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Corrosion resistant and high-strength dual-phase
Mg-Li-Al-Zn alloy by friction stir processing

Zhuoran Zeng® '™, Mengran Zhou?3*>* Marco Esmaily®’8, Yuman Zhu® ©°, Sanjay Choudhary® ©,

James C. Griffith®191 Jisheng Ma® ©'°, Yvonne Hora® 012, Yu Chen'3, Alessio Gullino® 14, Qingyu Shi234,
Hidetoshi Fujii® & Nick Birbilis'

Magnesium is the lightest structural metal, and alloying with lithium makes it even lighter.
However, multi-phase Mg-Li alloys typically undergo rapid corrosion, and their strength
decreases at room temperature due to natural age-softening. Here, we engineer a rapidly
degrading dual-phase Mg-Li-Al alloy to be durable via friction stir processing followed by
liquid CO, quenching. The best performing alloy has a low electrochemical degradation rate
of 0.72mg-cm~2-day~!, and high specific strength of 209 kN-m-kg~!. We attribute this
electrochemical and mechanical durability to its microstructure, which consists of a refined
grain size of approximately 2 um and dense nanoprecipitates. This microstructure suppressed
the formation of the detrimental AlLi phase, and an aluminium-rich protective surface layer
also formed. This processing route might be useful for designing lightweight and durable
engineering alloys.
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agnesium (Mg) has the lowest density (1.74 gcm™3) of
M the engineering metals, ~65% the density of aluminium

alloys and 25% that of steel. The high specific strength of
Mg alloys makes them attractive materials for the demands of light-
weighting in transport and consumer electronics!. However, poor
formability and rapid degradation of Mg and its alloys have sig-
nificantly limited their wider industrial adoption2. One effective way
to tackle the formability issue is to add adequate lithium (Li) into Mg
alloys. This is because a ductile body-centred cubic (BCC) B-phase
will form in the hexagonal close-packed (HCP) matrix a-phase when
the alloyed Li concentration is over ~5wt. % (full p-phase structure
will present for a Li concentration > ~10.3 wt. %)%, The induction of
B-phase in Mg-Li alloy system has brought significant advantages
over other Li-free Mg alloys. Firstly, the major lithium addition can
further reduce the alloy density to the level of ~1.3 g/cm3, the lightest
among all Mg alloys. Secondly, the appearance of the B-phase can
overcome the limited deformation modes of a-Mg at room tem-
perature and significantly improve formability. The ductility of
B-phase-containing Mg-Li alloy can exceed 50% tensile elongation at
room temperature, whilst most ductile Mg-Zn-RE/Ca alloys have
elongation less then 40%°. Such benefits stimulated rapid develop-
ment of Mg-Li alloys for defence and aerospace industries in the
US%7 and the former Soviet Union®?, since firstly patented in 193510,
In the 1960s, NASA researchers optimised and applied ultra-
lightweight LA141 (Mg-14Li-1.5Al), whilst researchers in the Soviet
Union developed MA18 (Mg-11Li-0.9A1-2.2Zn-0.1Mn-0.2Ce) and
MA21 (Mg-8Li-5Al-1.5Zn-4.5Cd-0.3Mn-0.1Ce) alloys®®.

Despite vastly improved formability, the strength of Mg-Li
alloys is very low, typically as low as about 100 MPa, due to the
existence of a soft B phase. One approach to enhance the alloy
strength is to add additional alloying elements. With the addition
of Al, the Mg-Li-Al-containing -phase can be strengthened after
water quenching from high temperatures, and the resultant yield
strength can be increased to >400 MPall-13. Such a unique
quench strengthening in Mg-Li-Al alloy has been attributed to
the formation of a supersaturated solid solution and MgAlLi, 0
precipitates in early studies!4-17, and nano-sized Al-rich zones
and Mg;Al DO0; nano-precipitates during rapid cooling in recent
reports!213, Given the low density of alloy, the specific property
of quenched-strengthened Mg-Li-Al alloy is enormous and
better than other Mg alloys including high-strength Mg-RE
alloys!2. However, the adverse effect along with the water-quench
treatment is the brittleness of the Al-alloyed B-phase. Prior stu-
dies have already demonstrated that full BCC-Mg-Li-Al alloys
after water quenching had nearly no plasticity!»1>18, making it
almost not usable. To obtain reasonable ductility, Li and Al
concentration has to be decreased so that the alloy has a+f
dual-phases’. Typically, the ductility increased from nearly zero
to ~18% after the concentration of Li and Al decreased from 13
and 5% to and 3% (all in wt.%), respectivelyls.

For a+ B dual-phases Mg-Li-Al alloys, however, the major
issue is their rapid corrosion!®-21. The B phase (BCC Mg-Li) has
an even lower standard potential than the a-phase (HCP
Mg-Li)?%, establishing a localised corrosion morphology that
arises from microgalvanic coupling within the microstructure,
where the B-phase is the local anode site. Consequently, the mass-
loss rate of a+  dual-phase Mg-Li alloys is about 4-6 times
more than that of the popular commercial Mg alloy AZ31 in
marine atmospheres?3; which is not acceptable for most appli-
cations. Micro-galvanic coupling is an inherent problem for dual-
phase Mg-Li alloys, and how to achieve a high corrosion resis-
tance for such alloys remains unclear.

