 Mg alloy processed by
ECAP. Figure 5 shows the OCP curves of the
ECAP-processed samples and the post-ECAP aged ones
immersed in 3.5% NaCl solution for 1800 s, which
reveals the variation of electrode potential with the
immersion time. All of the curves have a similar shape,
which implies their similar electrochemical behavior.
The curves of the ECAP-processed samples can be
divided into two stages, i.e., the OCP values of all the
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samples increase quickly at first and then fall down
slightly with little fluctuation. The 16p sample has the
lowest OCP value and takes the least time to reach the
peak value, which implies the faster formation of
Mg(OH), in 3.5% NaCl solution. The solution-treated
sample has a higher OCP value and takes more time to
reach the peak value. The OCP curves of the post-ECAP
aged samples are similar to those of the ECAP-processed
ones, which indicates their similar electrochemical
behavior. However, OCP is the value of the working
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electrode relative to the reference electrode in the
absence of additional current or electric field, which can
not reflect the corrosion behavior accurately. Thus,
further electrochemical tests still need to judge the
corrosion resistance of the ECAP-processed alloy and the
post-ECAP aged alloy clearly.

The potentiodynamic polarization curves of the
ECAP-processed ZK60 Mg alloys and the post-ECAP
aged ones are shown in Fig. 6. All samples were
immersed in 3.5% NaCl solution for about 30 min before
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Fig. 5 Open circuit potential of ECAP-processed alloy (a) and aged alloy (b) immersed in 3.5% NaCl solution
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polarization tests to achieve stable OCP values, and the
polarization curves of these samples are similar in the
tested solution. The comparison of Figs. 6(a) with (b)
shows that the curves of the solution-treated sample and
the 16-pass one shift to the upper left side significantly,
and the anode parts are more noble after post-ECAP
aging. It implies lower corrosion current density (Jeor)
and higher corrosion potential (@c), i.€., better
corrosion resistance. The @., and J... values of the
ECAP-processed ZK60 Mg alloys and the post-ECAP
aged samples can be obtained from the polarization
curves. The J.,; values were determined by extrapolating
the linear Tafel segments of the anode and cathode
polarization curves, which can be obtained from the
testing software. From Fig. 6(c), it can be seen that the
®corr Values have no good regularity. In fact, the value of
free corrosion potential does not represent the kinetics of
material corrosion, but a thermodynamic characteristic of
a given metal—electrolyte system [4]. Hence, the
corrosion resistance can be usually judged from J.oy.
Figure 6(d) presents that the 16p ZK60 Mg alloy has the
highest J.,, while the solution-treated sample has the
lowest J.r. It can be concluded that the corrosion
resistance of Mg alloy basically decreases with
increasing the ECAP pass, except the 4-pass sample. The
exception can be ascribed to the higher dislocation
density and deformation energy stored in grains. The Joq
values of post-ECAP aged samples are almost lower than
those of only ECAP-processed ZK60 Mg alloy,
especially the 16p and the solution-treated counterpart,
which implies better corrosion resistance after the
post-ECAP aging.

Figure 7 shows the SEM morphologies of the
solution-treated sample and the 16p sample after being
immersed in 3.5% NaCl solution for 4 h. It is found that
the surface of the 16p sample after immersion is covered
by thick and black corrosion products, while that of the
solution-treated sample is only slightly corroded. The
energy dispersive X-ray (EDX) results show that the
main corrosion product is Mg(OH),. It can be seen that
the corrosion products have high porosity and
micro-cracks (Fig. 7(b)). The cracks can be related to the
high compressive stresses within the oxide layer [4], and
the corrosion products provide nearly no protection
against further corrosion. Figure 8 presents the surface
morphologies of the solution-treated sample and the 16p
sample after removing the corrosion products, there are
some clear and shallow corrosion pits on the surface of
the solution-treated sample, while the 16p sample surface
is severely corroded with larger and deeper pits.

EIS tests were conducted to further investigate the
electrochemical characteristics of the ECAP-processed
alloy and the aged ZK60 Mg alloy. Figure 9 shows the
Nyquist plots of the ECAP-processed samples and the

Fig. 7 Morphologies of solution-treated sample (a) and 16p
sample (b) after immersion in 3.5% NaCl solution for 4 h

(2)

Fig. 8 Morphologies of solution-treated sample (a) and 6p
sample (b) after removing corrosion product

aged samples after immersion in 3.5% NacCl solution at
the initial 30 min. All plots reveal a capacitive arc at the
high and intermediate frequencies. To better explain
the corrosion behavior of the ZK60 Mg alloys, the arc in
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Fig. 9 Nyquist plot of ECAP-processed samples (a) and aged
samples (b) immersed in 3.5% NaCl solution (Insert in
Fig. 9(b) is equivalent circuit model)

the Nyquist plot is simulated by a Randles circuit with R,
(charge-transfer resistance), C (capacitance of double-
layer or oxide film), Ry (electrolyte resistance), and R,
(resistance of oxide film). An inductive element is
incorporated into the simple Randle circuit, considering
the inductive behavior observed at the low frequency.
According to Refs. [21,22], this arc can be related to the
metal dissolution in the corrosion process, in which the
diameter is associated with the R, The R, value
represents the corrosion resistance [23]. At the low
frequency, the second arc or tail in the Nyquist plots
reveals an inductive behavior of all the samples. The
diameters of capacitive arcs of the ECAP-processed
ZK60 Mg alloys at the initial immersion stage are much
smaller than those of the solution-treated ones, which
means that the solution-treated sample has better
corrosion resistance.

