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Abstract: Corrosion resistance of as-extruded and as-annealed binary Mg-xLi (x=1, 3, 5, wt%) alloys was investigated via immersion

tests, electrochemical tests, corrosion morphology observation, and scanning Kelvin probe tests. Results reveal that the annealing
twins form in the as-extruded alloys after annealing at 350 °C for 4 h, and the corrosion resistance of the as-annealed alloys is
obviously worse than that of as-extruded alloys in 0.1 mol/L NaCl solution. Typical filiform corrosion appears in as-extruded alloys at
the initial corrosion stage, according to the analysis results of scanning electron microscope and laser confocal 3D morphology

observation. Some corrosion pits are gradually formed with prolonging the corrosion duration. The rapid corrosion damage occurs on

the as-annealed alloy surface, and meanwhile the relatively large and deep corrosion pits appear on the alloy surface. Besides, the

distribution of isopotential line of corrosion indicates the occurrence of preferential corrosive degradation in the annealing twin areas.

Thus, the micro-galvanic effect is formed between the annealing twins and parental grains with annealing twins as anode and parental

grains as cathode, which decreases the corrosion resistance of as-annealed Mg-Li alloys.
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Mg-Li alloys have great potential as structural material in
automobile and aerospace industries due to their lightweight,
low density, and high specific strength and stiffness’ .
However, the poor mechanical strength and inferior corrosion
resistance restrict their applications®¥. Plastic processing
(extrusion, rolling, forging) is a common approach to improve
the mechanical properties of magnesium alloys™ ', For the
Mg alloys, twinning is an important deformation mode to
accommodate the strain, due to the limited independent slip
systems of hexagonal close-packed (hcp) crystal structure!”.
Although the decreased c/a ratio can facilitate the slip of non-
basal planes due to the lithium addition, Mg-Li alloys still
have the hep structure when the lithium content is less than
5.5wt%"). Therefore, the twins can form easily in Mg-Li
alloys  during plastic  deformation. The modified
microstructure caused by plastic deformation can affect the
corrosion resistance of alloy, and the effect of deformation
twins on the corrosion behavior of traditional Mg alloys has
been studied in recent years!"* ¥,

Different theories are proposed to explain the effect of
twins. One is that the twins can retard the corrosion of Mg
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alloys, while another is that the twins can accelerate the
deterioration due to the micro-galvanic corrosion™*'*'”. Zou
et al'! reported that the extension twinning accelerates the
oxide film formation, resulting in improved corrosion
resistance of Mg-Y alloys. Liu et al™” demonstrated that the
micro-galvanic effect plays dual roles. The twins decrease the
corrosion resistance at the initial stage. However, after
corrosion for a long time, a film forms on the matrix surface,
which improves the corrosion resistance. Song!"” and Pawar™”
et al indicated that the micro-galvanic corrosion between
twins and matrix inevitably occurs and accelerates the
dissolution of Mg substrate due to the difference in corrosion
resistance of basal planes and prism planes. In addition, the
corrosion resistance of the as-extruded AZ31 alloy bar is
mainly determined by the micro-galvanic corrosion between
different grains (including twinned and un-twinned areas) due
to their different crystallographic orientations". Aung et al'”
also revealed that the existence of twins can further accelerate
the corrosion of AZ31B alloy, which is ascribed to the high
dislocation density caused by the formation of deformed twins.

To eliminate the effect of residual stress (dislocation) on the
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corrosion of Mg alloys, annealing treatment is usually
conducted to decrease the dislocation. In fact, annealing
treatment plays an essential role in the growth or suppression
of twins in Mg alloys. On the one hand, the reduced back
stress arising from dislocation elimination during annealing
leads to a decreased repulsive force on twin growth™ 2.
Furthermore, the boundaries of pre-existing deformation twins
tend to migrate during annealing. As a result, the twins grow
and a merge between the matrix grains and twins occurs™. On
the other hand, the twin growth is retarded by the pinning
effect of solute atoms in twin boundaries during
annealing™ *"', Therefore, the as-extruded binary Mg-Li alloys
without solute atoms were used in this research to investigate
the effect of twins with a considerable size on the corrosion
behavior of magnesium alloy. In general, the deformation
twins can hardly form in Mg-Li alloys after hot deformation
due to their better deformation ability at high temperatures.
However, the annealing twins appear in the matrix during
annealing at 200-300 °C”**), It is reported that the as-cast/
extruded Mg-4Li alloy after annealing at 300 ° C possesses
twins. In addition, a large number of lenticular twins are
generated in Mg-4Li-1Al alloy after annealing at 250 °CP**,
Recently, the annealing twins have been found in traditional
as-extruded Mg-Zn-Y-Nd alloy during annealing at 225 and
250 °C with a weak fiber texture™.