In addition to poor electrochemical durability, the quench-
strengthened Mg-Li-Al alloys are not mechanically durable. The
strength of the quenched alloy was found to decrease rapidly at
room temperature!4-17. It was reported that the ultimate tensile

strength of quenched Mg-11Li-1Al-0.5Zn alloy dropped from
226 MPa to ~155 MPa within 1000 h at room temperature!”. The
hardness of water-quenched Mg-11Li-3Al alloy was decreased by
~40 HV in 1 year!3. The natural age-softening occurs because the
metastable Mg;Al or MgAILi, 6 precipitates tend to coarsen and
transform to a stable but soft AILi phase, even at room
temperature!2-17, This issue has greatly limited the adoption of
Mg-Li alloys for industrial applications where a stable property
profile is a prerequisite. Although considerable efforts have been
made since 1940s, the electrochemical and mechanical durability
of Mg-Li alloy is still not satisfactory. With these unresolved
issues, research interest and efforts in Mg-Li alloys have been
dwindling since 1970s3, despite increasingly strong demand for
ultra-lightweight alloys, and whilst Mg-Li alloys are still the
lightest structural alloys.

In this work, it is demonstrated that the issues of alloy dur-
ability that have been puzzling this research field for more than 70
years—may be solved. Herein, a model alloy of dual-phase
Mg-9Li-4Al-1Zn (LAZ941) with a density of 1.47 gcm™3 was
used. This alloy has low strength and rapid corrosion rate in the
as-rolled state, and a rapid age-softening following annealing and
water quenching (WQ). To enhance the alloy properties, the alloy
microstructure was deliberately engineered by developing a novel
thermomechanical process that consists of friction stir processing,
immediately followed by liquid CO, quenching (denoted as FSP
hereafter). The FSP was capable of substantially refining the grain
size. Liquid CO, provides a greater cooling rate than water; thus
the grains and precipitates formed during quenching are finer,
from less time at a high temperature which stifles grain growth
and precipitate coarsening. Not only did the strength and duc-
tility of the Mg-Li alloy following FSP exceed such properties
possible from WQ, but mechanical and electrochemical durability
were also substantially enhanced. The alloy presented has the
lowest degradation rate among all Mg alloys reported previously,
with minor softening from natural ageing within 2 years. The
purpose of this paper was to report this phenomenon and discuss
the underlying mechanism for exceptional mechanical and elec-
trochemical durability.

Results

Electrochemical durability. FSP substantially improved the
electrochemical durability of LAZ941. After 48 h of immersion in
0.1 M NaCl, the hydrogen evolution rate of the FSP sample was
low, at about 0.l mlcm~2day~! and the mass-loss rate was
0.72mgcm~2day~!. In contrast, the as-rolled sample showed
a significantly higher corrosion rate (Supplementary Fig. 1).
The hydrogen evolution rate and mass-loss rate were
0.55mlcm~2 day~! and 1.86 mgcm~2 day~!, respectively.

The electrochemical durability was further assessed using
potentiodynamic polarisation and electrochemical impedance
spectroscopy (EIS) methods. Prior to commencing polarisation
testing, open-circuit potential (OCP) was stabilised for 1h
(Fig. 1a), revealing that the FSP sample exhibited a more ‘noble’
OCP than the as-rolled sample. The polarisation curves in Fig. 1b
showed a reduced corrosion current density in the FSP sample
(2.8 pA cm™2), ~10 times lower than that of the as-rolled sample
(~32 pA cm~2). In the EIS test, the FSP sample showed a much
lower dissolution kinetic than the as-rolled sample (Fig. 1c).
However, it is noted that without liquid CO, quenched, the air-
cooled LAZ941 after FSP demonstrated similar corrosion
resistance to the as-rolled LAZ941 in the electrochemical testing,
but much worse than that of FSP-LAZ941 with liquid CO,
quenching. The results suggest that it is liquid CO, quenching
after FSP, rather FSP itself, resulted in the enhanced electro-
chemical durability.
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Fig. 1 Measurement of electrochemical durability. Electrochemical tests showing (a) open-circuit potential, (b) potentiodynamic polarisation curves, and
(c) EIS Nyquist plots of as-rolled and as-FSP-samples after 1-h immersion in 0.1 M NaCl solution. d, e potentiodynamic polarisation and EIS results of FSP-
aged samples (FSP and CO, quenched followed by naturally-aged for 2 years) during immersion. f Comparison of mass-loss rate and corrosion current
density of FSP-LAZ941 alloy with some typical Mg alloys'24-26, including Mg-11Li-3Al alloy!, and corrosion-resistant Mg-Zn-Ge alloys?4. Red dashed
lines in (f) showing the mass-loss rate and corrosion current density of pure Mg2> as a benchmark.

