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Abstract 

The microstructure, crystallographic texture, mechanical properties and corrosion resistance of as-extruded HCP Mg- x Li ( x = 1, 3, 5; in 
wt%) alloys were investigated. The results indicated that the HCP Mg-5Li alloy with high lithium content exhibited a low degree of dynamic 
recrystallization (DRX) compared with Mg-1Li and Mg-3Li alloys. Besides, the 45 ° base (0001) texture of Mg-1Li alloy could turn into 
(11–20) and (10–10) prismatic texture of Mg-3Li and Mg-5Li alloys with c-axis approximately parallel to transverse direction (TD). As a 
result, the strong prismatic texture resulted in the mechanical anisotropy of as-extruded Mg-3Li and Mg-5Li alloys with higher mechanical 
strength and low elongation along extrusion direction (ED) (reverse for TD sample). Regarding of corrosion behaviors, filiform corrosion 
occurred in the three Mg–Li alloys, whilst the high lithium content could mitigate the groove-like corrosion and improve the corrosion 
resistance of Mg-5Li alloy, which was ascribed to the refined grains, prismatic texture and surface film. 
© 2020 Chongqing University. Publishing services provided by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. 
This is an open access article under the CC BY-NC-ND license ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
Peer review under responsibility of Chongqing University 
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. Introduction 

Alloying Mg with the lightest metal element of Li
0.53 g/cm 

3 ) could be further lightweight, allowing for an
ncrease in plasticity [1–6] . The ultra-lightweight structured

g–Li alloys presented significant promise in automotive,
erospace and electronics [5 , 6] . Compared with traditional
exagonal close-packed (HCP) Mg alloys, the Mg–Li sys-
em exhibited different crystal structure based on the lithium
ontent, which was unique in comparison to other alloying
ddition to Mg. The stable room-temperature phase of Mg–
i alloy was: i) a hexagonal close-packed (HCP) α-Mg with

ess than 5.5 wt% Li; ii) a body centered cubic (BCC) β-Li
ith more than 10.3 wt% Li; and iii) a duplex ( α-Mg + β-Li)

tructure between 5.5 wt% and 10.3 wt% Li [7 , 8] . However,
he mechanical strength and corrosion resistance of Mg–Li
∗ Corresponding author. 
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lloys were generally inferior to the Mg alloys without lithium
9–13] . 

As for the strengthening strategies of metal materials, the
echanical processing (extrusion, rolling, forging, etc.) was

he common approach to optimize microstructure with the fine
ains and/or broken second phases [14–17] . Regarding of Mg
lloys, the deforming Mg alloys always exhibited strong basal
extures, making the c-axis of most grains nearly parallel to
he normal direction (ND) of the sheet [18–20] . However, the
ithium addition could weaken the basal texture of Mg al-
oys as the rotation of basal plane to the transverse direction
ould be promoted by the decreased c/a ratio of Mg–Li al-

oys [13 , 21–23] . Compared with AZ31 alloy, Mg-4Li alloy
ossessed weak basal (0002) and prismatic (10–10) texture
t the same cold-rolling reduction [13] . Previous works re-
orted that the addition of Li could restrained the 〈 a 〉 basal
lip and promoted the 〈 a 〉 prismatic slip of hexagonal Mg–
i alloys [24 –26] . For example, lower critical resolved shear
tress (CRSS) in the 〈 a 〉 prismatic slip and higher in the
 a 〉 basal slip occurred in the Mg-4 wt% Li single crystals
r B.V. on behalf of KeAi Communications Co. Ltd. This is an open access 
c-nd/4.0/ ) Peer review under responsibility of Chongqing University 
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Table 1 
Chemical composition of Mg–Li alloys in experiment. 

Alloy 
Chemical composition (in wt.%) 

Mg Li 

Mg-1Li Bal. 1.06 
Mg-3Li Bal. 2.99 
Mg-5Li Bal. 4.97 
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[24] . Agnew et al. demonstrated that the 〈 c + a 〉 pyramidal
slip in Mg alloys could be activated by the adding lithium
[25] . At the same time, the increase of 〈 c + a 〉 pyramidal slip
could lead to the enhanced ductility of Mg alloys, which was
proved by the viscoplastic self-consistent simulations [25] .
To confirm the former studies, abundant uniformly distributed
〈 c + a 〉 dislocations of deformed Mg–Li alloys were found by
transmission electron microscopy (TEM) [26] . Compared with
a conventional magnesium AZ31 alloy, Al-Samman reported
that lithium addition to magnesium (Mg-4 wt% Li) exhibited
remarkable room temperature ductility improvement owing to
enhanced activity of non-basal slip, particularly, < c + a > -slip
mode [13] . Many reports had focused on the texture evolu-
tion of α-Mg phase in Mg–Li alloys, and the results showed
that the addition of Li weakened (0001) basal texture and
increased the deflection of basal planes along normal direc-
tion to rolling direction or transverse direction, which was
associated with the activation of non-basal slip systems and
the formation of DRX grains [21 , 27–29] . Recently, Li and
Xu revealed the different effect of quasicrystal phases on the
crystal texture and mechanical of three typical Mg–Li alloys
(HCP, HCP + BCC and BCC) [30–32] . However, so far, few
reports could be referred to clarify the effect of lithium con-
centration on the texture and/or mechanical behaviors on the
single Mg–Li system (HCP, HCP + BCC or BCC). 