Therefore, the corrosion resistance of Mg-Li alloy with
annealing twins was studied and the corresponding mecha-
nisms were discussed. The as-extruded Mg-xLi (x=1, 3, 5,
wt%) alloys with annealing twins were prepared in this study,
and their effect on the corrosion resistance was investigated.

1 Experiment

The initial materials were as-extruded Mg-1Li, Mg-3Li, and
Mg-5Li (wt%) alloy plates with extrusion ratio of about 6.5 at
300 ° C. Then, the specimens were cut from the extruded
plates and annealed at 300 ° C for 4 h. Afterwards, the
specimens were ground by SiC paper (the finest was 5000#)
and polished with diamond suspension of 1 pm. Then, the
polished specimens were etched by 5vol% nitric acid+95vol%
ethanol to observe the grain and twinning structures via
optical microscope (OM).

To study the corrosion resistance, the as-extruded and as-
annealed Mg-Li alloy specimens with dimension of 12 mmx
10 mmx3 mm were immersed in 0.1 mol/L NaCl solution (pH
=6.9) at room temperature for different durations. After
immersion, the specimens were cleaned by water and ethanol
and then dried. Then the surface was observed by OM.
Subsequently, the specimens were further cleaned to remove
the corrosion products by chromic acid consisting of 180 g/L
CrO,. Finally, the surface morphologies of the specimens were
observed by confocal laser scanning microscope (CLSM,
OLYMPUS LEXT OLS4000) and scanning electron
microscope (SEM, JEOL JSM-IT100).

Electrochemical tests of potentiodynamic polarization were
conducted with scanning rate of 1 mV/s by Wuhan CorrTest
electrochemistry test system (CS350H). A classical three-

electrode cell with platinum, saturated calomel electrode
(SCE), and the specimens with exposure area of 1 cm” were
used as the counter electrode, reference electrode, and the
working electrode, respectively. The measurements were
performed in 0.1 mol/L NaCl solution at room temperature. To
ensure the reliability, each test was conducted as least three
times, and an initial delay of 600 s was set for polarization
measurements to provide a relatively stable test system at
open circuit potential. Besides, the altitude mapping on the
initial corroded surface of as-annealed Mg-3Li specimen was
examined by scanning Kelvin probe force microscope
(SKPFM, Multimode 3D, Bruker Corporation) in the work
function mode.

2 Results and Discussion

2.1 Microstructure and corrosion resistance

The initial microstructures of the as-extruded and as-
annealed Mg-xLi (x=1, 3, 5) alloys are shown in Fig. 1. The
twins can hardly be observed in the as-extruded Mg-xLi
alloys, and the grain size barely changes with increasing the
lithium content. Meanwhile, the deformed microstructure is
inconspicuous, which is ascribed to the occurrence of

B However, after

recrystallization during hot extrusion
annealing treatment, all the alloys present some annealing
twins. Due to the same preparation method for the as-extruded
and as-annealed alloy specimens, the twins are generated by
the annealing treatment rather than the additive induced by the
postprocessing polished surface. Moreover, the residual stress
induced by deformation dislocation exists in the wrought
magnesium alloy. Once the dislocation annihilation occurs
during annealing, the alleviated back stress can decrease the
repulsive force on the formation of twins”'??. Therefore, the
annealing twins emerge in all the Mg-xLi alloys after
annealing, which is in agreement with the results in Ref.[29].
The mass loss of as-extruded and as-annealed Mg-xLi
alloys after immersion in 0.1 mol/L NaCl solution for 72 h is
shown in Fig. 2. The corrosion morphologies of as-extruded
and as-annealed Mg-xLi alloys are shown in Fig.3. It can be
seen that the corrosion resistance of as-annealed specimens is
worse than that of the as-extruded ones. As for the as-extruded
Mg-xLi alloys, the corrosion resistance is improved with
increasing the lithium content, which is consistent with the
results in Ref. [31]. In addition, it is apparent that the as-
annealed Mg-1Li alloy is covered by a large amount of
corrosion product, implying the worst corrosion resistance.
With increasing the lithium content, the corrosion product
covered on the surface of as-annealed Mg-3Li and Mg-5Li
alloys is reduced gradually, indicating that the more the
lithium, the better the corrosion resistance. These phenomena
are similar to those of the as-extruded ones. The main
mechanism is that the protective film forms on the Mg-Li
alloy surface with more Li,CO, compound, i.e., with higher

