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Corrosion Behavior of Novel Mg-9Li-7AI-1Sn and Mg-9Li-
5Al-3Sn-1Zn Alloys in NaCl Aqueous Solution
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Corrosion behavior of two multiphase Mg-Li-Al-based alloys in 0.6 M NaCl aqueous solution is investi-
gated by hydrogen gas evolution measurement and electrochemical test. This paper reports, for the first
time, the comparison of hydrogen evolution and Tafel extrapolation results of Mg-Li-Al-based alloys. The
corrosion rate of Mg-9Li-7Al-1Sn is observed to be reasonably higher when compared to that of Mg-9Li-
5A1-3Sn-1Zn, and both the alloys have shown higher corrosion rate than that of Mg-3Al-1Zn alloy
(AZ31B). The micro-galvanic corrosion of primary precipitates and hcp a-phase (Mg-rich) is not as severe
as was observed in case of the secondary precipitates and bec p-phase (Li-rich). Corrosion mechanism of
multiphase Mg-Li-Al-based alloys in chloride solution, which has not been adequately reported in the
literature, is lucidly articulated based on the early stages of corrosion, film morphology, and in situ

hydrogen bubble study.
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1. Introduction

Commercial applications of magnesium-based alloys are
promising for aerospace and automobile applications due to
their lower density, higher specific strength-to-weight ratio,
high specific elastic modulus (Ref 1), and easy to process (Ref
2, 3). However, magnesium is difficult to plastically deform at
ambient temperature because it has a hexagonal close-packed
(hcp) structure and only basal slip systems get activated to
consequence its deformation. The addition of lithium increases
the ductility of the Mg-based alloys and further enhances
strength-to-weight ratio which allows designers to use thinner
sections and achieve an even lower weight for a component.
Unfortunately, as the Li content is increased more than 5 wt.%,
the mechanical properties are degraded by the formation of a
comparatively softer bcc B-phase (Ref 4, 5). Additionally, the
Mg-Li alloys have the disadvantage of poor corrosion resis-
tance since the Li atoms are greatly more active than Mg.
Consequently, mechanical properties and corrosion resistance
of Mg-Li alloy need to be improved. Previous researches on
Mg-Li-based alloys have focused mainly on their mechanical
properties and development of surface protective coatings (Ref
6-9). Corrosion study of binary Mg-Li alloy has been reported
(Ref 6, 10), whereas corrosion mechanism study of multiphase
Mg-Li-Al-based alloys has been paid little attention. The
elemental composition of the alloy influences the corrosion
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properties markedly; small amount (ppm range) of Fe/Ni/Cu
may heavily diminish the corrosion resistance of Mg-based
alloys (Ref 11). These alloys readily form galvanic corrosion
couple with another metal and even a micro-galvanic corrosion
system with some secondary phases and /or impurities will
correspondingly form in an aqueous environment. Moreover,
lithium has even lower standard electrode potential (—3.02 V)
compared to magnesium (—2.37 V) (Ref 12), and therefore,
alloying with lithium can deteriorate the corrosion resistance of
magnesium substrate further. It is thus demanding to improve
the corrosion resistance of Mg-Li alloys.

For the development of enhanced corrosion-resistant Mg-Li-
based alloys with high strength, additional alloying elements
should be added into the alloys. Addition of alloying elements
such as Al, Zn, rare earth elements (RE), and Sn enhances the
mechanical strength of Mg-Li alloys by solid solution strength-
ening and precipitation hardening, while improving corrosion
resistance. Al and Zn are the most common alloying elements,
whereas rare earth elements are commonly added to improve
the thermal stability of Mg-Li-based alloys by forming high
melting point intermetallic phases. Sn as an alloying element,
which is cost effective compared to rare earth elements, can
increase the strength by solution strengthening and aging, and
also forms the high melting point Mg,Sn phase (1043 K) (Ref
13). Corrosion behavior of magnesium and its alloys is different
from most other metals such as Fe, Zn, and Cu, because they
exhibit the negative difference effect (NDE), which plays a very
important role in the process of magnesium corrosion. It is seen
experimentally that, when the anodic overvoltage increases, the
cathodic release of hydrogen increases rather than decreases
(Ref 11). Inferior corrosion resistance is one of the main
concerns for the wide industrial application of Mg-Li-based
alloys, and a very few studies have been reported on the
corrosion study of binary Mg-Li alloys (Ref 10). In addition,
Mg-Li-Al-based alloys generally contain significant amounts of
second-phase particles (Ref 13). Therefore, local galvanic cells,
between the a-phase-f-phases-second-phase particles, form
readily on the metal surface in aqueous environments because
of the difference in their electrochemical activity. Systematic
study of electrochemical behavior of multi-component
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Mg-Li-based alloys, its corrosion mechanism, and their co-
relation with microstructure is still not very much clear.
Therefore, very early stage of corrosion study of lightweight
Mg-Li-Al-based alloy has great scientific as well as techno-
logical importance, and finding the correct corrosion mecha-
nism thereof might lead to progress in corrosion research of
magnesium-lithium-based system.