Compared with massive reports on the mechanical prop-
erties of Mg–Li alloys, the research on the corrosion behav-
iors of strengthening Mg–Li alloy was deficient to date. It
was well known that lithium was much more electrochemi-
cal/chemical active than magnesium, the addition of Li into
multicomponent Mg matrix could further deteriorate the in-
tegrity of Mg matrix in aqueous solution and caused a worse
corrosion resistance than conventional Mg alloys [33–35] . To
improve the corrosion resistance of Mg–Li alloys, regulating
the matrix microstructure (alloying, second phases, deforma-
tion, heat treatment) and surface modification were the com-
mon methods [36–40] . For example, the formation of I-phase
by alloying with a certain Zn/RE ratio could effectively re-
tard the corrosion proceeding of as-cast Mg-6Li alloy and
the corrosion resistance of Mg-8.8Li alloy was improved re-
markably by the phosphate conversion film [36 , 37] . Recently,
high-corrosion-resistant Mg alloy was reported in Mg–Li sys-
tem, which was ascribed to the protective and self-healing
Li 2 CO 3 film deposited on the surface [41–46] . Li et al. re-
ported that corrosion resistance of binary BCC Mg-14Li alloy
was enhanced with immersion time in 0.1 M NaCl solution
and always higher than those of HCP Mg-4Li and HCP + BCC
Mg-7.5Li alloys [43] . Following this hypothesis, the corrosion
behaviors or surface film of Mg–Li alloys should be corre-
lated closely with lithium concentration, implying the possible
difference of corrosion resistance for HCP Mg–Li alloys with
different lithium content. On the other hand, it seems that the
effect of lithium concentration on the mechanical and corro-
sion performance of Mg–Li alloys can not be covered for all
the Mg–Li system as their crystallographic structure would be
altered with lithium content. As a result, it was necessary and
significant to separate the HCP, HCP + BCC and BCC Mg–Li
lloys and elucidated the concrete effect of lithium content
n the mechanical and corrosion behaviors for each Mg–Li
ystem. 

Based on the aforementioned descriptions and analysis, to
eepen the fundamental understanding on the mechanical and
orrosion behaviors of Mg–Li alloys, binary HCP Mg–Li al-
oys was used herein to isolate the effects of additional al-
oying elements and crystallographic structure. Moreover, the
nderneath failure mechanisms of tension and corrosion for
CP Mg–Li alloys with different lithium content would be

haracterized and compared in detail. 

. Material and methods 

.1. Materials and microstructural analysis 

The initial materials used herein were as-extruded Mg-1Li,
g-3Li and Mg-5Li (in wt.%) alloys plates whose chemical

omposition was determined by inductively coupled plasma
tomic emission spectrum (ICP-AES) apparatus and the re-
ults were shown in Table 1 . After casting, the ingots were
omogenized at 400 °C for 6 h with the protection of several
ayers of wrapped Al foil. Then, the ingots were extruded into
hick plate with cross section of 12 mm ×50 mm at 300 °C,
ith an extrusion ratio of about 6.5. Sample pieces cut from

he extruded plates were ground with SiC papers up to 5000
rit finish and then finely polished up to a 1 μm finish with
thanol. 

Microstructure of the alloys were observed by optical mi-
roscopy (OM), scanning electron microscopy (SEM; JEOL
SM-IT100) and electron back-scattering diffraction (EBSD).
o reveal the difference of grain structure between the al-

oys, polished samples were etched with 5% nitric acid + 95%
thanol. Average grain size was determined by using the mean
inear intercept method. Distributed intensity of the (0002),
11–20) and (10–10) pole figures for the three alloys were
easured by EBSD analysis. For EBSD tests, one surface of

he sample was mechanically polished and followed by elec-
ropolishing in a commercial electrolyte (AC2). EBSD analy-
es were conducted on a scanning electron microscope (SEM,
EI NOVA400 SEM with Oxford-EBSD system) using a step
ize of 2 μm. All EBSD measurement were conducted from
 normal plane of as-extruded plate and all EBSD data were
nalyzed using the Channel 5 software. 

.2. Mechanical testing 

Tensile samples with a gauge length of 20 mm, width
f 3 mm and thickness of 3 mm were machined from the
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Fig. 1. Optical observations to the etched (a) Mg-1Li, (b) Mg-3Li and (c) Mg-5Li samples. 
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s-extruded plates. Moreover, samples with axial direction
arallel to the transverse and extrusion directions of the plates
ere defined as “TD” and “ED” samples, respectively. Ten-

ile tests were conducted on a SHIMADZU (Servo, 5 KN)
esting machine at a constant strain rate of 1 ×10 

−3 s −1 at
oom temperature and all measurements were repeated at least
hree times. For tensile samples, one side of the gauge sec-
ion were finely polished before testing. Afterwards, the wide
urface near fractures and fracture surfaces was observed by
EM with the modes of secondary electron (SE). 

