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In this study, the microstructure and corrosion resistance of the as-extruded and as-extruded with subse-
quent heat treatment Mg-3Al-1Zn-15Li (LAZ1531) alloys have been investigated. The alloys� microstruc-
tures consisted of a(Mg), b(Li), H-MgLi2Al and Mg17Al12. As a result of annealing, the b(Li) to a(Mg)
transformation occurred, and the recrystallization supported the reformation of the Mg17Al12. The elec-
trochemical tests showed that the increased amount of a(Mg) and higher amount of Mg17Al12 in the heat-
treated alloy favored reactions and determined it as having better corrosion resistance in 3.5 wt.% NaCl.
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1. Introduction

Increasing pressures associated with environmental factors
such as carbon oxides in the atmosphere and increasing fuel
costs are driving many industrial branches to look for advanced
lightweight materials with the lowest possible densities such as
magnesium or aluminum alloys. One way to decrease the
weight of the materials is the use of alloying elements such as
Li, which has a density of 0.534 g cm�3 (Ref 1, 2). Li can
reduce magnesium alloys densities from 1.75 g cm�3 for the
AZ31 alloy, while Mg alloys with more than 11 wt.% of Li can
have densities as low as 1.33 g cm�3 (Ref 3, 4). According to
the equilibrium diagram for Mg-Li, additions over 11 wt.% of
Li also change the hexagonal close package (HCP) lattice of
Mg into a body-centered cubic (BCC) one, which plays a
significant role in plastic deformation as it facilitates secondary
slip systems (Ref 5-10). Mg alloys with more than 11 wt.% of
Li are also characterized by poor strength and better plasticity
compared to Mg-Li alloys with less than 11 wt.% of Li (Ref

11). Zn and Al have some solubility in Mg-Li alloys, their
addition to its chemical composition could increase its strength
(Ref 12-14). Al also provides strengthening by the mean of
grain size refining, solid solution hardening, and compounds�
reinforcements (Ref 15, 16).

Actual studies concerning b phase Mg-Li alloys focus
mostly on microstructural features that can improve the
mechanical properties of the mentioned materials (Ref 17-20).
It has been observed that depending on the alloying elements
and type of subsequent deformation, the Al12Mg17, H-
MgLi2Al, AlLi and other compounds of precipitates which
are enriched in Al can be present in b phase Mg-Li alloys (Ref
21-23). Their role depends on the multiple factors such as type
of deformation or treatment. The presence of h-MgLi2Al phase
in the Mg-9Li-6Al was detected by Qu et al. (Ref 24). Authors
proved that the hardness of aging state of LA96 was lower that
of solution state, and this was associated with the transforma-
tion of h-MgLi2Al to AlLi phase. It is worth mentioning that
solid solution parameters and their influence on the microstruc-
ture evaluation of Mg-9Li-6Al and Mg-9Li-6Al-2Y were also
investigated (Ref 23). It was stated that under the conditions of
340 �C for 0.5 h, h-MgLi2Al was dissolved into b(Li), and
AlLi precipitated from a(Mg). However, the ternary h-MgLi2Al
was also detected in the alloys with lower Al content, f.e. Liu
et al. (Ref 25) found the h-MgLi2Al in the LA141.

The most common and problematic issue, besides unsatis-
factory mechanical properties of the b phase Mg-Li alloys, is
their weak corrosion resistance (Ref 26-28). In the present
study, the design of an Mg-3Al-1Zn-15Li is described with a
focus on the influence of microstructural properties on the
mentioned Mg-Li alloys after conventional extrusion, and after
conventional extrusion with subsequent annealing in respect to
their corrosion resistance.

2. Materials

The AZ31 alloy (3% Al wt, 1% Zn wt.) was melted in a
Balzers vacuum furnace and 15 wt.% of high-purity Li was
added into the composition. As a result of melting, the circular
rods with a diameter of U 40 mm were obtained and extruded
up to U 20 mm. The extrusion was carried out at a 200 �C with
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a strain rate of 0.5 s�1. A second set of materials was also hot
extruded to U 20 mm, and then heat treated under isothermal
conditions at 200 �C for 1 h. The conditions of the extrusion
(temperature and strain rate) and subsequent heat treatment
(temperature and duration) were chosen to prevent unfavorable
grain growth in the produced alloys (Ref 29, 30).