Following natural ageing for 2 years, the FSP-aged sample in
the as-polished state (Fig. 1d) retained corrosion resistance
similar to the as-FSP sample (Fig. 1b). During the immersion in
NaCl electrolyte, the anodic kinetic decreased with the increase of
immersion time and finally stabilised at 1.6-1.8 pA cm~2. The EIS
results also showed that dissolution kinetics decreased with the
increased exposure time— which is concomitant to the temporal
evolution of a protective surface film upon the alloy (Fig. 1e). The
experimental results demonstrated that dual-phase Mg-Li-Al
alloy can have significant corrosion resistance relative to all Mg
alloys to date (Fig. 1f)11:24-26, including those already identified as
corrosion-resistant, such as BCC-Mg-Li alloy!! and Mg alloys
with dilute germanium addition?*.

The corroded surface was characterised by different techniques
to reveal the mechanism of the outstanding corrosion resistance.
Profilometry (Fig. 2a, b) showed that the FSP-aged sample had a
‘smoother’ surface following immersion in 0.1 NaCl for 48 h. Its
surface roughness was typically within +1pm, with some
deviations in the range of several microns associated with
discrete surface features. In contrast, the as-rolled sample had a
‘rougher’ surface—which was also impacted by localised corro-
sion manifestation with localised corrosion sites with depths of

COMMUNICATIONS MATERIALS | (2022)3:18 | https://doi.org/10.1038/s43246-022-00245-3 | www.nature.com/commsmat

many tens of microns. The scanning electron microscopy (SEM)
observation of the sample cross-section supported the profil-
ometer results (Fig. 2c-f). The FSP-aged sample had a uniform
and intact surface after immersion, without any visible localised
corrosion penetrating into bulk (Fig. 2c). The energy dispersive
X-ray spectrum (SEM-EDXS) mapping showed uniform oxygen
distribution on the sample surface (Fig. 2d). In contrast, in the as-
rolled sample, the dissolution and cracking of corrosion product
into the bulk by more than 100 um (Fig. 2e), with oxygen
localised at the corrosion sites (Fig. 2f). Such localised corrosion
was initiated in the P-phase (Supplementary Fig. 2a, b). As a
comparison, for the FSP-aged sample, although some surface
dissolution was uniformly distributed in both a- and B-phases at
the early stage of immersion testing, there was no localisation of
dissolution after 48 h of immersion (Supplementary Fig. 2c-j).
The intact surface observed from different view directions
suggests the formation of a protective layer that covers both a-
and B-phases after the sample was processed by FSP. The higher
oxygen concentration in the EDXS map (Fig. 2d) further
suggested an oxygen-rich layer on the FSP sample after
immersion; the surface layer also appeared to have a higher Al
concentration.
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Fig. 2 Surface observation of as-rolled and FSP-aged samples after immersion in 0.1 M NaCl solution for 48 h. a, b Profilometer observation of corroded
surface of (a) as-rolled and (b) FSP-aged sample and (c-f) SEM images and corresponding EDS mapping of cross-section showing surface roughness of

(¢, d) FSP-aged and (e, f) as-rolled samples.

The surface layer structure of FSP-aged sample was further
characterised at higher magnification using scanning transmis-
sion electron microscopy (STEM) EDXS for the lamellae prepared
by focused ion beam (FIB) lift-out (Supplementary Fig. 3). It was
found that the oxygen-rich layer on the FSP sample
(500-1000 nm in thickness) contained numerous Mg(OH), flakes
(Supplementary Fig. 3a, b). Between the flakes and bulk, there was
a thin (~50 nm) and dense layer with a higher concentration of Al
(Supplementary Fig. 3c). Selected area diffraction of surface layer
showed the diffraction pattern of MgO and Al,O; (Supplemen-
tary Fig. 4). The increased concentration of Al was also captured
by X-ray photoelectron spectroscopy (XPS) and grazing incident
X-ray diffraction (GIXRD). From the XPS survey spectra, the
percentage atomic concentraion of Al on the surface was 5.3% in
the FSP-aged sample and 2.4% in the as-rolled sample
(Supplementary Fig. 5a). A qualitative assessment of the increased
amount of Al in the FSP-aged sample compared to the as-rolled
sample can also be made from the Al2p region scans
(Supplementary Fig. 5b). The distinct symmetrical peak in the
FSP sample at ~74 eV with no shoulder/peak at ~72 eV (metal) is
indicative that Al was predominantly in the form of Al,O; or
Al(OH);. GIXRD scan profile showed Al(OH); peak in the FSP
sample, but not in the as-rolled sample, when they both were
immersed under the same condition (Supplementary Fig. 6a, b).