.3. Corrosion testing 

.3.1. Immersion and mass loss testing 

To study corrosion performance, the Mg–Li alloys samples
ith dimensions of 12 mm ×10 mm ×3 mm were immersed in
.1 M neutral NaCl solution (pH = 6.9) for a certain time at
oom temperature. After immersion, samples were cleaned to
emove corrosion products from surface using a chromic acid
onsisting of 180 g/L CrO 3 [47] . Afterwards, surface mor-
hology of the cleaned samples was observed by OM, con-
ocal laser scanning microscopy (CLSM, OLYMPUS LEXT
LS4000) and SEM. Regarding of mass loss testing, the sam-
les were immersed in 0.1 M NaCl solution at room temper-
ture for 3 days. Following the exposure period, a cleaning
olution was used to remove corrosion products and then cal-
ulated the mass loss rates. Three replicates were carried out
or each condition to ensure the reproducibility. Surface chem-
stry of specimens subjected to 2 h immersion in 0.1 M NaCl
as analyzed by X-ray photoelectron spectroscopy (XPS, Es-

alab 250Xi, Thermo Fisher). The measured binding energy
alues were calibrated by the C1s (hydrocarbon C 

–C, C 

–H)
f 285 eV. 

.3.2. Electrochemical analysis 
Potentiodynamic polarization measurements were carried 

ut with a scan rate of 1 mV/s by using a Wuhan CorrTest
lectrochemistry test system (CS350H). A classical three-
lectrode cell was used with platinum as counter electrode,
aturated calomel electrode (SCE) as reference electrode and
he samples with an exposed area of 1 cm 

2 as working elec-
rode. The measurements were performed in 0.1 M NaCl so-
ution at room temperature. The scan frequency of electro-
hemical impedance spectroscopy (EIS) was executed over
 frequency range from 100 kHz to 10 mHz with 10 mV of
mplitude of sinusoidal potential signals with respect to the
pen circuit potential (OCP). To ensure the reliability, at least
hree replicates were carried out for each test and initial de-
ay of 600 s was set for polarization and EIS measurements
o ensure a relative stabilized testing system at OCP [48] . 

. Results 

.1. Microstructure and texture analysis 

The microstructure of as-extruded Mg-1Li, Mg-3Li and
g-5Li alloys are shown in Fig. 1 , indicating that the deform-

ng characteristics of the microstructure is trivial (especially
or Mg-1Li and Mg-3Li alloys) and equiaxial grain struc-
ure forms in the three alloys. On the other hand, the grain
ize is not uniform for the three alloys with larger grains
 > 20 μm) and smaller ones ( < 5 μm). The average grain size
f Mg-1Li, Mg-3Li and Mg-5Li alloys are 23.1 μm, 24.8 μm
nd 17.5 μm, respectively. The results illustrates that the grain
ize of HCP Mg–Li alloy grows up slightly and then decreases
ith the increasing lithium content. 
The presence of equiaxial grains of the three as-extruded

lloys demonstrates the occurrence of recrystallization during
ot extrusion. To further confirm the volume fraction of re-
rystallized, substructured and deformed grains, EBSD anal-
sis was conducted, as shown in Fig. 2 . The blue, yellow and
ed regions represent the recrystallized, substructured and de-
ormation grains, respectively. It can be seen that the Mg-1Li
nd Mg-3Li alloys present the approximative percentage of
ach typed grain. However, the counterparts of Mg-5Li alloy
hange apparently, i.e. the volume fraction of recrystallized
rains decrease from ∼96% of Mg-1Li and Mg-3Li alloys
o ∼86% of Mg-5Li alloy; the substructured grains increase
rom 2 ∼3% of Mg-1Li and Mg-3Li alloys to ∼7% of Mg-
Li alloy; the deformed grains increase from ∼1% of Mg-
Li and Mg-3Li alloys to ∼6.5% of Mg-5Li alloy. Based on
he above analysis, almost completed recrystallization occurs
n both Mg-1Li and Mg-3Li alloys, whilst the Mg-5Li alloy
ossess more substructured and deformed grains. Therefore, it
an be deduced that the increasing lithium concentration can
estrain the occurrence of recrystallization for HCP Mg–Li
lloy. 

The grain orientation of Mg alloys would be altered
fter deformation and the strong base texture was a general
haracter, whilst the addition of lithium could change the
exture of traditional magnesium alloys [28 , 29] . In this
ork, the oriented grain distribution of Mg-1Li, Mg-3Li and
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Fig. 2. Recrystallized (a-c) maps and (d-f) histograms of as-extruded (a) (d) Mg-1Li, (b) (e) Mg-3Li and (c) (f) Mg-5Li alloys analyzed by EBSD. 

Fig. 3. Orientation maps of as-extruded (a) Mg-1Li, (b) Mg-3Li and (c) Mg-5Li alloys analyzed by EBSD. 
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Mg-5Li alloys are shown in Fig. 3 , where the different colors
indicate different crystallographic orientations of the grains.
It should be noted that the near red grains decrease with the
increasing lithium concentration, whilst it is reversed for the
green and blue grains. Namely, the near base (0001) texture
gradually transforms into the prismatic (11–20) and (10–10)
texture with the increasing lithium in HCP Mg–Li alloy. In
addition, the grain size of Mg-5Li alloy is refined, whilst the
counterparts of Mg-1Li and Mg-3Li alloys are similar and
larger than that of Mg-5Li alloy, which is corresponding to
the OM results ( Fig. 1 ). 