2. Experimental Details

Mg-9Li-7Al-1Sn  (LAT971) and Mg-9Li-5A1-3Sn-1Zn
(LATZ9531) alloys were melted in a capped stainless steel
crucible in an induction furnace and cast in a mild steel mold
under a protective atmosphere of argon and sulfur dioxide.
After casting, both alloys were annealed at 573 K for 5 h in an
argon atmosphere followed by air cooling. Both alloys (12-mm
thick) were then thermomechanically (TM) processed in air at
~573 K to achieve an approximately 2-mm-thin sheet through
sixteen consecutive rolling passes. Before each pass, samples
were heated at ~573 K for 40 min to relieve the strain
introduced due to rolling. The final dimension of the rolled
sheets was ~100 x 100 x 2 mm>. TM processed samples of
LAT971and LATZ9531 are hereafter denoted as LAT971R and
LATZ9531R, respectively. Further details of processing param-
eters and characterization of two novel Mg-Li-Al-based alloys
namely Mg-9Li-7Al-1Sn (LAT971R) and Mg-9Li-5Al-3Sn-
1Zn (LATZ9531R) have also been reported previously (Ref 13-
15). A quantitative x-ray wavelength dispersive spectroscopy
(WDS) system attached to the EPMA was used to determine the
elemental distribution of Mg, Al, Sn, Zn, and minute impurities
such as Fe, Ni, and Cu present in LAT971R and LATZ9531R.
Corrosion rate was determined by hydrogen gas evolution
measurement and electrochemical Tafel extrapolation method.
The surface morphology study was performed by utilizing
scanning electron microscope (SEM). Mg-3Al-1Zn (AZ31B)
alloy has been used for comparison purpose.

2.1 Hydrogen Evolution Measurement

All samples were cold mounted at room temperature and
ground using standard metallographic procedures and finally
polished using 1-pm diamond slurry. The funnel and burette of
100 mL capacity were joined with the help of glass blowing
unit. The funnel and burette were connected with the help of
glass blowing unit and are placed centrally in the beaker with
the help of a standing clip. The schematic of experiential
arrangement for hydrogen evolution measurement is shown
somewhere else (Ref 14). The cold mounted specimens were
kept in a beaker, to expose the top polished surface, and then
this was filled with 700 mL of electrolyte. The cold mounted
polished specimens were kept in a beaker, and then this was
filled with 3.5 wt.% NaCl solution.

The temperature of the medium was 27 £2 °C. The exposed
area for each test was between 1 and 1.5 cm®. The atmospheric
gas present in upper portion of burette was evacuated manually.
The hydrogen gas was collected at the top potion of the burette
and then electrolyte was push down automatically, as beaker
was open to facilitate free aeration. The displaced electrolyte
volume represents the volume of hydrogen gas evolved.
Typical undergraduate chemistry test was also performed in
each case to confirm the evolved gas as hydrogen. Popping
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sound was observed when lightening match was approached to
the test tube containing the evolved gas which is confirmatory
test for the hydrogen gas.

Song and Atrens have reviewed the corrosion rate determi-
nation of various Mg-based alloys (excluding Mg-Li-based
alloys) from weight loss and hydrogen evolution (Ref 11, 16). It
has been concluded that these data were within an error of
~=£10% (Ref 12). Therefore, the hydrogen gas evolution tests
were also carried out for more than 30 h, in 0.6 M NaCl
solution of pH 7.5, to determine the corrosion rate of LAT971R
and LATZ9531R alloys. Slight increase in pH (up to pH ~8.5)
was observed after hydrogen gas evolution test experiments.

The simplest and most fundamental measurement of the
corrosion rate is the metal weight loss rate, AW (mg/cm?/day).
This can be converted to an average corrosion rate, Py (mm/
year), using following relation

Py = 3.65AW /p, (Eq 1)

where p is the metal density (g/cm3 ).

In the overall corrosion reaction of pure Mg, one molecule
of hydrogen (i.e., H») is evolved for each atom of corroded Mg.
One mole (i.e., 24.31 g) of Mg metal corrodes for each mole
(i.e., 22.4 L) of hydrogen gas produced at 273 K and 1 atm.
pressure. Therefore, the hydrogen evolution rate, Vy (mL/
cm?/day), is related to the metallic weight loss rate, AW,, (mg/
cm?/day), at room temperature and 1 atm. pressure, using

AW = 1.085 Vyy. (Eq 2a)

The corresponding corrosion rate, Py, is evaluated by
substituting Eq 2a into Eq 1 to give

Py = 3.96 Vit /p. (Eq 2b)

As per the ASTM standard, minimum ratio of 100-200 L/m>
of exposed area of specimen is usually recommended, in weight
loss study, to avoid depletion of corrosive ingredients in the
solution. There is no ASTM standard reported for hydrogen
evolution measurement. However, the ratio of electrolyte
volume to exposed surface area of specimen was maintained
at more than 450 L/m>. For each experiment, fresh solutions
were used and all parts of the experimental set-up were cleaned
by acetone.