3234 The deteriorative corrosion resistance of

lithium content!
the as-annealed alloy is closely related to the annealing twins.

The crystal orientation of twined area is generally different



Liu Xi et al. / Rare Metal Materials and Engineering, 2023, 52(1):95-102 97

Fig.1 OM microstructures of as-extruded (a—c) and as-annealed (d—f) Mg-xLi alloys: (a, d) Mg-1Li alloy, (b, €¢) Mg-3Li alloy, and (c, f) Mg-5Li
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Fig.2 Mass loss of as-extruded and as-annealed Mg-xLi alloys after

immersion in 0.1 mol/L NaCl solution for 72 h

from that of the parental grains, and the corrosion anisotropy

1617351 Therefore, compared with

occurs in wrought Mg alloys
the as-extruded alloys, more micro-galvanic couples form in
the as-annealed Mg-Li alloys with the annealing twins.

To obtain the instantaneous polarisation response and
corresponding  reaction kinetics, the potentiodynamic
polarization curves of Mg-xLi alloys in 0.1 mol/L NaCl
solution are shown in Fig. 4. According to the polarisation
response of Mg-xLi alloys, it is deduced that the cathodic
hydrogen evolution reaction (HER) kinetics is gradually
increased with the formation of annealing twins in these
alloys. The anodic reaction kinetics of as-extruded and as-
annealed Mg-xLi alloys are similar, i.e., regardless of the
annealing treatment, the Mg-Li alloys have similar anodic
Tafel slopes and they do not have the passivity region.
Therefore, the anodic dissolution and surface film are
basically the same for the Mg-xLi alloys before and after
annealing with the same lithium content. Furthermore, the
anodic Tafel slope associated with the anode reaction barely

changes after annealing treatment, even though the
polarisation curve shifts slightly. Thus, the controlling factor
of the corrosion resistance of three alloys is at the point where
the cathodic kinetics intersect the anodic one to form the
corrosion potential £

corr?

in terms of corrosion current density.
It is also concluded that the corrosion resistance of the three
alloys is decreased after annealing treatment due to the formed
annealing twins.

2.2 Corrosion morphologies

SEM morphologies of corroded surfaces of as-extruded and
as-annealed Mg-1Li alloy after immersion in 0.1 mol/L NaCl
solution for different durations are shown in Fig. 5. Typical
filiform corrosion occurs in as-extruded Mg-1Li alloy at the
initial stage (Fig.5a), and obvious corrosion pits appear with
prolonging the immersion time to 2 h (Fig.5b). The corrosion
pits enlarge gradually, and the corrosion filaments remain on
the alloy surface when the immersion time increases to 16 h
(Fig. 5¢). No corrosion filament can be observed in the as-
annealed Mg-1Li alloy after immersion for 1 h. The corrosion
becomes severe and the corrosion pits are apparent in as-
annealed Mg-1Li alloy after immersion for 2 and 16 h,
indicating the worse corrosion resistance of the as-annealed
specimen, compared with that of the as-extruded one. The
longer the immersion time, the more the corrosion pits, and
the more severe the corrosion damage of surface. Therefore, it
is suggested that the annealing twins accelerate the corrosion
Mg-1Li  alloy.  Similar
characterization can be observed in Mg-3Li and Mg-5Li
alloys, as shown in Fig.6 and Fig.7, respectively. It is worth
noting that the corrosion damage, including corroded surface
and corrosion pits, is reduced slightly with increasing the
lithium content. Therefore, the electrochemical condition is
obstructed by the redistribution of corrosion current on the

of  as-anncaled corrosion
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Fig.3 Corrosion morphologies of as-extruded (a—c) and as-annealed (d—f) Mg-xLi alloys after immersion in 0.1 mol/L NaCl solution for 48 h:
(a, d) Mg-1Li alloy, (b, ¢) Mg-3Li alloy, and (c, f) Mg-5Li alloy
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Fig.4 Potentiodynamic polarization curves of as-extruded and as-annealed Mg-1Li alloy (a), Mg-3Li alloy (b), and Mg-5Li alloy (¢) in 0.1 mol/L

