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a b s t r a c t

The influence of the microstructure and the oxide film of the Mg–9.29Li–0.88Ca alloy on its corrosion
behaviour was investigated using SEM, EPMA, XPS and corrosion measurements. The results demon-
strated that the fine-grained microstructure improved the mechanical and corrosion resistance of the
alloy and shifted pitting corrosion to overall corrosion. The oxide film contained a multi-layered struc-
ture, with the outer layer being enriched in lithium-bearing compounds; the interior layer predominantly
consisting of oxides, hydroxides and carbonates of lithium and magnesium; and the bottom layer con-
taining oxides. The Pilling–Bedworth ratio for chemical compounds was proposed, and the corrosion
rates were characterised.

� 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Mg–Li alloys such as LAE442 (Li 4%, Al 4% and RE 2%), Mg–8Li,
Mg–8Li–3Al, Mg–8Li–1Y, and Mg–8Li–3Al–1Ce have potential
applications in aerospace, automobile, 3C products, anodes and
biomaterials due to their high specific strength, excellent formabil-
ity, high Faradic capacity and good biocompatibility [1–6].

The introduction of elemental lithium, which has a body-cen-
tred cubic (bcc) structure, into the hexagonal closed packed (hcp)
magnesium can change the structure of magnesium. Mg–Li alloys
can be categorised into three types based on the lithium content:
a, dual phase (a + b) and b alloys. When the lithium content is
greater than 5 wt% and less than 11 wt%, the alloy is composed
of a and b phases. The dual phase structure of Mg–Li alloys results
in excellent superplasticity and ductility [7–9]. These unique prop-
erties are attributed to a decrease in the lattice constant ratio (c/a)
as lithium content increases, activating non-basal slip planes and
resulting in a significant increase in the volume fraction of the
bcc phase [2,10]. The latter effect is the major reason for the en-
hanced ductility and superplasticity of the dual phase Mg–Li alloys.
The elastic modulus of Mg–Li alloys decreases with increasing lith-
ium concentration [11] and is close to that of bones. Lithium has no
influence on cell viability or the inflammatory response [12].

Ca is one of the major elements in bones, and has the potential
to further reduce the density of Mg–Li alloys, refine the microstruc-
ture and improve the strength by forming the intermetallic com-
pound Mg2Ca, and limit oxidation [13]. CaO oxides in MgO film
were suggested to provide an effective barrier inhibiting oxygen
diffusion into Mg alloys [14].

Unfortunately, scientists have little knowledge about the role of
Ca in the corrosion of Mg alloys. Song [15] claimed that alkaline
metal elements (e.g., Ca) have no significant influence on the cor-
rosion of magnesium. However, Kim et al. [16] demonstrated that
the addition of Ca into pure Mg gave rise to the formation of Mg2Ca
particles, thus accelerating the corrosion rate of pure Mg due to the
presence of micro-galvanic corrosion between the Mg2Ca phase
and the a-Mg phase. Hanawalt and Hassel [17,18] reported that
an increase in Ca content reduced the corrosion of magnesium al-
loys in NaCl solutions. However, Ca can improve the corrosion
resistance of Mg–Li alloys [13,19].

Recently, scientists have focused on the preparation and surface
modification of magnesium alloys for biomedical applications be-
cause existing commercial magnesium alloys cannot achieve the
required mechanical properties, particularly the ductility and cor-
rosion properties.

The alloying elements for Mg–Li alloys include Al, Zn, Ca, Ag,
Mn, Sr and RE (Nd, Ce, Y and Sc) [1,19,20]. Solid solution Mg–Li al-
loys with low amounts of precipitation exhibit significantly in-
creased ductility. b-(Mg, Li) is well known to exhibit good
formability but relatively low strength and work hardening capac-
ity [21].
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Grain refinement is an important approach to improving the
strength of metals. Severe plastic deformation such as extrusion
has been extensively used to refine grains and enhance the corro-
sion resistance of magnesium alloys [22].

In vivo degradation revealed that the LAE442 alloy has a longer
durability in vivo than AZ91D [23], which is the reverse of the
in vitro corrosion rates [23]. Thus, evaluation of the in vitro degra-
dation rates of magnesium alloys is a critical issue [23]. Particular
attention has been devoted to the development of Mg–Li alloys as
degradable biomaterials [24–28]. Nevertheless, the corrosion
mechanism of Mg–Li alloys remains poorly understood [29].

Generally, the corrosion behaviour of Mg–Li alloys is affected by
factors including alloying elements, microstructure, the micro-
structural features of the natural oxide film and corrosion product
film, and the environmental medium [30]. Song [9,29] found that
in ambient atmosphere, the oxide film of etched Mg–8Li alloys
possesses multiple layers, including Mg(OH)2, Li2O, MgO, LiOH,
Mg and Li. Lithium oxide was enriched at the outer oxide layer,
leading to a decrease in the corrosion resistance of Mg–8Li alloys
compared to pure magnesium [9]. Pitting corrosion occurred in
the initial immersion stage, followed by filiform corrosion [9].