2.2 Electrochemical Polarization

In the present study, the ratio of electrolyte volume to
exposed surface area of specimen was maintained at more than
225 L/m*. Prior to the experiments, the variation of open-
circuit potential (OCP) with time was monitored for one hour.
The stabilized OCP was used to define the range of potential for
the electrochemical polarization experiments. The standard
calomel electrode (SCE) in saturated KCl1 was used as reference
electrode and the counter electrode was a high purity platinum
grid. The potential of the reference electrode was +244 mV
with respect to standard hydrogen electrode (SHE). The
potential of the working electrode was monitored using a
SCE. The delay in starting the experiment was minimized by
providing connection to the specimen as quickly as possible.
The corrosion potential of the working electrode was contin-
uously recorded starting immediately until a steady potential
was attained. All the Tafel polarization experiments were begun
after stabilization of OCP for 1 h.

Tafel polarization experiments were performed in
0.6 M (3.5 wt.%) of NaCl solution (sea water condition).
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Square-shaped specimens of size 1.3 cm x 1.3 cm x 0.2 cm
were used for the polarization tests. All specimens were
polished with 1200-grit SiC paper and cleaned, according to the
ASTM G1-90 standard, using acetone prior to all the tests. The
electrochemical polarization experiments were performed using
a flat cell and a potentiostat interfaced to a personal computer.
The potentiostat used in the present study was PARSTAT 2263
(Princeton Applied Research, USA). A standard electrochem-
ical flat cell of 270 mL capacity was used for all the
electrochemical experiments.

The scanning range was from £250 mV versus OCP and
the scan rate was 0.166 mV/S (Ref 17). The corrosion current
densities (i.or;) were calculated from the Tafel plots by the Tafel
extrapolation method. In the Tafel portion of the curves,
maximum possible linearity was maintained during extrapola-
tion. All the experiments were triplicated so as to ensure
reproducibility of the test results.

In the Tafel extrapolation method for measuring the
corrosion rate of Mg-Li-Al-based alloys, the corrosion current
density, icor (mA/cmz), is estimated by Tafel extrapolation of
the cathodic branch of the polarization curve, and i, is related
to the average corrosion rate (P;) in mm/year using following
standard equation (Ref 16):

P = 22.85i0n- (Eq 3)

Corrosion rate obtained for Mg-Li-Al-based alloys by
potentiodynamic method was compared and discussed with
that obtained by hydrogen evolution method.

2.3 Surface Morphology Study

An SEM (Zeiss Model EVO 50, operated at 5-15 kV) with
energy dispersive spectroscopy (EDS) (INCA model) was
utilized to characterize the surface morphology of both
LAT971R and LATZ9531R alloys. The samples were first
mechanically polished by emery paper and then successively
polished to 1-pm diamond slurry. It was not possible to study
the early stage corrosion study of Mg-Li-Al-based alloys in
0.6 M NaCl solution due to very high corrosion rate. Therefore,
to develop an early stage corrosion mechanism, corrosion
morphology study after 20, 60, 300, 1200, and 3600 s was
carried out in very low chloride concentration aerated environ-
ment, ie., 0.01 M NaCl solution (pH ~7.5). After the
immersion, the samples were taken out of the solution and
rinsed with de-ionized water and acetone to observe the surface
morphology of corrosion product. Further, to reveal the effect
of chloride ions on the various phases present in Mg-Li-Al-
based alloys in chloride solution, the samples were kept for
2 min into boiling chromic acid solution to remove the
corrosion product. The samples were then rinsed with de-
ionized water and acetone followed by drying in hot air.
Surface morphology was studied using back-scattered electrons
(BSE) mode in SEM. This study is essential to understand the
complete corrosion mechanism of multiphase Mg-Li-Al-based
alloys.

3. Results and Discussion

Typical SEM images of thermomechanically processed
LAT971R and LATZ9531R alloys are shown in Fig. 1(a) and
(b), respectively. These micrographs are captured before
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Fig. 1 (a) Typical SEM image of thermomechanically processed
LAT971R before immersion in 0.01 M NaCl solution, (b) Typical
SEM image of LATZ9531R (before immersion in 0.01 M NaCl
solution)

immersion in 0.0 M NaCl solution. LAT971R and
LATZ9531R mainly consist of hep o, bee B, primary precipitate
(PP), and secondary precipitates (SP).