Mechanical durability. In addition to electrochemical durability,
mechanical properties and durability were also be substantially
enhanced via FSP. Figure 3a showed that the yield strength of the
WQ-LAZ941 sample increased to 260 MPa—which was similar to
that of the previously reported BCC Mg-11Li-3Al alloy!l
However, both WQ samples had low ductility (~4% for LAZ941
and ~1.5% for WQ-Mg-11Li-3Al). In comparison, the FSP-
LAZ941 alloy had an enhanced yield strength of 308 MPa and a
ductility of 16.5%. More critically, the high-strength state of FSP-
LAZ941 was almost stable (Fig. 3b). After a slight decrease in
hardness from 109 to 98 HV within 3 months, any further
reduction in hardness was marginal. Throughout nearly 2 years of
natural ageing, the hardness of the FSP sample decreased by less
than 15%. In contrast, the hardness of the WQ sample demon-
strated a rapid and significant decrease. The alloy hardness
dropped by more than 45 HV (40%) within the first 3 months. To
further demonstrate the stability of the property profile, the alloy
strength was measured following natural ageing by tensile testing.
It was determined that the yield strengths of the FSP sample were
303 MPa and 274 MPa after 1 week and 3 months, respectively
(Fig. 3c). Following 12 months, the yield strength was still high
(268 MPa). This value was still much higher than the yield
strength of as-FSP-LAZ941, when it was air-cooled and no liquid

CO, quenching is applied. The yield strength of air-cooled FSP-
LAZ941 was 193 MPa with high ductility of 35% (Fig. 3c). In
contrast, after natural ageing for 6 months, the yield strength of
WQ sample decreased to 141 MPa, a similar value to that of the
as-rolled sample. Tensile test results were consistent with the
hardness measurement. Considering the low density of LAZ941
alloy, the as-FSP and FSP-aged samples had a high specific yield
strength (182-209 kN mkg~!). In Fig. 3d, the specific yield
strength and elongation of WQ-, FSP- and FSP-aged
LAZ941 samples are compared with other Mg alloys® including
recently reported high-strength Mg-Li-Al alloy!!12, high-
strength AlCuLi 2195-T8 alloy?, and other FSP-Mg alloys2”-40,
and FSP-Al alloys*!-4°. Although the FSP-LAZ941 is not the one
with the highest specific yield strength, its specific yield strength is
higher than the majority of Mg alloys, including those processed
by EFSP. More importantly, the FSP-LAZ941 also had significant
tensile ductility, and such high specific strength-ductility synergy
has not been commonly observed in Mg alloys due to the typical
strength-ductility trade-off. Following natural ageing, the FSP-
LAZ941 continues to present exceptional specific strength and an
even more outstanding strength-ductility balance.

Microstructural examination. To investigate the origin of the
enhanced electrochemical and mechanical durability, the micro-
structure of as-rolled, WQ-, and FSP-samples were examined in
the as-processed state and during natural ageing. The as-rolled
sample had large and elongated grains (Fig. 4a) and a high density
of spherical AlLi particles in the -phase (Fig. 4b). The averaged
diameter of particles was measured ~0.41 pm (Supplementary
Fig. 7a, b). These particles contained a higher concentration of Al
and Zn (Supplementary Fig. 7c—e). The high oxygen concentra-
tion of AlLi particle indicated that it was oxidised when the
sample was exposed to open air (Supplementary Fig. 6f). In the
as-WQ condition, the AlLi particles disappeared, but they were
observed again after natural ageing for 1 year (Fig. 4c, d). In
contrast, after FSP sample was natural-aged for 2 years, the AlLi
particles were still not observed (Fig. 4e, f).

To validate the SEM surface observation, X-ray diffraction
(XRD) was used to reveal the evolution of AlLi during
thermomechanical processing and natural ageing in bulk. Local
spectra with 26 between 22° and 25° are respresent to highlight
peaks from (111) MgLiAl, 0-phase (22.97°) and (111) AlLi phase
(20 =24.37°), but excluded the peaks from a and p matrix. The
high peak of AlLi phase in XRD pattern supported that the
spherical particles observed in the as-rolled condition (Fig. 4b)
were AlLi phase. Upon heating, AlLi phase started to dissolve
above 300 °C (Fig. 4g). Given that the temperature induced by
FSP was measured as ~430 °C (Supplementary Fig. 8), the AlLi
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Fig. 3 Mechanical properties. a Tensile stress-strain curves of LAZ941 alloy in the as-rolled, FSP and WQ states in contrast to that of WQ-Mg-11Li-3Al
benchmark. b Hardness of WQ- and FSP-LAZ941 samples during natural ageing up to 2 years. ¢ Tensile stress-strain curves of FSP-LAZ941 alloy after
natural ageing for 1 week, 3 and 12 months, in contrast to that of as-FSP-LAZ941 (air-cooled and no liquid CO, applied) and WQ-LAZ941 alloy after natural
ageing for 6 months. d Comparison of specific yield strength and elongation of WQ- and FSP-LAZ941 alloy with other Mg alloys, high-strength AlCulLi alloy,

FSP-Mg and FSP-Al alloys in tensile test2:>1112.27-45,

particles were expected to be dissolved during FSP, as the phase
diagram (Supplementary Fig. 9a) shows AlLi should dissolve at
320°C. In the as-WQ and as-FSP conditions, the diffraction
peaks of AlLi phase were not detected (Fig. 4h). Instead, the
diffraction peak of the metastable 6 phase appeared in the as-WQ
sample. Following 1-year natural ageing, the AlLi peak was
observed, which is consistent with SEM observations. Different
from the WQ sample, in the as-FSP sample, neither 6 nor AlLi
peaks were observed (Fig. 4i). Even after natural ageing up to 2
years, the AlILi peak did not appear; instead, the 6 phase presented
and was the only intermetallic phase. Full spectra of XRD results
is provided in Supplementary Fig. 10. From the full spectra, the
D0;-Mg;Al peak at 20 of 37° (shown by red arrow in
Supplementary Fig. 10c) as reported in ref. 13, is not observable.
Therefore, the XRD results support the intermetallics in FSP and
FSP-aged samples are 0 phase rather than Mg;Al phase.