3. Methodology

The Li concentration was measured utilizing atomic absorp-
tion spectrometry (AAS) using a GBC Plus machine. The
optical images were done after chemical etching in a 4 wt.%
nital reagent applying Zeiss AxioScope A1 microscope. The
phase composition of the analyzed materials was determined
using the Bruker D8 Advance diffractometer. X-ray diffraction
(XRD) investigations were performed at 40 kVand 40 mAwith
Cu Ka radiation with step scanning 2h from 20� to 100� and a
step size of 0.02�. A count time of 10 s per step was used. By
comparing the integrated intensities of the diffraction peaks
from each of known phases, the semi-quantitative analysis of
the relative composition of the microstructure constituents was
done. To describe the characteristic temperatures of exothermic
or endothermic reactions occurring in materials, differential
scanning calorimetry measurement (DSC) was performed using
Pekin Elmer DSC8000. The sample of 10.2 mg was heated up
to 450 �C, and data were collected at a heating rate of 20 K/
min. The high-purity Ar was used as purge gas.

The corrosion resistance of the alloys was evaluated in a 3.5
wt.% NaCl solution at ambient temperature using FAS1 Gamry
potentiostat. A traditional three electrodes setup was used with
platinum wire as a counter electrode, an Ag/AgCl as a reference
electrode and a sample as a working electrode. Electrochemical
tests were conducted in a loop consisting of 1 h of immersion
in an open circuit potential (OCP), and then electrochemical
impedance spectroscopy (EIS) was registered. Next, samples
were immersed in OCP for 5 h, and EIS was measured once
again. The last step of the loop was to obtain potentiodynamic
polarization (PDP) curves with a scan rate of 1 mV/s. The EIS
tests were performed in a frequency range from 2.5 9 10�2 to
5 9 104 Hz with a sinusoidal signal amplitude of 10 mV. After
electrochemical tests, the samples were observed using scan-
ning electron microscopy (SEM) Tescan Vega in backscattered
mode (BSE). To identify the phase composition of corrosion
products formed during electrochemical measurements and
XRD measurements were done.

4. Results

4.1 Microstructure Characterization

The actual concentration of Li in the case of the extruded
Mg-3Al-1Zn-15Li is found to be 14.0 wt.%, while the amount

of Li after annealing decreases to 11.9 wt.% (Table 1). The
decreased amount of Li after annealing indicates that during
heat treatment the Li evaporation or/and oxidation occurred.

As shown in Fig. 1, the microstructure in both conditions of
studied alloy consists of coarse grains with nearly regular size
and distribution. When comparing Fig. 1(a) and (b), the
microstructure with smaller grain size is obtained for the
annealed Mg-3Al-1Zn-15Li. The determined by of the method
of linear interception length mean grain size for the extruded
microstructure is about 75 lm while for the annealed it is found
to be about 40 lm. The optical images indicate that the heat
treatment did not lead to the full microstructure homogeniza-
tion. The XRD patterns show that both alloys are mainly
composed of b(Li) and a(Mg), and the presence of the second
phases Mg17Al12 and MgLi2Al is also confirmed (Fig. 2).
Although the presented phase composition is very similar, the
semi-quantitative composition given in Table 2 is specific for
the alloy before, and after annealing. In the extruded alloy, the

Table 1 The Li concentration calculated for as-extruded and as-annealed Mg-3Al-1Zn-15Li (wt.%)

Material Li, wt.%

As-extruded Mg-3Al-1Zn-15Li 14.0
As-extruded with subsequent heat treatment Mg-3Al-1Zn-15Li 11.9

Fig. 1 The optical images of (a) the extruded Mg-3Al-1Zn-15Li,
(b) the extruded with subsequent heat treatment Mg-3Al-1Zn-15Li
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b(Li) phase is predominant over the a(Mg) and the ratio of
b(Li) to a(Mg) is estimated to be 89-1%. During subsequent
heat treatment the b(Li) to a(Mg) transformation occurred.
Therefore, the ratio of b(Li) to a(Mg) in the annealed alloy
decreased, and it is found to be 58-31%. According to DSC
measurement, the b(Li) to a(Mg) transformation could happen
when the endothermic reaction was observed reaching its
highest intensity at 260 �C (Fig. 2). The high value of
DH � 16 J/g suggests that the transformation was very intense,
which is consistent with previous results of the numerical
simulations obtained by Taylor et al. (Ref 31). It is worth to
notice that during annealing the Mg17Al12 precipitated from the
matrix, and its relative amount increased from 5 to 7%, while
the amount of H-MgLi2Al has not been changed (Fig. 3).