NaCl solution

alloy surface due to the existence of micro-galvanic corrosion
between annealing twins and parental grains in as-annealed
alloys, which facilitates the formation of filiform corrosion.
Meanwhile, the micro-galvanic effect plays a negative role in
the corrosion behavior of hcp binary Mg-Li alloys with
annealing twins. In general, the filiform corrosion consists of
an intense anode propagation front, which is supported by a
cathodically activated filament. Thus, the net cathode on the
locally corroded regions is galvanically coupled with the
adjacent intense anode regions to drive the lateral propagation
of the corrosion product across the exposed surfacet "
Besides, the filiform corrosion is a particular form of
tunneling, which is the forerunner of regular pitting. In
addition, the filiform propagation is promoted by hydrogen

¥, Therefore, the annealing twins

evolution during corrosion
alter the distribution of corrosion potential for filiform
corrosion, resulting in a different corrosion form for the

alloys. Moreover, the corrosion filaments randomly form in

the as-extruded alloys due to the absence of micro-galvanic
effect between twins and matrix grains. However, the path of
corrosion filaments can be hindered by the annealing twins
and the micro-galvanic effect, resulting in the disappearance
of filiform corrosion (pitting corrosion at early stage) in the as-
annealed alloys.

Typical 3D CLSM images of corroded as-annealed Mg-xLi
(x=1, 3, 5) alloys are shown in Fig. 8, which illustrates the
effect of annealing twins on the depth of corrosion pits after
immersion in 0.1 mol/L NaCl solution for different durations.
The maximum depth of corrosion pits in as-extruded Mg-1Li
alloy is increased from 344 pm to 460 pm with prolonging the
immersion duration from 1 h to 4 h, and it is continuously
increased to 680 pm after immersion for 16 h. As for the as-
annealed Mg-3Li alloys, the depth of corrosion pits is 229,
327, and 599 pm when the immersion duration is 1, 4, and 16
h, respectively, presenting the similar tend to that of as-
annealed Mg-1Li alloy. However, the depth of corrosion pits
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Fig.5 SEM morphologies of as-extruded (a—c) and as-annealed (d—f) Mg-1Li alloys after immersion in 0.1 mol/L NaCl solution for different

durations and removal of corrosion product: (a, d) 1 h, (b, e) 2 h,and (c, f) 16 h

Fig.6  SEM morphologies of as-extruded (a—c) and as-annealed (d—f) Mg-3Li alloys after immersion in 0.1 mol/L NaCl solution for different

durations and removal of corrosion product: (a, d) 1 h, (b, e) 2 h, and (c, f) 16 h

of as-annealed Mg-3Li alloy is decreased after immersion for
the same duration, compared with that of the as-annealed Mg-
1Li alloy. When the lithium content increases to 5wt%, the
depth of corrosion pits is the smallest after immersion for the
same duration: the depth of corrosion pits is 193, 281, and 424
um after immersion for 1, 4, and 16 h, respectively. The 3D
CLSM images of as-extruded Mg-xLi (x=1, 3, 5) alloys are
shown in Ref.[31]. Thus, the as-annealed Mg-Li alloys exhibit
deeper corrosion pits than the as-extruded alloys do after
immersion for the same duration, which agrees well with the
SEM morphologies and electrochemical test results. The

initial corrosion surface of Mg-3Li alloy polished and etched
by 5vol% nitric acid+95vol% ethanol for 20 s was observed
via SKPFM, and the altitude mapping of the corroded surface
is shown in Fig.9. It can be seen that the shaded annealing
twins and the bright parental grains are distributed in the
altitude mapping, indicating that the annealing twins are
preferentially deteriorated due to their low-altitude location.
Therefore, the micro-galvanic corrosion between the twining
and untwining areas occurs in as-annealed alloys, leading to
the rapid dissolution of anodic annealing twins. Consequently,
the corrosion resistance of as-annealed alloys subjected to