While the SEM and XRD did not reveal any intermetallic phase
in the as-FSP state, a high density of nano-precipitates (~5 nm in
diameter) was observed inside the B-phase of an as-FSP sample
(Fig. 5a-c). The high-angle annular dark-field (HAADF) STEM
images showed that the crystal lattice of the precipitates was
almost the same as that of the surrounding matrix (Fig. 5b, c).
The inset fast-Fourier transformation (FFT) pattern in Fig. 5¢
revealed characteristic diffractions from these precipitates, which
is consistent with a previous report for the 6 phase (L2, ordered
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structure)!®. From the FFT, the lattice parameter a is measured of
6.72+0.02 A, which is closer to the ag (6.7 A)6, but different to
the ayigsal (6.8 A)13. Following natural ageing for 3 months, the
precipitates seemed to coarsen and exhibit a plate shape (Fig. 5d).
They were about 100-200 nm in length and ~10 nm in thickness,
and had a high concentration of Al (Fig. 5e). After natural ageing
for 2 years, the 0 precipitates were even thickened (Fig. 5f, g).
Under this circumstance, the spherical AlLi particles were not
observed, consistent with SEM and XRD results.

Discussion

In this work, FSP was coupled with immediate CO, quenching to
specifically engineer microstructure to deliver outstanding dur-
ability (i.e. durability not previously realised in this or in other
Mg-alloy systems). As a severe plastic deformation technique, it is
well-established that FSP can significantly refine grain size®.
However, highly dispersed and coherent nano-precipitates, which
is uncommon in Mg alloys, have been observed here for the first
time in the Mg-Li-based alloy. In other systems, such as Al
alloys?’, steels*3, and high entropy alloys#?, nano-clusters and
coherent nano-precipitates have been observed and reported to be
the key for strengthening alloys without sacrificing ductility. Such
strengthening effects originate from heterogeneous solute dis-
tribution as higher stress is required for dislocations to cut
through the clusters/coherent precipitates*8, which is also posited

5


www.nature.com/commsmat
www.nature.com/commsmat

ARTICLE

COMMUNICATIONS MATERIALS | https://doi.org/10.1038/543246-022-00245-3

Unified intensity

400°C

350°C
300°C

250°C
200°C

Q

150°C

Bunesy nus-u|

TIT

100°C

Room
h temperature

MgAILi2

AlLi

;

AlLi

Natural ageing
for 1 year

Water quenching

i
MgAILi Natural ageing
W for2 years

Am Natural ageing

for 3 months

——————————  FSP

Unified intensity Unified intensity

22 23 24 25

28 (%)

Fig. 4 SEM and XRD characterisation of microstructure evolution in natural ageing. a-f SEM images of samples at the states of (a, b) as-rolled, (¢) WQ,
(d) WQ-aged for 1 year, (e) FSP and (f) FSP-aged for 2 years. g-i XRD 6-26 scan between 22° and 25° showing the AlLi (111) peak and MgAlLi, (111) peak
during (g) in situ heating, (h) WQ and natural ageing for 1 year, and (i) FSP and natural ageing up to 2 years.

as the mechanism for the precipitate strengthening of FSP-
LAZ941 in this study.

Whilst nano-clusters/precipitates in Al alloys and steels were
induced by ageing or cyclic loading for a long-treatment time, the
nano-precipitates formed in LAZ941 alloy are likely to result
from the rapid CO, quenching process. Equilibrium CALPHAD
simulation (using Pandat®) has shown that the solubility of Al
above 325°C is 29 wt.% and 4.1wt% in a- and P-phase of
LAZ941 alloy, respectively, but it will decrease to nearly zero at
room temperature (Supplementary Fig. 9b-d). Although the
CALPHAD simulation is independent to the various processing
histories and microstructures presented, the simulation results
demonstrate that (i) the temperature during FSP is sufficiently
high to dissolve AlLi particles, and (ii) the solubility of Al in both
a and B phases at room temperature is very low so that the
driving force to form precipitates from supersaturated solid
solution is high. When the cooling rate is slow, such as air cooling
(1.7 °C/s, Supplementary Fig. 8), there is sufficient time for Al
atoms to diffuse so that the precipitate can reach an equilibrium
state at high temperatures (Supplementary Fig. 11). With a more
rapid cooling rate, such as water quench (~200°C/s), semi-
coherent precipitates form between 140 and 170 °C!3, due to
insufficient time for precipitate coarsening and transformation.
Then, it is reasonable to speculate that if the cooling rate is fast
enough, the duration at elevated temperature is so short that it
only allows clustering of supersaturated Al solute atoms to form
an ordered structure that is coherent to the matrix. It was mea-
sured that liquid CO, quench only took 0.6 s for the sample from
360 to 100 °C during FSP, shorter than 1.4 s via water quench.