Table 1 presents the elemental composition of major phases,
i.e., hcp o and bece B phases present in LAT971R and
LATZ9531R alloys. It is also remarkable to note that the
concentrations of Mg, Al, and Zn are higher and the
concentration of Li is lower in LATZ9531R compared to that
of LAT971R. This trend was observed in case of both major
phases, i.e., o and B. The detailed EPMA analyses of LAT971R
and LATZ9531R confirmed that the primary (coarse) and
secondary (fine) precipitates exist as (Mg, Li, Sn) and (Mg, Li,
Al) phases, respectively, and all the phases present in both
alloys are almost free from impurity elements such as Fe and
Ni. However, it is important to note that Cu (0.0125 £ 0.0088)
was present only in secondary precipitates of LAT971R. Two
types of precipitates, namely primary precipitates (Mg-Li-Sn-
based) and secondary precipitates (Mg-Li-Al-based), were
predominantly distributed in a-phase and B-phase, respectively
(Ref 13).

3.1 Hydrogen Gas Evolution Measurement

The hydrogen evolution volume (HEV) was measured as a
function of immersion time in 0.6 M NaCl for LAT971R,
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Table 1 Composition (mol.%) of a-phase and p-phase formed in LAT971R and LATZ9531R (Estimated by EPMA analy-

sis)
Alloy Phase Mg Li Al Sn Zn Others
LAT971R a-Mg 77.33+£3.78 1791 +£4.24 445+£0.43 0.044 +£0.077 Nil 0.27
B-Li 65.88 +£2.65 3226+ 1.66 1.74+0.24 0.007 £ 0.005 Nil 0.11
LATZ9531R a-Mg 80.27+1.85 15.314+£2.36 428 +1.69 0.038+0.010 0.081 £0.08 0.021
B-Li 69.23 +£2.38 28.52+1.59 2.13+0.44 0.000 0.0124+0.05 0.108
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Fig. 2 Hydrogen evolution volume (mL/cm?®) as a function of
immersion time for LAT971R, LATZ9531R, and AZ31B in 0.6 M
NaCl solution at pH 7.5

Table 2 Cumulative hydrogen evolution rate (mL/
cm’ day) for LAT971R, LATZ9531R, and AZ31B im-
mersed for 30 h in the 0.6 M NaCl solution

Material pH 1h S5h 10 h 20 h 30 h

LAT971R 75 16.01 1092 ~16.81  40.17 56.29
LATZ9531R 7.5 486 ~4.20 ~5.05 7.51 8.75
AZ31B 7.5 2.63 ~3.06 ~3.36 359  ~4.26

LATZ9531R, and AZ31B at pH 7.5 to determine the corrosion
rate of these alloys and the results of which are presented in
Fig. 2. Slight increase in pH (up to pH ~8.2-8.5) was observed
after hydrogen gas evolution test experiments which may be
due to high ratio of electrolyte volume to exposed surface area
of specimen, i.e., 450 L/m>.

The hydrogen evolution rates (mL/cm? day) of LAT971R,
LATZ9531R, and AZ31B averaged over 1, 10, 20, and 30 h of
immersion time in 0.6 M NaCl are summarized in Table 2.
Here it is observed that at pH 7.5-8.5, the average corrosion rate
of LAT971 increases more than 2.5 times when averaging
period is increased beyond 10 h. The corresponding increase in
LATZ9531 is much less. AZ31B was relatively much more
corrosion resistant than either LAT971 or LATZ9531. Here, it
can be seen that HEV can be ranked in an increasing order as
AZ31B < LATZ9531R < LAT971R. The higher rate of hydro-
gen gas evolution in case of both alloys, i.e., LAT971R and
LATZ9531R, compared to AZ31B is mainly due to the
presence of higher Li content present in both Mg-Li-Al-based
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Fig. 3 Variation of free corrosion potential as function of immer-
sion time for LAT971R, LATZ9531R, and AZ31B in 0.6 M NaCl
solution

alloys. However, LATZ9531R has lower HEV compared to that
of LAT971R which may be due to the presence of even more
amount of Li in its major phases, i.e., o and B. In addition, the
presence of about 125 ppm of Cu in secondary precipitates of
LAT971R makes it more prone to form strong micro-galvanic
cells between secondary precipitates and P-phase. The high
amount of Cu present in secondary precipitates, which is
distributed in B-phase of LAT971R, is also responsible for
higher HEV.

3.2 Electrochemical Test

The variation of open-circuit potential (OCP) measured as
function of time for LAT971R, LATZ9531R, and AZ31B alloys
in 0.6 M concentration NaCl solution is shown in Fig. 3, from
where it is noted that AZ31B stabilized at more noble potentials
compared to LAT971R and LATZ9531R. The change in OCP
with time up to 3600 s was not significant.