4.2 Electrochemical Testing

The evolution of EOCP registered for both materials is
presented in Fig. 4. The steady increasing trend of EOCP for
both samples is observed during first hour of measurement.
After 1 h of immersion the EOCP spike is observed, which is
associated with following EIS measurements. After that, the

steady trend in EOCP evaluation is registered during the all
measurement duration, but the values of EOCP for the extruded
Mg-3Al-1Zn-15Li are slightly lower than for the annealed
alloy.

The impedance data recorded in 3.5 wt.% NaCl solution at
OCP after 1 and 6 h were plotted as Nyquist and Bode plots
which are shown in Fig. 5(a), (b), and (c). The shape of all
Nyquist plots is similar: a capacitive loop at high and medium
frequencies and an inductive loop at low frequencies (Fig. 5a).
The experimental results were fitted with an equivalent electric
circuit (EEC) shown in Fig. 6. The existence of the capacitive
loop in high and medium frequency is related to charge transfer
processes (Ref 32) and the resistance of the corrosion products�
film (Ref 33). This loop is described by Rct and CPEct, where
Rct is a charge transfer resistance, and CPEct is an electric
double-layer capacity at the interface between substrate and
electrolyte (Ref 34). Rf represents the porous film resistance and
CPEf demonstrates the formed oxide film capacity. The second
loop which occurred in low frequencies reflects the processes of
adsorption of corrosion products on the surface of corroding
sample. This loop is described by RL and L, which are
identified with nonhomogeneous adsorption processes.

The recorded values of impedance are very low and typical
for active materials that easily corrode in the tested environ-
ment (Ref 35, 36). After 1 and 6 h of the immersion, the
diameter of the capacitive loop recorded for the extruded
sample is shorter than for the annealed. The more compact
corrosion products� layer is formed on the surface of annealed

Fig. 2 XRD patterns: (a) the extruded Mg-3Al-1Zn-15Li and (b)
extruded with subsequent heat treatment Mg-3Al-1Zn-15Li

Table 2 The relative composition of the Mg-3Al-1Zn-
15Li (%)

Component (phase)

Relative composition of Mg-3Al-1Zn-15Li,
%

As-extruded
As-extruded with subsequent

heat treatment

a (Mg) 1 31
b (Li) 89 58
MgLi2Al 1 1
Mg17Al12 5 7
Oxides 4 3

Fig. 3 The DSC curve obtained for the extruded Mg-3Al-1Zn-15Li Fig. 4 The EOCP over1 and next 5 h of immersion
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sample, which is confirmed by a higher value of Rf obtained
after 1 and 6 h of immersion (after 1 h: 440.0 and 660.0 X cm2

and after 6 h: 199.8 and 329.6 X cm2 for the extruded, and
extruded with subsequent heat treatment Mg-3Al-1Zn-15Li,

respectively). After 6 h the Rf value for the extruded, and
extruded with subsequent heat treatment samples decreases
from 440.0 to 199.8 for the extruded, and from 660.0 to
329.6 X cm2 for the annealed sample. The impedance values
also decrease after 6 h of immersion (Fig. 5b). This can be
associated with very intensive anodic reactions leading to the
material dissolution. As per results presented in Table 2, Rct for
the extruded sample decreases from 78.0to 56.8 X cm2, and
from 78.0 to 55.8 X cm2 for the annealed material. The RL