The unique microstructure consisting of uniformly refined
grains and nano-precipitates is posited to not only result in

strengthing but also be the origin of the enhanced mechanical
durability. The high density of grain boundaries and o/p phase
boundaries induced by FSP, were posited to delay the precipita-
tion coarsening and suppress the transformation to equilibrium
AlLi phase. As observed in Supplementary Fig. 12, these
boundaries provide a reservoir of Al atoms that otherwise would
possibly contribute to precipitate coarsening and transformation.
The Al atoms are expected to segregate to the grain boundaries or
a/B phase boundaries, because these sites have more significant
lattice distortion, as demonstrated in Supplementary Fig. 13. In
contrast, nano-precipitates seem to have coherent interphase with
the matrix. According to the Lifshitz-Slyozov-Wagner
theory®0°1, the decrease in the lattice mismatch between pre-
cipitate and matrix, and thus the reduction of interface energy,
would suppress the particle coarsening. In the WQ sample, grain
size is ~10 times larger than that of FSP sample (2.3 £ 0.8 pm in
diameter). Consequently, the Al atoms in the matrix are less likely
to segregate to grain boundaries in the WQ sample, but
remaining in the matrix facilitating precipitate coarsening and
transforming to large and equilibrium AlLi particles. For the WQ
sample, the strengthening is predominantly caused by the for-
mation of 6 phase during quenching, whilst strengthening from
other factors such as grain refinement, is marginal. Once the
majority of 6 phase is coarsened and transformed into spherical
AlLi phase, the intermetallic phase can no longer provide suffi-
cient strengthening, and the alloy strength decreases back to that
similar of as-rolled state. As a comparison, in the FSP-aged
sample, although the 6 phase is coarsened, it still has a high
density and is not transformed to equilibrium AlLi phase.
Moreover, different from WQ, FSP significantly refined grain size,
and grain refinement is expected to contribute significant
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Fig. 5 TEM characterisation of the evolution of intermetallic phases in FSP sample during natural ageing. a BF-STEM showing dense nano-precipitates
and (b, ¢) atomic-scale HAADF-STEM showing the structure of nano-precipitates in the -phase matrix, as indicated by red arrows. d-g HAADF-STEM
images and corresponding EDS-STEM Al mapping of FSP sample after natural ageing for (d, ) 3 months and (f, g) 2 years. Yellow and red frames in the
inset FFT pattern in (a) indicated the diffractions from the a and f phase, and arrows in inset FFT in (a, €) and diffraction pattern in (f) indicated the

diffraction from the @ phase. The incident beam was parallel to [001]p.

strengthening. Even when 6 nano precipitates are coarsened
during natural ageing, the refined grains are still capable of
providing considerable strengthening, and thus the decrease in
strength and hardness is not significant.

The suppression of phase transformation to equilibrium AlLi
phase from supersaturated Al solution with nano-6-precipitates
also contributes to electrochemical durability, namely, lower rates
of alloy corrosion. Although the enhancement of corrosion
resistance by supersaturated Al in the Mg matrix and fine par-
ticles was reported in Mg-Al binary alloy, it should be noted that
the Mg,,Al}, particle is nobler than Mg matrix°2. In contrast, the
relative potential of AlLi phase (300-400 mV more negative than
B-phase?) notionally stimulates localised corrosion by AlLi ser-
ving as an anode in micro-galvanic coupling. Once AlLi particles
are dissolved, the prevalence of localised corrosion diminishes,
however a tendency for micro-galvanic coupling between a- and
B-phases can still exist. Thus the high corrosion resistance in the
FSP sample still needs further justification—although it is
understood that the uniformity of composition across the FSP
sample plays a key role. In previous studies, outstanding corro-
sion resistance was reported in BCC Mg-Li alloys, due to the
dynamic evolution of a Li,CO; surface film!1204-56, This
mechanism for the dual-phase Mg-Li alloys has not been pre-
viously observed, because at the more macro-scale, Li,CO; sur-
face film was suggested to form principally on p-phase (which has
a higher Li concentration) rather than the a-phase!>7. As the
signal of Al element was detected on immersed FSP sample by
different techniques (Supplementary Figs. 3-6), it is posited
speculated that a complex Al-containing film, as an alternative to
a principally Li,CO; surface film, is the key to the corrosion
resistance in the dual-phase LAZ941 alloy. In other words, the
presence of Al is deemed a critical facet to the high corrosion
resistance of FSP-LAZ941. To validate this postulate, the FSP-

LAZ941 alloy was compared with a Mg-9Li-1Zn (LZ91) that is
Al-free, in corrosion tests. Although both alloys were absent of
AlLi particles, the mass-loss and hydrogen evolution rate of LZ91
alloy were substantially higher (Supplementary Fig. 1). The
electrochemical tests showed that corrosion current density of
LZ91 is 95uA cm~2 in the as-rolled condition and 40 pA cm—2
after FSP (Supplementary Fig. 14a), ten times more than that of
LAZ941 alloy after FSP. The EIS data also revealed increased
dissolution kinetics for LZ91, compared with FSP LAZ941
(Supplementary Fig. 14b). The corrosion resistance of LZ91-FSP
sample is much worse than many of Mg alloys (Fig. 1f).