To further clarify the texture of the three alloys, the (0001),
(11–20) and (10–10) pole figures are shown in Fig. 4 . It can
be seen that the base (0001) texture of Mg-1Li alloy is weaker
than that of non-lithium Mg alloys, i.e. the c-axis of Mg-1Li
alloy deviated 45 ° from ND (normal direction) and presents
45 ° with respect to ED (extrusion direction) and TD (transver-
sal direction) simultaneously in the projective ED ×TD plane,
which can be defined as 45 ° base texture herein. Meanwhile,
the (11–20) and (10–10) prismatic texture are scattered. When
the lithium content increases up to 3 wt%, the c-axis of Mg-
3Li alloy tilts about 60 ° away ND and exhibits about 10 °
toward TD (80 ° away ED). In addition, the (10–10) prismatic
texture emerges, i.e. the (10–10) plane is approximately ver-
ical to the ED. Regarding of Mg-5Li alloy, the c-axis further
ilts about 85 ° away ED (almost paralleling to TD). Besides,
he (10–10) prismatic texture is also apparent. Furtherly, based
n the texture intensity and grain orientation distribution, the
ase (0001) texture become weaker and the prismatic (10–10)
nd (11–20) texture enhance obviously with the increasing
ithium content in HCP Mg–Li system. Therefore, the in-
reasing lithium content can alter the crystallographic texture
rom the 45 ° (0001) base texture of Mg-1Li alloy to (10–10)
nd (11–20) prismatic texture of Mg-5Li alloy effectively. 

.2. Mechanical behaviors and fracture analysis 

Fig. 5 shows the stress-stain tensile curves evaluated along
D and TD of as-extruded Mg- x Li ( x = 1, 3, 5, wt%) al-

oys. It can be seen that the Mg-1Li alloy shows the me-
hanical isotropy along both ED and TD, whilst the mechan-
cal anisotropy occurs for Mg-3Li alloy. Namely, ED sample
f Mg-3Li alloy presents high mechanical strength and low
longation, whilst it is reversed for TD sample. When the
ithium content increases up to 5 wt%, the similar mechan-
cal anisotropy of Mg-5Li alloy still exists. Additionally, it
hould be noted that the stress-strain curves of Mg-5Li alloy
how serrated characterization when the tension is conducted
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Fig. 4. Pole figures of as-extruded (a) Mg-1Li, (b) Mg-3Li and (c) Mg-5Li alloys analyzed by EBSD. 

Fig. 5. Engineering stress-strain curves of as-extruded (a) Mg-1Li, (b) Mg-3Li and (c) Mg-5Li alloys along the extrusion direction (ED) and transverse 
direction (TD). 
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Table 2 
Tensile properties of as-extruded three Mg–Li alloys along ED and TD ori- 
entations. 

Alloy Orientation YS (MPa) UTS (MPa) EL (%) 

Mg- 
1Li 

ED 93 ±5 162 ±7 15 ±2 
TD 97 ±6 163 ±5 14 ±2 

Mg- 
3Li 

ED 65 ±4 154 ±6 16 ±3 
TD 61 ±5 144 ±6 19 ±2 

Mg- 
5Li 

ED 77 ±5 159 ±4 17 ±4 
TD 66 ±6 144 ±5 19 ±3 

t  

u  
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U  

l  

(  

s  

c  

c  

m  

A  

f  
long both ED and TD direction ( Fig. 5 c), which is defined
s Portevin-Le Chatelier effect. In general, the main mecha-
ism of PLC effect could be ascribed to the dynamic strain
ging (DSA), i.e. the repeated pinning and unpinning process
f dislocations at solute atoms occurs when the diffusion ve-
ocity of solute atoms was compared to the moving rate of
obile dislocations in magnitude [49–52] . On the other hand,

ome other possible mechanisms had also been proposed to
ccount for the PLC effect, such as extensive twins, shearing
f precipitates by dislocations [51 , 52] . It should be notable
hat no precipitations are formed in the binary Mg-5Li alloy
 Fig. 1 ) and deformation twins are also hardly observed on
he fracture side surface (shown in Fig. 6 described as follow-
ng). As a result, the PLC effect occurring in Mg-5Li alloy
an be ascribed to the DSA. In terms of Mg-1Li and Mg-3Li
lloys with less lithium concentration, the diffusion velocity
f solute atoms should be lower than that the moving rate of
obile dislocations at this temperature, resulting in smooth

tress-strain curves. Therefore, the PLC effect (serrated flow)
f Mg–Li alloy is closely related to the lithium content and
he critical value needs to be confirmed in the future work. 

To describe and compare the measured data, the me-
hanical properties of 0.2% proof yield strength (YS), ul-
imate tensile strength (UTS) and elongation ratio to fail-
re (EL) of the three alloys are listed in Table 2 . Com-
ared with the YS (93 MPa/97 MPa of ED/TD sample) and
TS (162 MPa/163 MPa of ED/TD sample) of Mg-1Li al-

oy, the YS (65 MPa/61 MPa of ED/TD sample) and UTS
154 MPa/144 MPa of ED/TD sample) of Mg-3Li alloy are
lightly low, whereas the EL is inverse. Moreover, the me-
hanical strength of Mg-5Li alloy presents an elevation when
ompared with Mg-3Li alloy, which is ascribed to the refine-
ent strengthening and/or solution strengthening of lithium.
s a result, the effect of lithium on the mechanical per-

ormance of HCP Mg–Li alloy is dependent on the lithium
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Fig. 6. SEM Observations to the fracture surfaces and side surfaces of (a) Mg-1Li, (b) Mg-3Li and (c) Mg-5Li alloys. 
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concentration, which is also in consistent with the previous
work [21] . 