Typical polarization curves of LAT971R, LATZ9531R, and
AZ31B in 0.6 M NaCl solution of pH 7.5 are presented in
Fig. 4. This shows that the anodic polarization curves for both
LAT971R and LATZ9531R are roughly the same. However, the
hydrogen evolution (cathodic) reaction is least polarized in
LAT971R. This phenomenon is reflected in Table 3 which
shows that i, is highest in LAT971R. The corrosion rate of
these Mg-Li-Al-based alloys, in 0.6 M NaCl solutions, in mm/
year can be arranged in the following order: AZ31B <
LATZ9531R < LAT971R. In a slightly basic (pH ~7.5)
aqueous medium, cathodic reaction, i.e., hydrogen evolution,
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will follow Eq 4. The related half-cell reaction in 0.6 M NaCl
solution is supposed to be as follows (Ref 14):

2H,0 + 2¢- — Hy(g) + 2(OH)~ (Eq 4)

Song and other researchers (Ref 10) reported that the anodic
reactions are mainly due to magnesium dissolution only in case
of binary Mg-Li alloys according to Eq 5a and 5b. The nature
of the anodic parts of AZ31B, LAT971, and LATZ9531 alloys
(see Fig. 4) clearly revealed that the anodic reaction is not
controlled by magnesium dissolution only. It is interesting to
note that high amount of lithium, even more than 25 vol.%, is
present in case of both LAT971 and LATZ9531 alloys and
lithium has negatively higher reduction potential compared to
magnesium. Therefore, it is speculated that extra anodic
dissolution of lithium also occurs simultaneously along with
the dissolution of magnesium and hydrogen evolution. Hence,
it can be concluded that lithium dissolution is also a part of
overall anodic reaction as per Eq 6. Anodic dissolution
reactions may be combination of Eq 5a, Sb, and 6.

-1.3
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Fig. 4 Polarization curves for LAT971R, LATZ9531R, and AZ31B
in 0.6 M NaCl solution with pH 7.5

Mg (s) — Mg" + e~ (Eq 5a)
Mg (s) — Mg?" +2e” (Eq 5b)
Li(s) » LiT + e (Eq 6)

The reaction of Mg" with water to produce hydrogen gas is
in doubt (Ref 18, 19) which is reported by one group of
researcher (Ref 10) and this needs to be further investigated.
Hence, further advanced study is required to establish the
reaction of Mg" with water in case of LAT97IR and
LATZ9531R alloys. Furthermore, the potential sites for disso-
lution reaction and hydrogen evolution were identified by
studying the hydrogen bubble study in optical microscope,
which is discussed in detail later.

3.3 Comparison of Hydrogen Evolution and Tafel
Extrapolation Results

The corrosion rate measured for LAT971R, LATZ9531R,
and AZ31B in 0.6 M NaCl solution with pH 7.5 by hydrogen
evolution measurement, Py, is given in Table 4. The corrosion
rate values were determined using Eq 3. The data of Table 4
relate to the corrosion rate by hydrogen evolution measurement,
Py, Puio, and Ppysg, measured over 1, 10, and 30 h,
respectively. The corrosion rate values for these alloys by
using Tafel extrapolation data, P;, measured after 1 h specimen
immersion in the solution are also provided in Table 4 for the
comparison purpose.

The observed Py, Pyio, and Pyso values are larger than
expected for all the samples in the same solution as determined
using Tafel extrapolation parameter, which is evident by a
comparison of the data provided in Table 4. The ratio of
corrosion rate values determined by hydrogen evolution
measurement to that of by the Tafel curves varies between
2.53 and 9.69. These large ratio values are in agreement with
the observations of the corrosion study of other reported mainly
Mg-Al-based alloys (Ref 16). The ratio (Py30/P;) became larger
when the specimen was immersed for longer time. This
confirmed that the corrosion product forming on the sample
surface is not protective in nature, and these larger values of
Pys0/P; also indicate that there was not good agreement

Table 3 Fitting results of polarization curve for LAT971R, LATZ9531R, and AZ31B in 0.6 M NaCl solution with pH 7.5

Sample OCP, V Ecorn V Icorn mA/cm? Corrosion rate, P; (mm/year) = 22.85 icorr
LAT971R —1.61 —1.56 0.654 14.94
LATZ9531R —1.63 —1.59 0.216 4.94
AZ31B —1.60 —1.47 0.054 1.23

Table 4 Comparison of corrosion rates (mm/year) for LAT971R, LATZ9531R, and AZ31B, measured by hydrogen evo-
lution test, Py (~ 2.571*HER) for more than 30 h immersion in 0.6 M NaCl (pH 7.5); and P;, evaluated by Tafel extrapo-
lation

Samples Icorm mA/cm? P;, mm/year Py, mm/year P10, mm/year Py39, mm/year Pyi/P; Pyio/P; Puzo/P;
LAT971R 0.654 14.94 41.16 43.22 144.72 2.76 2.89 9.69
LATZ9531R 0.216 4.94 12.49 12.98 22.49 2.53 2.63 4.55
AZ31B 0.054 1.23 6.76 8.64 10.95 5.48 7.00 8.87
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Fig. 5 Ex situ SEM images, at different magnifications, showing the microstructure evolution of LAT971R at immersion times of (a) 20 s, (b)

60 s, and (c) 300 s in 0.01 M NaCl

between the corrosion rates, calculated by hydrogen evolution
and by Tafel extrapolation.