In previous studies regarding Mg alloys, such as Mg-Y-RE?S, a
considerable increase in corrosion resistance was observed due to
grain refinement. The refinement of microstructure may accelerate
the formation of surface films and reduce the micro-galvanic
reaction, which can lead to more uniform and shallow corrosion
morphology. Whilst significant grain refinement is also induced
by FSP in this study, grain refinement itself is unlikely to result in
such a substantial increase in electrochemical durability of dual-
phase Mg-Li-based alloy. Otherwise, the FSP-LZ91 and FSP-
LAZ941 (air-cooled) should show much enhanced corrosion
resistance, but in fact, FSP-LZ91 and FSP-LAZ941 (air-cooled)
only showed similar mass loss and hydrogen evolution rate to the
as-rolled counterpart samples (Fig. la-c and Supplementary
Fig. 1). These test results support the notion that Al solute, rather
than merely microstructure refinement, played a critical role in
surface protection in the corrosive environment. To further sup-
port this claim, a fresh surface of FSP-LAZ941 sample was pre-
pared and exposed to open air for two hours, before GIXRD and
XPS depth profiling was performed. The peak for Al,O;, despite
weak, was observed in the GIXRD pattern (Supplementary
Fig. 15a). Supplementary Fig. 15b shows elemental distribution
along the depth profiling. In the surface and near-surface XPS
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scans, a distinct symmetrical peak at higher binding energy
overshadowed much smaller metallic peaks at lower binding
energies, indicating Al was predominantly in the form of Al,O; or
Al(OH); here. At ~90 nm the metallic peaks became more pro-
nounced with a corresponding decrease in oxide/hydroxide peak
intensity, a trend that continued with depth to ~200 nm. Decon-
voluting the oxide/hydroxide and metallic regions of the Al2p
spectra at each depth indicates a changing composition with depth
(Supplementary Fig. 15c). No Li,CO; peak was detected by
GIXRD. The XPS depth profile also showed zero Li concentration
from the surface to 90 nm depth (Supplementary Fig. 15b). The
metallic elements from 0-90 nm were predominantly Mg and Al,
with an Al/Mg ratio ofs ~0.23 at the surface decreasing to ~0.14 at
a depth of 246 nm (Supplementary Fig. 15d). The high Al/Mg
ratio suggests that the participation of Al in a complex oxide/
carbonate was deemed important.

Conclusion. Herein, it was demonstrated that exceptional stabi-
lity of alloy property profile, including simultaneous electro-
chemical and mechanical durability, could be achieved via
microstructural engineering. The key to realising such properties
for an Mg-Li-Al alloy was to achieve fine grain size and a high
density of coherent nano-precipitates. This could be achieved by
thermomechanical processing followed by rapid cooling. Under
such fabrication circumstances, the formation of the coarse
equilibrium AlLi phase will be suppressed. It is envisaged that the
findings here provide a new strategy for designing and developing
durable products for various industries.

Methods

Materials preparation. Hot-rolled Mg-9Li-4Al-1Zn wt.% (LAZ941) plates were
provided by AMLi Material Technology Co. Ltd., and hot-rolled Mg-9Li-1Zn
benchmark plates were provided by Xi’an Sifang Ultralight Material Co. Ltd. The
rolled plates for FSP had a length of 200 mm, a width of 70 mm, and a thickness of
2.5mm. FSW was performed with a cemented tungsten carbide (WC) tool. The
tool had a shoulder diameter of 15 mm, a probe diameter of 6 mm, and a probe
length of 2.4 mm. The tool travel direction was parallel to the sheet rolling
direction. It was then friction stir processed at the WC tool rotation speed of
600 rpm. Liquid CO, (—78.5°C) was utilised to ensure rapid cooling so that the
grain coarsening was suppressed. The setup is illustrated in Supplementary Fig. 16.

Mechanical testing. Dog-bone-shaped samples for tensile testing were prepared
using an electrical discharge machine (EDM, Sodick AG360L). Test specimens had
a gauge length of 5 mm, and were parallel to the tool’s travel direction. The tensile
test was performed in an Instron 4505 mechanical test machine with a crosshead
speed of 0.3 mm/min. Three samples were tested per processing condition.

Electrochemical and immersion testing. Electrochemical measurements were
performed with a three-electrodes flat cell (K-0235, Princeton Applied Research)
with a Saturated Calomel Electrode (SCE) as the reference, and platinum mesh as
the counter electrode. Test specimens (working electrode) were mounted in epoxy
resin, followed by grinding to a 2000 grit finish using SiC paper under ethanol. All
the electrochemical tests were carried out by using 200 ml of 0.1 M NaCl. A Bio-
Logic® VSP potentiostat was utilised for all electrochemical testing.

Potentiodynamic polarisation measurements were obtained following open-
circuit potential (OCP) conditioning for 1 h, where an overpotential of + 0.3 V vs
OCP was applied, using a scan rate of 1 mV/s. The Tafel-type fitting and
determination of corrosion current density and corrosion potential were obtained
by EC-lab® Software (version 11.27).