To reflect and compare the deformed microstructures of
the three HCP Mg–Li alloys along differently orientations, the
fracture surfaces and morphologies of side surfaces within a
distance of about 1 mm from the fracture sites are observed, as
shown in Fig. 6 . For the Mg-1Li alloy, the fracture surfaces of
both ED and TD samples are quite similar and mainly com-
posed of tearing ridge and cleavage plane, which is a typical
mixed ductile-brittle fracture. The side morphologies reveal
that the surface is flat and no necking occurs in the low-
magnified observation, whilst the obvious deformation bands
nd micro-cracks can be observed in the high magnification
or both ED and TD samples. Meanwhile, micro-cracks ini-
iate and propagate preferentially along the deformed bands,
hich is corresponding to the tearing ridge and/or plane in

he fracture surface. In terms of Mg-3Li alloy, the fracture
urface of ED and TD samples present a little difference, the
earing ridge of ED sample gradually transforms into tearing
imple of TD sample. Generally, plastic dimples can accom-
odate plastic strain during the tensile testing. As a result,

he plasticity of TD sample is better than that of ED sample,
hich is in consistent with the tensile curves shown in Fig. 5 b.
he side fracture morphologies of Mg-3Li alloy show that the
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Fig. 7. Weight loss of Mg-1Li, Mg-3Li and Mg-5Li alloys exposed to 0.1 M 

NaCl for 3 days. 
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ecking occurs in TD sample and the deformation characteri-
ation with high density of slip bands and more micro-cracks
s conspicuous. Therefore, all the deformation evidences prove
 better deforming capacity when the tension of as-extruded
g-3Li alloys is conducted along TD direction. Additionally,

he side fracture morphology of ED sample is flat and only
parse slips can be observed, concomitant with a lower EL
alue. As for Mg-5Li alloy, the ductile fracture of ED and
D samples is obvious since a lot of dimples occur on the

racture surface. Compared with ED sample, the TD sample
ossess much more and deeper dimples, corresponding to a
etter plasticity shown in Fig. 5 c. Besides, more dense slip
ands with some cross-slips occurs in TD sample of Mg-5Li
lloy compared with the ED sample, which further elucidates
igher EL of TD sample. Moreover, the size of micro-cracks
nitiated at slip bands of Mg-5Li alloy decreases compared
ith the side fracture morphologies of Mg-1Li and Mg-3Li

lloys, implying a relative uniform deformation occurred in
CP Mg–Li alloy with high lithium content. 

.3. Corrosion behaviors 

The immersion testing is a practicable way to evaluate the
orrosion prosperity of magnesium alloy by calculating the
eight loss ratio, and the achieved weight loss rate of the
g-1Li, Mg-3Li and Mg-5Li alloys are shown in Fig. 7 . In

eneral, the mass loss results represent corrosion rate directly
nd the average mass loss rate determined for Mg-1Li, Mg-
Li and Mg-5Li immersed in 0.1 M NaCl for 3 days are 2.7,
.9 and 1.5 mg/cm 

2 /day, respectively. Namely, the mass loss
ate of Mg-5Li alloy is less than those of Mg-1Li and Mg-
Li alloys, indicating that the high Li content is capable of
educing the corrosion rate in the HCP Mg–Li system. 

The surface morphologies of Mg-1Li, Mg-3Li and Mg-
Li alloys immersed in 0.1 M NaCl for 16 h are shown to
ely strongly on the Li content, as shown in Fig. 8 . The
orrosion of Mg-1Li alloy reveals a deep groove-like corro-
ion morphology propagating along the ED direction preferen-
ially. Such a groove-like corrosion morphology is associated
ith the reported scenario whereby local anode and cathode
ites dynamically evolve [53–55] . With the lithium content in-
reasing up to 3 wt.%, the groove-like corrosion morphology
f Mg-3Li alloy becomes weaker. Compared with Mg-1Li
nd Mg-3Li alloys, the corrosion of Mg-5Li alloy is super-
cial and no obvious groove-like corrosion morphology is
bserved, consistent with the results of mass loss measure-
ents. Besides, it is noted that the other areas on the surface

f the Mg–Li alloys following 16 h immersion appears to be
lso corroded apart from the apparent groove-like morphol-
gy, and therefore it is deemed essential to carry out SEM
bservation. 

The SEM observations to the corroded surfaces of three
g–Li alloys after immersion in 0.1 M NaCl for 2 h are shown

n Fig. 9 , clarifying the microstructure dependent corrosion
ehavior. It should be notable that all the three HCP Mg–Li
lloys show the typical feature of filiform corrosion in the
ower magnification. Besides, the corrosion ‘filaments’ with
ifferent orientations in different areas of the sample surface
re seen in the high-magnified observation, which is associ-
ted with the anisotropy of different grains where the cor-
osion is occurring. On the other hand, larger and deeper
orrosion pits also occur in Mg-1Li alloys and the corro-
ion filaments ( Fig. 9 d) are destroyed, corresponding to the
orst corrosion resistance amongst the three Mg–Li alloys.
he number of corrosion pits with smaller size occurring in
g-3Li alloy decrease and the corrosion filaments are promi-

ent but slender, implying a better corrosion resistance than
hat of Mg-1Li alloy. With the lithium content increasing,
he Mg-5Li alloy shows no corrosion pits on its surface after
 h immersion and the apparent corrosion filaments are much
ner than that of Mg-3Li alloy ( Fig. 9 f), indicating the best
orrosion resistance of Mg-5Li alloy. 