There are four assumptions taken to determine corrosion rate
by polarization method, namely (i) a single anodic and cathodic
reaction exists for the electrode under study, (ii) electrode
surface does not change during polarization, (iii) at a given scan
rate, the electrode reactions reach equilibrium at every value of
applied potential, and (iv) corrosion current density is uniform
over the entire surface. It was observed that these assumptions
do not apply well in the case of the present samples under
study, i.e., LAT971R and LATZ9531R. Song et al. (Ref 20)
have proposed that there are at least three reactions occurring
on the magnesium surface immersed in solution in case of
binary Mg-Li-based alloy: dissolution of magnesium metal and
hydrogen evolution as anodic reaction and separate hydrogen
evolution as cathodic reaction. The negative difference effect,
associated with the anodic hydrogen evolution, results in higher
dissolution rate of magnesium at every applied anodic over
potentials. In case of LAT971R and LATZ9531R alloys, the
amount of lithium (which has negatively higher reduction
potential compared to magnesium) is more than 25 vol.%, so
extra anodic dissolution of lithium also expected to occur. As a
result, there is minimum four reactions, in accordance with
Eq 4 to 7, occurring simultaneously on the surface of the Mg-
Li-Al-based alloys, such as LAT971R and LATZ9531R. This
situation violates the first assumption.

The increase in OCP value with immersion time indicated
the incessant formation of corrosion film on the surface. In this
manner, the second assumption is violated. For a chosen scan
rate of the value 0.166 mV/s, it is speculated that equilibrium
condition may not achieved due to the presence of multiphase
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structure in LAT971R and LATZ9531R and this will lead to
non-uniform current density over the specimen surface. There-
fore, the third and fourth of the above said assumption are also
violated. This restricts the application of polarization curve for
the corrosion rate determination of LAT971R and LATZ9531R.
The above discussion suggests that there is severe problem with
the normal electrochemical method for corrosion rate determi-
nation of Mg-Li-Al-based alloys too. It can be concluded that
the corrosion rate determination of alloys containing Mg and Li
will give more reliable results if determined via hydrogen gas
evolution test rather than the Tafel extrapolation method.
Further study can focus on developing an appropriate model for
determining the corrosion rate of Mg-Li-Al-based alloys by
electrochemical methods.

3.4 Surface Morphology Evolution

Present surface morphology evolution study is to develop
the basic understanding about the corrosion mechanism in Mg-
Li-Al-based multiphase alloys. In continuation to this, the
results of corrosion morphology study after 20, 60, 300, 1200,
and 3600 s were carried out in very low chloride concentration
aerated environment, i.e., 0.01 M NacCl solution with pH 7.5.

Figure 1(a) shows the dual-phase (o + ) structure of
LAT971R along with the Mg-Li-Sn-rich primary precipitates
and the Mg-Li-Al-rich secondary precipitates. Figure 5 shows
the surface morphology of LAT971R after 20, 60, and 300 s at
three different magnifications. After 20 s of immersion in
solution, pits, manifested by dark regions, were primarily
observed around the secondary precipitates, as shown in
Fig. 5(b) and (c). At very early stage of immersion, initiation
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Fig. 6 Optical micrographs showing hydrogen bubble evolution, combination, and bursting on the surface of Mg-Li-Al-based alloys after (a)
20 s, (b) 30 s, (c) 45 s, and (d) 60 s, when immersion in 0.01 M NaCl solution