Electrochemical impedance spectroscopy (EIS) was performed over the
frequency range of 100 kHz to 10 mHz, with a polarising signal of 10 mV. All tests
were carried out at least in triplicates. The obtained spectra were fit using EC-lab”
software (version 11.27). EIS result obtained after fitting the results using equation
|Z] =R, + , where R, R.; and Ry represent the solution resistance,

1
joCa + 75 + mier
the charge transfer resistance and resistance associated with the inductive loop. w is
the angular frequency, and Cy is the capacitance of the electric double layer.

For immersion testing, samples were immersed in a 200 ml of quiescent 0.1 M
NaCl for 20 and 48 h, at room temperature (maintained at 23 °C). Prior to
immersion, the samples were ground to 4000 grit, then mirror polished with
colloidal silica solution, sonicated in ethanol, air-dried and weighted with a
calibrated balance with an accuracy of 0.01 mg. In order to combine the mass-loss

experiment with the volumetric hydrogen collection in a single step, an inverted
funnel was placed over the immersed sample and the evolved hydrogen was
collected inside a burette. Before removing the corrosion products with a solution
of 20% CrOj for 15, the corrosion morphology was characterised using scanning
electron microscopy. After removing the corrosion products and assessing the mass
loss, optical profilometry (OP) was carried out using a Veeco Wyko NT1100 in
vertical scanning interferometry (VSI) mode. The OP analysis was carried out in
three different zones upon each sample covering an area of 1.2 mm by 0.9 mm for
each measurement.

X-ray diffraction. X-ray diffraction (XRD) and in situ XRD heating and cooling
were performed using a Bruker D8 Advance X-ray diffractometer using Cu-Ka
radiation (A = 0.154 nm) operating at 40 kV and 40 mA, with step size 0.01° from
20° to 80° in 26 angle. The X-ray diffraction data were processed using TOPAS
4.2 software. The XRD was calibrated using the National Institute of Standards and
Technology standard reference material LaBs. The sample for in situ XRD was
under nitrogen atmosphere protection. GIXRD with an incident angle of 0.6° was
performed in a high-resolution PANalytical X’Pert PRO MRD system using Cu-Ka
radiation operating at 45kV and 40 mA.

Scanning electron microscopy and transmission electron microscopy. Scan-
ning electron microscopy (SEM), using an FEI Quanta 3D FEG and Zeiss Ultra-
Plus, along with transmission electron microscopy (TEM) using an FEI Tecnai F20
FEG and FEI Titan? 80-300; were used for microstructural characterisation.
Atomic resolution scanning TEM (STEM) images were obtained from a double-
corrected FEI Titan? 80-300 operating at 300 kV with a collection inner semi-angle
of 40 mrad. The convergence angle was set to 15.0 mrad, leading to a probe
diameter of ~0.12 nm. The samples for SEM characterisation are prepared by 4000
SiC sandpaper grinding, and 50 nm colloidal silica suspension polishing. Specimens
for TEM characterisation were 3 mm diameter discs prepared by spark cutting,
followed by mechanical grinding to a thickness of 50 um using 4000 grid SiC paper.
Samples were then ion-polished using a Gatan Precision Ion Polishing System
(voltage 4.8 kV and angle 4°) at —100 °C, until a small hole formed in the specimen.

Following immersion for 48 h in 0.1 M NaCl solution, electron transparent
cross-section lamellae were extracted from specimen surfaces (to inspect surface/
corrosion films) using a Zeiss Crossbeam system. For preparing the lamellae, a thin
layer of Pt was deposited on the area of interest to protect the surface film before
sectioning with a focused Ga ion beam. The sectioned lamellae were subsequently
welded to Cu grids using Pt deposition through micromanipulation. Fine polishing
was applied using Ga ion to remove redepositon and potentially FIB damaged layer
and the final thickness of lamellae was reduced to approximately 100 nm. JOEL2100
is used for the TEM and STEM-EDS characterisation of the lift-out lamellae.

X-ray photoelectron spectroscopy. X-ray photoelectron spectroscopy (XPS) was
performed using a Thermo Scientific Nexsa Surface Analysis System calibrated to
Au 4f and equipped with a hemispherical analyser. The incident radiation was
monochromatic Al Ka X-rays (1486.6 eV) at 72 W (6 mA and 12kV,

400 x 800 pmz spot). Survey (wide) and high-resolution (narrow) scans were
recorded at analyser pass energies of 150 eV and 50 eV and step sizes of 1.0 eV and
0.1 eV, respectively. The base pressure in the analysis chamber was less than

5.0 x 10~ mbar. A low-energy dual-beam (ion and electron) flood gun was used to
compensate for surface charging. For the depth profile, sputtering was carried out
using a monatomic Artgas cluster ion source at 4000 eV and high current. Each
level was sputtered with a 2-mm raster size, rotation and a 5s delay. Data pro-
cessing was carried out using Avantage software version 5.9921 and the energy
calibration was referenced to the main line of Cls at 284.8 eV.

Data availability

The authors declare that the main data supporting the findings of this study are available
within the article and its Supplementary Information files. Extra data are available from
the corresponding author upon request.
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