Figure 10 presents the R, values by fitting the
experimental Nyquist plots (in Fig. 9) using ZSimpwin
commercial software (USA). The R, value of the
solution-treated ZK60 Mg alloy is much larger than that
of the ECAP-processed one, i.e., the solution-treated
sample keeps a higher corrosion resistance compared
with the ECAP-processed sample. Furthermore, the alloy

with more ECAP passes has smaller capacitive arc and
thus has poor corrosion resistance. The aged sample has
a similar Nyquist plot to the ZK60 Mg alloy processed
by ECAP, but its R, value is larger than that of the ZK60
Mg alloy processed by ECAP. It should be noted that the
above EIS results are in agreement with the findings
from the polarization curves in Fig. 6.
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ECAP pass
Fig. 10 R, value of ECAP-processed samples and aged samples
immersed in 3.5% NaCl solution

3.3 Scanning Kelvin probe

The potential differences between the second phases
and the metallic matrix were investigated by scanning
Kelvin probe force microscopy (SKPFM) [17] and the
related results demonstrate that the volta potential
difference between the second phases and the Mg matrix
will cause the formation of galvanic couples and the
occurrence of local corrosion. The SKP measures the
non-contact difference in work function, according to
Refs. [18-20], ¢cor has a simple relationship with the
volta potential measured under a thin electrolyte layer.

Deore = Ay + A4 (1)

where Agpi represents the volta potential difference
between the sample surface and the probe, the constant
(A) is determined by the experiment. Figure 11 shows the
SKP 3D potential maps and contour maps of the
solution-treated, 4p and 16p samples. Figure 12 shows
the SKP potential maps and contour maps of those
post-ECAP aging samples. From Figs. 11 and 12, it can
be seen that the potential of all the samples essentially
varies from —1.2 to —1.0 V. Since the samples before
SKP tests were polished and placed in air for one night, a
natural oxide film could form on the samples. The volta
potential of ZK60 Mg alloy may be influenced by the
presence of oxide film and thus is nobler than the
corrosion potential. It is also noted that the volta
potential of all the samples is distributed evenly and the
active sites are distributed randomly, which demonstrates
that positive and negative sites are distributed irregularly.
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Fig. 11 SKP potential images (a, c, €) and contour maps (b, d, f) of alloy with different ECAP passes: (a, b) Solution-treated sample;

(c, d) 4p sample; (e, f) 16p sample

According to Ref. [24], the data are fitted to get the
degree of concentration of voltaic potential. The formula
used for fitting is Gaussian equation as follows:

_ B =
y_y0+amexp|: 2 0_2 :| (2)

where ), is the bias value of y, B is the constant of
Gaussian fitting equation, x is the center of potential, o*
is the concentration extent of potential. From the fitting
results shown in Fig. 13, the SKP potential decreases
with increasing the ECAP pass for the ECAP-processed
samples and the post-ECAP aged ones; however, the
potential of the post-ECAP aged sample is higher than
that of the un-aged sample. Figure 14 presents that both
®eorr and volta potential decrease with increasing the
ECAP pass. The SKP results indicate that the aged
samples may have better corrosion resistance when
immersed in corrosion media due to higher

electrochemical stability. The improvement of corrosion
behavior after aging can be related to the redistribution
of second phases and the relieving of internal stress,
which changes the potential slightly and thus makes the
post-ECAP aged sample form better protective film.

4 Discussion

As mentioned above, some literatures have reported
that grain refinement can improve the corrosion
resistance of metallic materials. The higher corrosion
resistance can be related to the better protective film
formed on the surface of nanocrystalline and UFG
material. Unfortunately, ECAP weakens the corrosion
resistance of the ZK60 Mg alloy in aqueous NaCl
solution, besides the well-known strengthening and
toughening effect [8,14]. This negative effect should be
associated with the microstructure and corrosion
mechanism of ZK60 Mg alloy processed by ECAP.
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Fig. 12 SKP potential images (a, ¢, €) and contour maps (b, d, f) of ZK60 Mg alloy with different ECAP passes plus aging:
(a, b) Solution-treated sample; (c, d) 4p sample; (e, f) 16p sample
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Fig. 13 Fitting lines of SKP potential of ZK60 Mg alloys with different ECAP passes (a) and after further aging (b)