of pits was observed only around secondary precipitates. In this
condition after immersion, the SP phase remained in the
structure while B-phase around was corroded and almost
disappeared; hence, in LAT971R alloy, the SP phase acts as the
cathode and B-phase plays the local anode role. Therefore, -
phase cannot further support the SP phase and pit formed. Here,
it is worth noting that difference in chemical composition as a
result of high amount of alloying elements such as Cu
(125 ppm), Al, etc. present in some of SPs and high amount
of Li present in B-phase leads to the formation of strong micro-
galvanic couple between them which is the driving force for pit
formation around secondary precipitates. After 60 s, the
increasing dissolution of the native oxide film is evident when
the size of the “cavity” around the secondary precipitates in
Fig. 5(e) and (f) is compared with the size of the pits in
Fig. 5(b) and (c), respectively. In all probability, the size of the
pits must have also increased with immersion time from 20 to
60 s. The smooth texture of the o phase after 300 s in Fig. 5(h),
when compared to Fig. 5(b) and (d), suggests that the natural
oxide film covering on it has dissolved completely. At this time,
the corrosion initiated in the form of pits has progressed as
intergranular corrosion in the B phase (see Fig. 5h and i).
Moreover, the surface morphology in Fig. 5(i) and the smooth
texture of the o phase, as seen in Fig. 5(h), suggest that the
corrosion product, that is the hydroxide film, has started
depositing preferentially on the § phase. Furthermore, the area
around the primary precipitates appears to be unaffected by
corrosion even after 300 s. It is also possible that hydroxide
formation may have initiated on the o phase due to hydrolysis
of the oxide film (Ref 10). Liu et al. (Ref21) and Ha et al. (Ref
22) have reported that Mg,Sn precipitates may be responsible
for pitting in Mg-Sn-based alloys. However, morphology study
of Mg-Li-Al-based alloys revealed that Mg-Li-Sn-based pre-
cipitates (PP) were forming the continuous film with matrix.
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This may be either due to similar electrode potential between
primary precipitate and o-phase, or stable oxide formed on
these precipitates, which is immune to 0.01 M NacCl solution.

Figure 6 shows in situ optical micrographs of hydrogen
bubbles generated on LAT971R after 20, 30, 45, and 60 s. The
location and evolution of the size of hydrogen bubbles shed
light on the dynamics of corrosion. Figure 6(a) shows the
random generation of hydrogen bubbles, which is consistent
with the earlier observation that corrosion is initiated randomly
at sites where the native oxide layer has been removed by Cl ™.
Figure 6(a) to (d) shows that the size of the hydrogen bubble
increases with time, in general, but in some locations marked
by “red circles,” the bubble size decreases with time. Increase
in the size of hydrogen bubbles with time suggests an increase
in the extent of pitting corrosion. For example, three separate
bubbles, enclosed in a rectangle, at the top center of Fig. 6(a)
join after 60 s, which indicates that three distinct pits have
merged together. On the other hand, the reduction in the bubble
size with time can be correlated with the formation of protective
corrosion product, which restricts the reaction of electrolyte
ions with the surface of the LAT971R and LATZ9531R
samples. Consequently, Fig. 6 substantiates the conclusions
drawn from Fig. 5. It further suggests that the formation of the
protective hydroxide layer starts as early as 30 s after
immersion in NaCl.

Figure 7 shows the evolution of microstructure in case of
multiphase structure of LATZ9531R after immersion in 0.01 M
NaCl. It has been reported that the proportion of precipitates is
higher in LATZ9531R (~10%) compared to LAT971R (~3%)
(Ref 11). However, a comparison of Fig. 6 and 7 shows that the
surface morphology evolution in LATZ9531R is similar to that
in LAT971R. A careful examination of Fig. 7(c) shows the
presence of a third type of extremely fine precipitates, which
are present in both o and  phases. It may be pointed out that
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Fig. 7 Ex situ SEM images, at different magnifications, showing the microstructure evolution of LATZ9531R at immersion times of (a) 20 s,

(b) 60 s, and (c) 300 s in 0.01 M NaCl

Fig. 8 Typical back-scattered SEM image of LAT971 showing surface morphology of LAT971 exposed in 0.01 M NaCl solution after: (a)

1200 s and (b) 3600 s

the fine precipitates were visible only after immersion in NaCl
for 20 s (Ref 14). These fine precipitates can also be observed
in LAT971 (see Fig. 5c). Fig. 8 shows that the surface of
LATO971 is covered by a mixed hydroxide film after 1200 and
3600 s. However, the film covering the o phase is more
compact. Fig. 9 shows the nature of the hydroxide film in
LATZ9531. Here a cotton ball type of hydroxide morphology
was observed over alpha and beta phases.

The mixed hydroxide films, Mg(OH), and Li(OH), were
formed according to Eq 7 and 8 (Ref 10). Song et al. have
reported that mixed hydroxide film was formed on binary Mg-
8Li alloy after 7200 s of immersion in 0.1 M NaCl solution
(Ref 10).

MgO + H,O — Mg (OH), (Eq 7)

Journal of Materials Engineering and Performance

Li,O0 + H,0 — 2Li (OH) (Eq 8)

This observation is unique in this aspect because Song et al.
(Ref 10) have studied surface morphology study of binary Mg-
Li alloy extensively for 2-24 h of immersion, and early stage
observation is missing for this class of materials. On the basis
of the present study, it can be concluded that mixed hydroxide
film formed on the surface of the present Mg-Li-Al-based
alloys even after ~1200 s only, as shown in Fig. 8 and 9.