Regarding the corrosion process in depth, typical 3D
LSM images illustrates the effect of lithium content on the
epth of corrosion pits after immersion in 0.1 M NaCl solu-
ion for different time ( Fig. 10 ). Corrosion depth and width
f Mg-1Li alloy are very sensitive to the immersion time, as
hown in Fig. 10 a-c. The shallow corrosion pits (177 μm) of
g-1Li alloy after 4 h immersion turn into larger and a lit-

le deeper pits (222 μm) of 8 h immersion and then to much
eeper corrosion grooves (391 μm) of 16 h immersion. For
g-3Li and Mg-5Li alloys, the corrosion depth is not sensi-

ive to the immersion time before 8 h and only the corroded
idth enlarges, whereas the corrosion depth of Mg-5Li alloy

s always less than that of Mg-3Li alloy at the same im-
ersion time. However, the corrosion depth of Mg-3Li alloy

hows an dramatic increment from 172 μm of 8 h immersion
o 390 μm of 16 h immersion, whilst the ascending value of
orroded depth (from 148 μm, 8 h to 267 μm, 16 h) for Mg-
Li alloy is slow relatively. Based on the above analysis and
escription, the high lithium concentration in HCP Mg–Li al-
oys can suppress corrosion sensitivity to the immersion time
n NaCl solution. 

Additionally, electrochemical testing is also an rational
nd acceptant approach generally to evaluate the corrosion
esistance and/or mechanisms of the materials. Herein, the
otentiodynamic polarization and electrochemical impedance 
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Fig. 8. Surface corrosion following the removal of corrosion products for (a) Mg-1Li, (b) Mg-3Li and (c) Mg-5Li alloys imposed to 0.1 M NaCl for 16 h. 

Fig. 9. SEM observations to specimen surfaces following the removal of corrosion products for (a) Mg-1Li, (b) Mg-3Li and (c) Mg-5Li exposed to 0.1 M 

NaCl for 2 h. Images (d), (e) and (f) are higher-magnification observations to the localization in images (a), (b) and (c), respectively. 

Fig. 10. Representative 3D CLSM images of (a-c) Mg-1Li, (d-f) Mg-3Li and (g-i) Mg-5Li alloys subjected to immersion in 0.1 M NaCl solution for (a) (d) 
(g) 4 h, (b) (e) (h) 8 h and (c) (f) (i) 16 h. 
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Fig. 11. (a) Potentiodynamic polarization curves and (b) EIS spectra (Nyquist plots) of Mg-1Li, Mg-3Li and Mg-5Li alloys measured in 0.1 M NaCl solution. 

Table 3 
Tafel fitting results derived from the polarization curves of the three Mg–Li 
alloys in 0.1 M NaCl. 

Alloy E corr (V SCE ) i corr (A/cm 

2 ) 

Mg-1Li −1.49 ±0.02 (1.05 ±0.15) ×10 −5 

Mg-3Li −1.54 ±0.03 (8.03 ±0.21) ×10 −6 

Mg-5Li −1.59 ±0.02 (6.89 ±0.26) ×10 −6 
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pectroscopy (EIS) measurements are carried out to further
lucidate electrochemical response of the three Mg–Li alloys,
nd the corresponding polarization curves and Nyquist plots
re shown in Fig. 11 . Based on the measured polarization
esponse of the three Mg–Li ( Fig. 11 a), it is possible to spec-
late that the cathodic hydrogen evolution reaction (HER) ki-
etics decrease gradually with the increasing lithium content
denoted by the arrow). The anodic reaction kinetics of the
tudied Mg–Li alloys in 0.1 M NaCl implies a low anodic
afel slope and no apparent passivation. Even though a visual
hift in the polarization curves, it seems that the anodic Tafel
lope associated with the anodic partial reaction is essentially
nchanged with the alteration of lithium concentration, such
hat the controlling factor (in terms of corrosion current den-
ity) is where the cathodic kinetics intersect to form corrosion
otential (E corr ). It is rationalized from the potentiodynamic
olarization data that E corr is increased with the descending
ithium content. The detailed corrosion parameters are fitted
y Tafel extrapolation and the results are listed in Table 3 . The
g-5Li alloy presents the lowest corrosion current density

i corr ) of 6.89 ×10 

−6 A/cm 

2 , whilst i corr values of Mg-1Li and
g-3Li alloys are about 1.05 ×10 

−5 A /cm 

2 and 8.03 ×10 

−6 

/cm 

2 , respectively. Therefore, Mg-5Li alloy containing the
ighest lithium content exhibits the best corrosion resistance.

The Nyquist plots of the three Mg–Li alloys present the
orm characteristic of Mg alloys [56] , whereby there is a
igh frequency capacitive loop, and an additional medium-
o-low frequency capacitive loop that extends into the third
uadrant with decreasing frequency (often termed an induc-
ive loop) ( Fig. 11 b). The high frequency capacitance loops
re attributed to the electric double layer at the interface be-
ween Mg substrate and 0.1 M NaCl electrolyte [37 , 43 , 57] .
he medium frequency capacitance loops are related to the
urface film [35] . Existence of low frequency inductive loop
an be ascribed to the surface film with insufficiently protec-
ive function and corrosion nucleation at the initiation stage of
ocalized corrosion. In addition, the capacitance loop dimen-
ion is enlarged obviously with the increasing lithium content
n the three Mg–Li alloys. In general, the larger capacitance
oop of Mg alloys indicate the lower dissolution rate, which
lso demonstrates that compact films are formed on the sur-
ace. As a result, the corrosion rate of the HCP Mg–Li alloys
ecreases and the film protection function enhances with the
ncreasing lithium content. 