The sharp decrease of the grain size provides a large higher reaction activity to the solution [9]. According to
fraction of grain boundaries, while more ECAP passes the SEM observation, the micro-crack in the corrosion
produces larger residual stresses and more crystalline products can be related to the internal stress, which was
defects and higher dislocation densities stored in the accumulated in more ECAP passes but could be reduced

grains. Thus, the Mg alloy after multi-pass ECAP has a after aging. Thus, the internal stress of ZK60 samples
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after ECAP and aging was measured by XRD (Bruker-
AXS D8 Advance) on the same lattice plane {203}. The
internal stress in the 4p sample after aging was calculated
to be (—1.52+0.23) MPa (normal stress) and the stress in
the 16p sample after aging was calculated to be
(—1.824+0.23) MPa (normal stress). The results show that
the internal stress in the samples processed by ECAP is
compressive stress, and also verify that the sample with
more ECAP passes does accumulate a larger compressive
stress. HAMU et al [12] found that the accelerated
corrosion was related with the large plastic strain
imposed. LI and CHENG [25] found that the tensile
stress enhanced the steel dissolution more significantly
than the compressive stress. Hence, the compressive
stress accumulated during ECAP passes has an effect on
the corrosion resistance of ZK60 Mg alloy.

Furthermore, the corrosion behavior was also
influenced by the protective ability of the corrosion-
produce film, which could be improved by better
redistribution of the second-phase particles. According to
Ref. [1], B phase is expected to act as a barrier when
there is a small grain size, i.e., the low steady-state

corrosion rate approaching pure f phase can be expected
from such microstructures. In contrast, the accelerated
microgalvanic corrosion easily occurs when the grain
size is large and the S phase is agglomerated. Figure 4
shows the SEM images of the as-cast, 4p and 16p ZK60
Mg alloy samples. It can be seen that the second-phase
particles in the matrix are small and homogeneously
distributed after ECAP and aging, which has a positive
effect on the corrosion resistance. LI et al [26] and
LIANG et al [27] have reported that aging treatment can
affect the corrosion behavior by transforming the
microstructure, especially the cathodic phase. LU
et al [28] found that a proper aging treatment can
precipitate plenty of second phases of Mg—Zn, which
could inhibit the corrosion. The small second-phase
particles could not act as the barriers to the corrosion but
as the unstable cathode of micro-corrosion cell, which
turns localized corrosion to comprehensive and uniform
corrosion. The anti-corrosion improvement of ZK60 Mg
alloy processed by ECAP with sequent aging also proves
that the post-ECAP aging can adjust the distribution of
second-phase particles, thus improving the protective
capability of the corrosion-product layer and the
comprehensive performances of the Mg alloy.

The oxide film and other passive films may
preferably nucleate at the surface crystalline defects [29].
For ZK60 Mg alloy, the structure and stability of MgO
oxide film and Mg(OH), partial-passive film have great
effect on its corrosion resistance. The ZK60 Mg alloy
processed by ECAP has more nucleation sites for the
formation of MgO oxide film in air due to a large
number of energetic crystalline defects mentioned above.
Unfortunately, the oxide film on the surface of ZK60 Mg
alloy processed by ECAP is still unstable in NaCl
solution owing to the high internal compressive stresses,
because the oxide film only has a protective ability in a
certain period of time. In Fig. 5, the OCP values of all
the samples immersed in the solution decrease for a
certain period of time. The decrease of the OCP values is
caused by the quick dissolution of the MgO oxide film in
the corrosive solution. This phenomenon indicates that
although ZK60 Mg alloy processed by ECAP has a
higher fraction of oxide film on the surface compared
with the solution-treated alloy, the overall stability
becomes worse. More energetic crystalline defects in the
ZK60 Mg alloy processed by ECAP provide more
nucleation sites, thus making it easier to form Mg(OH),
film than the solution-treated one. The 16p ZK60 Mg
alloy takes the least time to reach the peak OCP value,
which verifies that more ECAP passes lead to higher
activity for the rapid formation of Mg(OH), film.
However, Mg(OH), will react with C1” continuously and
the corrosion product is loose and not stable, making CI
and water easily penetrate into the matrix.
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5 Conclusions

1) Different microstructural states were obtained by
solid-solution  treatment, multi-pass equal-channel
angular pressing and post-ECAP aging. Finer grains were
achieved after ECAP and remained after aging treatment.

2) The strain-induced grain refinement with more
crystalline defects deteriorates the corrosion resistance of
the ZK60 Mg alloy, which can be reflected by larger Joo.;
values in the polarization curves and lower R;values in
the EIS plots. However, the corrosion behavior is
improved by aging treatment. The improvement may be
due to the reduction of stress and the better film
protection.

3) The strain-induced crystalline defects (including
subgrain boundaries) and the residual stress in the
ECAP-processed alloy increase the activity of the Mg
matrix, making it easier be corroded. The film formed on
the UFG ZK60 Mg alloy has low protective capability
due to its worse stability in a solution containing Cl ,
and the refined second-phase particles make the ZK60
Mg alloy corrosion more uniform and severer.

4) The volta potentials of all the samples distribute
evenly and the active sites distribute randomly, i.e., the
cathode and anode sites of the fine-grained ZK60 Mg
alloy are irregular. The SKP potential decrease with
increasing the ECAP pass, and the potential of the
post-ECAP aged sample is higher than that of the unaged
ones. It also proves that the aged samples have better
corrosion resistance in comparison with the ECAP-
processed ones.
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