In order to reveal the morphology of corrosion attack on the
LAT971R and LATZ9531 alloys, the corrosion product was
removed from the surface, prior to the SEM analysis. This was
accomplished by immersing the corroded samples in a boiling
solution of 180 g/ chromic acid for two minutes. The
corrosion product was removed for the samples, which were
immersed for 1200 and 3600 s.
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Fig. 10 Ex situ SEM micrographs of LAT971R surface, after removal of surface layer, as a function of immersion time in 0.01 M NaCl solu-
tion: (a), (b) and (c) after 1200 s immersion period and (d), (e) and (f) after 3600 s of immersion. Typical micro-pits are represented by white

circle

Ex situ (Post immersion) SEM micrographs in back-scat-
tered electron (BSE) mode for LAT971R and LATZ9531R
alloys in 0.01 M NaCl solution after different immersion time
intervals are shown in Fig. 10 and 11, respectively. Typical
filaments were observed in case of LAT97IR (Fig. 10a) and
LATZ9531R (Fig. 11a) after 1200 s of immersion. The fila-
ments propagate both in longitudinal and transverse directions
(compare Fig. 10a and 1la with 10d and 11d, respectively)
with respect to the time of immersion. The SEM micrographs
(Fig. 10d-f and 11d-f) revealed that the primary precipitates
were not affected and were intact with the matrix even after
immersion for 3600 s. It can be seen that the severity of attack
also increased with immersion time. Furthermore, Figs. 10(b)
and 11(b) also suggest that secondary precipitates present in the
B-phase were removed from the matrix because of pit
formation. The SEM micrographs (Fig. 10 and 11) further
confirmed that LAT971R and LATZ9531R alloys underwent
non-uniform corrosion in 0.01 M NaCl solution. Figures 10(f)
and 11(f) clearly show the presence of extremely small pits in o
phase, most probably caused by the potential difference
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between the extremely small precipitates and the o matrix. In
the B phase, extremely fine precipitates were not clearly visible
due to the presence of secondary precipitate generated pits.

It is well established for Mg-based alloys that the a-phase
(anode) always corrodes preferentially and other phases, such
as second phases and intermetallic act as cathodes or act as
corrosion barrier (Ref 16, 23-25). However, it can be concluded
based on the early stage of corrosion study of LAT971R and
LATZ9531R that (i) o-phase (cathode) does not corrode
preferentially due to the presence of high amount of Al, Zn,
and Sn in solution (Ref 22) and comparatively low Li in solid
solution of o-phase; (ii) precipitates or intermetallic, i.e.,
primary precipitates (Mg-Li-Sn-rich) do not act as cathode
when it is distributed in o-phase which may be due to their
comparable electrode potential values; (iii) precipitates act
either as anode or cathode depending on the chemistry of the
precipitates, their surrounding phase, and its electrode potential
value compared to matrix phase. Based on the present study, it
can be concluded that present multiphase Mg-Li-Al-based
alloys are exception in this series because of the more active
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Fig. 11 Ex situ SEM micrographs of LATZ9531R surface, after removal of surface layer, as a function of immersion time in 0.01 M NaCl
solution: (a), (b) and (c) after 1200 s immersion period and (d), (e) and (f) after 3600 s of immersion. Typical micro-pits are represented by

white circle

nature of B-phase and distinctive chemical composition of both
the precipitates. Finally it should be noted that early stage of
corrosion behavior of Mg-Li-based alloys is an important and
not well-understood research area that demands significant
further research and development. The use of advance micro-
probe-based electrochemical tools can be utilized which would
facilitate better understanding of initial stage of corrosion in
Mg-Li-Al-based alloys.

4, Conclusions

1. Corrosion rate determination of two novel Mg-Li-Al-
based alloys by hydrogen evolution measurement has re-
vealed different trend in similar conditions when com-
pared to that of the Tafel polarization results.

2. The corrosion rate of LAT971R was reasonably higher
compared to LATZ9531R, and both alloys have shown
higher corrosion rate compared to AZ31B which is
mainly because of chemical inhomogeneity, negative dif-
ference effect (NDE), unprotective oxide and/or hydrox-
ide layer on the surface, and the local micro-galvanic
activity in the multiphase LAT971R and LATZ9531R al-
loys.

3. There is severe reliability problem with the normal elec-
trochemical method (Tafel extrapolation) for corrosion
rate determination of Mg-Li-Al-based alloys, which can
be obviated via hydrogen evolution method because of
negative difference effect and the presence of Li.

4. The micro-galvanic corrosion of primary precipitate (PP)
and o-phase is not as severe as was observed in case of
the secondary precipitates (SP) and B-phase which cor-
roborated that the chemical composition of the phases
and its distribution are the key parameters deciding the
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corrosion morphology and its nature in case of Mg-Li-
Al-based alloys.
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