. Discussion 

.1. Effect of lithium content on the microstructure and 

echanical behavior 

As for the three HCP Mg–Li alloys studied in this work,
he natural difference is the lithium content as their casting
nd processing technologies/parameters are always constant. 
n the other hand, the different lithium addition can result in
ifferent recrystallized microstructure and/or crystallographic 
exture during hot extrusion. In general, it is acceptant that
on-basal slip of magnesium can be activated with the addi-
ion of lithium at room temperature [21 –29] . In a previous
tudy of Mg–Li single crystal deformation at room temper-
ture and below, a strong evidence for the enhancement of
 c + a 〉 slip by lithium additions was found as the critical re-
olved shear stress (CRSS) of 〈 c + a 〉 slip was lower than
hat of prismatic 〈 a 〉 slip at low temperatures [26] . Herein,
he texture and grain orientation characters of the as-extruded

g-5Li alloy ( Figs. 3 and 4 ) imply that large amounts of non-
asal slips can be activated during the tension. In terms of the
ner grains in Mg-5Li alloy, it can be possibly explained as
ollowing: more non-basal dislocations appear in the extrusion
rocess, which turn into the potential nucleation sites in the
ollowing dynamic recrystallization (DRX) process and then
romote grain refinement. DRX is a process involving nucle-
tion and growth of new grains, which is influenced by many
actors including deformation degree, deformation tempera- 
ure, solute atoms and second phases. Because the extrusion
emperature is same and no other third alloying element in the
tudied Mg–Li alloys, the change of their microstructure can
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be attributed only to the lithium composition. Generally, the
nucleation rate and growth rate of recrystallization decrease
with the increase of alloying element content [23] . More-
over, it has been reported that recrystallization temperature of
Mg–Li alloys increases with increasing Li content [23] . As
a result, the DRX fraction of Mg-5Li alloy is the lowest in
the studied HCP Mg–Li alloys. On the other hand, the refine
grain size can further improve the mechanical performance of
Mg-5Li alloy based on the Hall-Petch relationship [58] . 

Furthermore, the texture analysis indicates that as-extruded
HCP Mg- x Li ( x = 1, 3, 5) alloys present a texture element
with basal planes rotated ∼45 ° of Mg-1Li, ∼80 ° of Mg-3Li
and ∼85 ° of Mg-5Li with respect to the extrusion direction
(ED). A texture element of rotated basal planes of ∼90 ° with
respect to ED ( i.e. the c-axis is approximately perpendicular
to ED) was found in as-extruded Mg-4Li alloy with and with-
out icosahedral phase [30] . On the other hand, the 45 ° basal
texture of Mg-1Li alloy is altered into prismatic texture with
the increasing lithium content in Mg-3Li and Mg-5Li alloys,
concomitant with the similar results documented by previous
works [21 , 29] . In the research of effect of Li content on the
texture of Mg–Li alloys, Zeng et al. found that with the Li
content increasing up to 2 wt%, the basal texture weakened
by ∼ 24% compared with the as-extruded Mg-1Li sheet, yet
both of them showed a strong basal texture [21] . While in the
as-extruded Mg-3Li sheet, the basal texture intensity dropped
by ∼ 80% and tilted towards the transverse direction (TD)
by ∼ 63 °, and the prismatic pole figure showed a preferred
orientation along the extrusion direction (ED) [21] . In this
work, when the room temperature tensile test is conducted
on the as-extruded Mg-1Li alloy, the c-axes of these grains
will present about 45 ° with ED and TD tensile direction. At
this point, the Schmid factor for the basal slip is maximum,
and the non-basal slip is hardly to activate for its large CRSS
at room temperature. Herein, Schmidt factor (SF) can be ex-
pressed as [30 , 59] : SF = cos �cos λ, where � and λ (angles
� and λ are complementary ( �+ λ= 90 °)) are the angles of
tensile direction with respect to the normal direction of slip
plane and optimal slip direction, respectively. Therefore, the
mechanical anisotropy of Mg-1Li alloy along ED and TD
is trivial due to the equivalent slip capacity along the basal
planes presenting 45 ° with both ED and TD. With increasing
lithium content, such as for Mg-3Li and Mg-5Li alloys, the
c-axes of grains are inclined to tilt away ED and parallel to
TD ( Fig. 4 ), indicating a lower SF for the basal slip along ED
and a reversed result for TD sample. Therefore, the apparent
mechanical anisotropy with high strength and low ductility
along ED occurs for Mg-3Li and Mg-5Li alloys. 