increases with time duration and this is recognized for both
analyzed materials. A significant increase is obtained for the
sample after extrusion; RL value increases almost 4 times (from
490.0 to 1800.0 X cm2).The gain of RL is also noted for the
annealed material, and its value changes from 600.0 to
876.0 X cm2. Nevertheless, as presented in Bode plots of |Z|
versus frequency (Fig. 5b), the inductive loop for the alloys
after 1 and 6 h of immersion has started at the same frequency.
Following the Langmuir adsorption model (Ref 37, 38), it
indicates that the reaction rate constant of the adsorption
processes for the both materials is constant, and it suggests that
adsorption processes are totally independent of the time of
immersion. As presented in Fig. 5(c), the maximum values of
the phase angle obtained for both samples after 1 h of
immersion are equal. This indicates that after 1 h of immersion
reaction rate constant of adsorption reaction does not depend on
the alloys� microstructures. The values of phase angle registered
after 6 h of immersion are slightly different for the extruded
and the annealed material, and it suggests, that the reaction rate
constant of adsorption reaction for extruded sample is slightly
higher than for annealed one. It may be associated with higher
internal energy in the extruded than in the annealed sample
(Table 3).

The potentiodynamic polarization curves obtained for
analyzed materials after 6 h of immersion are presented in
Fig. 7. The cathodic branch of both polarization curves is
driven by hydrogen evaluation reaction and the hydrogen
evaluation rate decreases which is confirmed by decreasing
current density when moving towards Ecorr. When the potential
reaches the value of Ecorr, the current density increases which
suggests that up to achieving breakdown potential (Eb) the

Fig. 5 EIS patterns obtained for the extruded, and the extruded
with subsequent heat treatment Mg-3Al-1Zn-15Li alloys after 1 and
6 h of immersion in 3.5 wt.% NaCl Fig. 6 The equivalent electric circuit (EEC) used for EIS fitting

Table 3 Parameters evaluated from Nyquist plots using equivalent electric circuit fitting

Mg-3Al-1Zn-15Li Rs, X cm2 Rct, X cm2 CPEdl, lF cm22 adl Rf, X cm2 RL, X cm2 L, H cm22 CPEf, lF cm22 af

Extruded 1 h 18.0 78.0 468.0 0.81 440.0 490.0 21,876 416.0 0.81
Extruded 6 h 16.9 56.8 595.0 0.75 199.8 1800.0 25,000 730.0 0.89
Annealed 1 h 18.0 78.0 466.0 0.85 660.0 600.0 21,840 210.0 0.81
Annealed 6 h 18.0 55.8 5213.0 0.76 329.6 876.0 17,784 814.0 0.74
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corrosion product film is forming on the investigated materials.
The materials started to corrode quickly when Eb is approached.
The Eb for Mg-3Al-1Zn-15Li as-extruded occurred at � 1.53
VAg/AgCl. When Eb has been achieved, the current density
immediately decreased, and after a short while it started to
increase. This phenomenon may be related to the second phases
dissolution. The Eb for AZ31-15Li after annealing is higher
than for the extruded material (� 1.48 VAg/AgCl) and no rapid
decrease in current density was observed. The obtained for both
materials values of Eb are just about 10 mV more positive than
Ecorr, which suggests the formation of the oxide films is very
limited in the case of extruded as well the annealed sample.
However, the corrosion current density icorr is two times lower
for the annealed sample and is estimated to be 0.04 and
0.02 mA cm�2 for AZ31-15Li without and with annealing,
respectively (Table 4).

4.3 Post-corrosion Observations

Figure 8 and 9 present SEM views for the Mg-3Al-1Zn-
15Li alloys after electrochemical tests. In both cases the surface
of analyzed samples after electrochemical tests is well devel-
oped (Fig. 8a and 9a). It can be seen that dissolution reactions
were not overcompensated by adsorption reactions, as well as
reactions leading to the corrosion products formation were very
limited, and this is consistent with potentiodynamic results.
Images taken with higher magnification indicate that more
compact corrosion products were adsorbed on the annealed
sample (Fig. 8b and 9b). In both cases the corrosion products
were mainly composed of Mg(OH)2 and Al2O3 (Fig. 10).
Moreover, MgAl2OÆ4H20 and LiMgCl2 were also detected.

5. Discussion

The corrosion resistance of the as-extruded and the as-
extruded with subsequent heat treatment Mg-3Al-1Zn-15Li
alloys varied due to occurred during subsequent heat treatment
phase transformation. Based on XRD patterns, as-extruded and
as-extruded with subsequent heat treatment alloys were mainly
composed of a(Mg), b(Li), H-MgLi2Al and Mg17Al12. Due to
subsequent at 200 �C for 1 h annealing, the b fi a transfor-
mation occurred, and precipitation of Mg17Al12 were observed.