100 Liu Xi et al. / Rare Metal Materials and Engineering, 2023, 52(1):95-102

Fig.7

SEM morphologies of as-extruded (a—c) and as-annealed (d—f) Mg-5Li alloys after immersion in 0.1 mol/L NaCl solution for different

durations and removal of corrosion product: (a, d) 1 h, (b,e) 2 h,and (c, f) 16 h
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Fig.8 3D CLSM images of as-annealed Mg-1Li alloy (a—c), Mg-3Li alloy (d—f), and Mg-5Li alloy (g—i) after immersion in 0.1 mol/L NaCl

solution for 1 h (a, d, g),4 h (b, e, h), and 16 h (c, f, 1)

micro-galvanic corrosion is inferior to that of the as-extruded
alloys without annealing twins.
2.3 Discussion

In general, the corrosion anisotropy occurs in the deformed
magnesium alloy due to the crystallographic texture. Wang et
al'” reported that the alloy surface with a high concentration
of {1010} and {1120} oriented prism planes is more

electrochemically stable and shows better corrosion resis-
tance, compared with the alloy surface with a high concen-
tration of {0002}, {1010}, and {1120} oriented planes.
Besides, the {1010}/{1120} orientated grains are preferen-
tially attacked during the corrosion process, compared with
the {0002}
performances of these crystallographic planes

orientated  grains®™.  Different corrosion

can be
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Fig.9 SKPFM altitude mapping of corroded surface of as-annealed
Mg-3Li alloy after corrosion by 5vol% nitric acid+95vol%
ethanol for 20 s

ascribed to their different anodic and cathodic reaction
activities. Ref. [31] reported the existence of (0002) basal
texture in the as-extruded plates®", indicating that more
corrosion-resistant (0002) oriented planes exist in the alloy.
Therefore, a weak micro-galvanic effect occurs between
planes of different orientations in the as-extruded alloys. The
schematic diagram of corrosion mechanism of Mg-Li alloys
in NaCl solution is shown in Fig.10a.

Twinning is a common dislocation mode in the magnesium
alloys, and the misorientation angle between the twins and
parental grains is general about 86°and 56° for the {1012}

[40]

tension twins and {1011} compression twins"*”, respectively.

Based on the orientation mapping of grains for the as-extruded
61

Mg-Li alloys®", much more basal (0002) planes with high
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Fig.10 Schematic diagrams of corrosion mechanism for as-extruded (a) and as-annealed (b) hcp binary Mg-Li alloys

corrosion resistance are exposed on the alloy surface.
However, much more non-basal oriented planes induced by
the annealing twins are exposed on the alloy surface in this
research, resulting in the rapid dissolution of non-basal
oriented planes without corrosion resistance. Furthermore,
Wang et al'” reported that the corrosion resistance of as-
extruded AZ31 magnesium alloy bar is mainly determined by
the galvanic corrosion between the grains and between the
twinned and un-twinned areas due to their different
crystallographic orientations. Thus, new corrosion cells can
form between the twin areas and parental grains in the as-
annealed alloys (Fig. 10b). Moreover, the residual stress from
the deformation dislocation of wrought magnesium alloy
deteriorates the corrosion resistance. However, the alleviated
residual stress induced by the dislocation annihilation during
annealing can decrease corrosion degradation™’. Therefore,
the as-annealed Mg-Li alloys with eliminated residual stress
exhibit an apparently inferior corrosion resistance, compared

with the as-extruded Mg-Li alloys with inevitable residual
stress, which further confirms the adverse effect of annealing
twins on the corrosion resistance of Mg-Li alloys.

3 Conclusions

1) Annealing twins form in the as-extruded binary Mg-xLi
(x=1, 3, 5, wt%) alloys after annealing at 350 °C for 4 h.

2) The corrosion resistance of both as-annealed and as-
extruded Mg-Li alloys in 0.1 mol/L NaCl solution is improved
with increasing the lithium content.

3) Due to the micro-galvanic corrosion between the
annealing twins and parental grains, the as-annealed Mg-Li
alloys with annealing twins present a worse corrosion
resistance.
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