4.2. Effect of lithium content on the corrosion behavior 

In general, the refined grain size could improve the corro-
sion resistance of Mg in neutral NaCl electrolytes with little
dissent [60 , 61] . The grain boundary can act as a physical
corrosion barrier and the refined grain microstructure means
much more grain boundaries in matrix, indicating a better
corrosion resistance of small-grained microstructure than that
f coarse-grained microstructure in magnesium [62] . As such,
n this work, the refined grains are correlated with the high
orrosion resistance of Mg-5Li alloy containing more lithium.
ctually, the effect of crystallographic orientation on the cor-

osion of magnesium should also be considered herein. For
agnesium alloys, one study examined Mg in 0.1 M NaCl and

tudy grains after EBSD where near the {0001} planes were
rgued to be most corrosion resistant [63] . Recently, Bland
nd coauthors reported that the Mg {0001} surface exhibited
orrosion susceptibility at the open circuit potential (OCP)
hile the {1010} and {1120} surfaces were passive at open

ircuit and pitting only initiated at potentials slightly anodic
o their open circuit potentials in a similar environment [64] .
s for the studied Mg-1Li alloy herein, its worst corrosion

esistance should be correlated with the inclined 45 ° basal
exture, as shown in Fig. 4 . Based on the analysis of grain
rientated distribution ( Fig. 3 ), more and more {0110} and
1210} planes (the green and blue grains) are inclined to the
ormal direction when the lithium content is elevated in HCP
g–Li alloys. Therefore, the grains with normal orientations

long the {0110} and {1210} plane (the green and blue grains
n Fig. 3 ) are difficult to be corroded in Mg-5Li alloy com-
ared with 45 ° base (0001) plane in Mg-1Li alloy, leading to
he high corrosion resistance of Mg-5Li alloy. 

In fact, the variation in corrosion rate derived from ther-
omechanical processing effects, although a real effect, was

ot as large as the effect imparted by changes in alloying
lements [65] . In this work, the surface film should play a
ey role in improving the binary HCP Mg–Li alloy with in-
reasing lithium content, concomitant with the enlarged ca-
acitive loops as shown in EIS plots ( Fig. 11 ). In general,
he composition of surface film on the traditional Mg alloys
xposure to NaCl solution was porous Mg(OH) 2 combined
ith less MgO [66 , 67] . In terms of the Mg–Li alloys herein,

he Mg(OH) 2 and MgO are inevitable in the surface film as
hat of traditional magnesium, whilst compounds containing
ithium should also be existed due to its higher electrochem-
cal/chemical activity. The XPS analysis of C 1 s on the Mg-
 Li ( x = 1, 3, 5, wt%) alloys after immersion in 0.1 M NaCl
or 2 h are shown in Fig. 12 . It can be seen that the peak corre-
ponding Li 2 CO 3 is enhanced with increasing lithium content.
s a result, the effect of Li 2 CO 3 on the surface film should be

onsidered to elaborate the improving corrosion resistance of
g-5Li alloy with more lithium content. Besides, the protec-

ive function of Li 2 CO 3 film on BCC Mg–Li alloys was also
eported recently [41-46] . Generally, the occurrence of degra-
ation for Mg alloys could be attributed to:1) magnesium was
n active metal and the passivation film composed of its oxide
nd hydroxide was only partially protective; 2) Cl − adsorp-
ion was believed to be able to penetrate the surface film and
estabilized the Mg atoms on the surface by weakening the
onding between the metallic atoms on the surface [34 , 68] .
owever, some attractive works could be referred recently to
rove that high corrosion resistant Mg alloys were possibly
lassified to BCC Mg–Li systems due to the excellent Li 2 CO 3 

rotective film deposited on the surface [41] . The underlaying
echanism on improving corrosion resistance of HCP Mg–Li
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Fig. 12. XPS analysis of the surface film on Mg-1Li, Mg-3Li and Mg-5Li alloys after immersion in 0.1 M NaCl solution for 2 h. 
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lloy with increasing Li can be revealed as following: the high
ithium concentration in Mg-5Li matrix accelerates the depo-
ition of Li 2 CO 3 compounds on the surface and the insoluble
i 2 CO 3 compounds can further seal the porous Mg(OH) 2 to
ome extent, mitigating the permeation of aggressive Cl − to
estroy the surface film. Nevertheless, the protective film on
he HCP Mg–Li alloys is not insistent like that on the BCC

g–Li alloy, resulting in severe corrosion occurring in Mg-
Li alloy with a long term immersion ( Fig. 10 ), similar results
ere reported in previous work [43] . 

. Conclusions 

Through investigating the effect of lithium content on the
exture, mechanical and corrosion behaviours of HCP Mg-
 Li ( x = 1, 3, 5 wt%) alloys, the following conclusions can be
rawn: 

1 The increasing lithium content could reduce the dynamic
recrystallization (DRX) of HCP Mg–Li alloys during hot
extrusion and alter the 45 ° base (0001) texture of Mg-1Li
alloy into prismatic texture of Mg-3Li and Mg-5Li alloys.

2 The 45 ° base (0001) texture causes the mechanical isotropy
of Mg-1Li alloy, whilst the obvious mechanical anisotropy
of Mg-3Li and Mg-5Li alloys are attributed to the strong
prismatic (10–10) and (11–20) texture. 

3 The groove-like corrosion of HCP Mg–Li alloys is weak-
ened with increasing lithium content and the Mg-5Li al-
loys present the higher corrosion resistance, which is as-
cribed to the protective surface film, combined with the
refined grains and the alteration of orientated prismatic
(10–10) and (11–20) planes to the exposed surface in NaCl
solution. 
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