Both alloys, as-extruded and as-extruded with subsequent
heat treatment corroded uniformly. The main corrosion mech-
anism in dual structured Mg-Li alloys is a micro-galvanic
corrosion between a(Mg) and b(Li) which strongly depends on
the volume fraction between a(Mg) and b(Li). The results
presented in this work clearly demonstrates that the increasing
amount of a(Mg), which because of its nature possess better
corrosion resistance than b(Li), was the main reason of
improved corrosion resistance of the heat-treated alloy. When
exposed to corrosive medium a(Mg) is more stable than b(Li),

Fig. 7 The potentiodynamic curves of analyzed materials obtained
in 3.5 wt.% NaCl at ambient temperature

Table 4 Electrochemical parameters calculated from
Tafel extrapolation of potentiodynamic polarization curves

Mg-3Al-1Zn-15Li
Ecorr vs. Ag/
AgCl, V

icorr, mA
cm22

As-extruded � 1.54 0.04
As-extruded with subsequent heat

treatment
� 1.49 0.02 Fig. 8 Post-corrosion observations obtained for the extruded Mg-

3Al-1Zn-15Li (a) and (b) surface morphology with different
magnification
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and it might support formation of slightly denser corrosion
products on the surface of the annealed sample. However, the
corrosion products were formed very randomly, and they did

not create any continuous form of the oxide layer. The
identified corrosion products were multicomponent, and these
types of films formed on the Mg-Li alloys have characteristic
porous and loose structure (Ref 26, 39, 40). In this work, the
substrate was randomly covered with multicomponent corro-
sion products, where Mg(OH)2 and Al2O3 were detected. As it
was described for the AZ31 and AZ91 alloys, the reason for the
Al2O3 formation is reactions occurring when local pH in
cathodic reaction increases the solubility of Al. Then in the
neutral solutions the Al2O3 can be formed (Ref 41):

2Alþ 3H2O ! Al2O3 þ 6Hþ 6e ðEq 1Þ

Al2O3 is generally more stable than Mg(OH)2, and it can be
deduced that its higher content in adsorbed corrosive products
can favor to obtain more continuous and impact film on the
surface of the Mg-Al-Li alloys. Al has a major role in corrosion
of Mg-Al alloys, and so far the effect of the second phase
Mg17Al12 in the corrosion of Mg-Al alloys was widely
investigated (Ref 33, 42-45). Depending on its amount and
distribution (continues or discontinuous) the presence of
Mg17Al12 can favor or block corrosion reactions (Ref 46, 47).
The presented results show that the adsorption processes were
supported by Al3+ ions, which dissolved to the solution from
the matrix and second phases. There is a probability that in the
case of the analyzed materials the presence of second phase
Mg17Al12 improves passivation ability of the heat-treated alloy,
but the passivation is still very limited. Based on the presented
experiments, there is no other indication about role of Mg17Al12
in the corrosion of Mg-Al-Li. However, it is clearly seen that
the formation of the corrosion products was additionally
blocked. As the corrosion of Mg-Al-Li alloys is a very
complicated process, it has to be noted that adsorption reactions
can be disturbed by dynamic Li dissolution (Ref 48) and in
solutions containing chlorides, the quality of the anodic passive
film on the Mg-Al-Li alloys generally decreases due to
localized attack of Cl� (Ref 49).

6. Conclusions

The phase transformation and corrosion behavior of AZ31-
15Li as-extruded and as-extruded with subsequent heat treat-
ment were presented in this study. The following conclusions
can be drawn:

1. As a result of the heat treatment (200 �C for 1 h) the
b fi a transformation occurred in the Mg-3Al-1Zn-
15Li.

2. Both alloys: as-extruded and as-extruded with subsequent
heat treatment, corroded uniformly. Because of initializa-
tion of the b fi a transformation, the increasing amount
of a(Mg) influenced in Mg-3Al-1Zn-15Li corrosion resis-
tance improvement.

3. The presence of higher amount of Mg17Al12 probably
supported passivation ability of the heat-treated Mg-3Al-
1Zn-15Li.
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