Moreover, the weight losses in synthetic seawater of hcp Mg–
xLi (x = 4, 8, 12 at.%) alloys with minor additions of lithium de-
creased with increasing lithium content, whereas the Mg–Li alloys
with bcc structures corroded much faster and built thick layers
that immediately fell off, thus exhibiting the largest weight loss.
The dual phase (a(Mg) + b(Li)) Mg–8Li alloy exhibited the smallest
weight loss [13,19,30]. We propose that the presence of lithium
leads to the formation of a thin film, which is, at least partially,
composed of LiCl [30].

Meyer-Lindenberg [31] confirmed that lithium can improve the
corrosion resistance of an MgLiAlRE alloy through a mechanism in
which corroding lithium increased the pH value of the solution to
greater than 11.5, which stabilised the Mg(OH)2 film on the alloy
surface. As mentioned above, the effects of the oxide film and the
corrosion product films on the corrosion resistance of Mg–Li alloys
is ambiguous, and contradictory results have been reported.

Additionally, solution media have a significant impact on the
corrosion of Mg–Li alloys. Increasing the pH value and decreasing
the concentration of Cl- ions resulted in an increase in the corro-
sion resistance of Mg–Li alloys [32]. Thus, the influences of lithium
on the characteristics of natural oxide film and corrosion product
film remain unclear.

Unfortunately, little information is available in the literature
regarding the corrosion of the ternary Mg–Li–Ca alloys. Song
[14,21] found that the addition of Ca improves the oxidation resis-
tance of the Mg–12Li–0.5Ca alloy in air at 350 �C and that oxida-
tion preferentially occurred on the primary b phase of Mg–12Li–
5Ca. Our previous study [5] demonstrated that Mg–Li–Ca alloys
had lower pH values and better corrosion resistance in Hank’s solu-
tions compared with Mg–Ca alloys. The corrosion mechanism of
the dual phase Mg–Li–Ca alloy is absolutely different from that
of the Mg–Li alloy [9], and needs to be clarified.

This paper aims to investigate the influence of the microstruc-
ture, the natural oxide film and the corrosion product films on the
corrosion behaviour of Mg–Li–Ca alloys and to gain further in-
sight into the corrosion mechanism of dual phase Mg–Li–Ca
alloys.

2. Experimental

2.1. Materials

The cast Mg–9.29 wt% Li–0.88 wt% Ca ingots were fabricated at
the Institute of Metals Research, Chinese Academy of Sciences. The

ingots were extruded into sheets on an extrusion machine (Yuan
hang, 800 t) at the Magnesium Industry in Chongqing Science
and Technology Company, Ltd., at an extrusion ratio of 20.4:1
and an extrusion rate of 1 m/min. The mould and extrusion tem-
peratures were 350 �C and 300 �C, respectively.

2.2. Corrosion characterisation

Magnesium is prone to attack in Hank’s solution. The following
reactions occur.

Mgþ 2H2O!Mg2þ þ 2OH� þH2 " ð1Þ

Mg2þ þ 2OH� !MgðOHÞ2 # ð2Þ

The attack results in three changes: (1) the weight loss of the
samples, (2) the increase in solution pH and (3) hydrogen evolu-
tion. Thus, the above approaches can be used to characterise the
corrosion rate of magnesium alloys in aggressive solutions. In par-
ticular, the hydrogen evolution rate (HER) is a significant parame-
ter in the assessment of the biodegradability of magnesium alloys
because 1 mol of H2 evolved corresponds to 1 mol of Mg dissolved,
with the result that HER is equivalent to the biodegradation rate of
a magnesium alloy [29]. HER can spontaneously and reliably reflect
the local degradation rate of magnesium alloys. Therefore, hydro-
gen evolution was monitored to evaluate the biodegradability of
magnesium alloys.

2.2.1. Corrosive medium
Hank’s solution was used as the medium, consisting of 8.0 g/L

NaCl, 0.4 g/L KCl, 0.14 g/L CaCl2, 0.35 g/L NaHCO3, 1.0 g/L glucose
(C6H6O6), 0.1 g/L MgCl2�6H2O, 0.06 g/L MgSO4�7H2O, 0.06 g/L Na2-

HPO4, and 0.06 g/L KH2PO4 in distilled water. The pH 7.2 solution
was prepared by weighing A.R. grade chemicals.

2.2.2. Weight loss
The immersion test of the samples was carried out at room tem-

perature according to GB10124-88. Before the immersion test, the
samples (45 mm � 26 mm � 4 mm) were ground on progressively
finer grades of emery papers up to 1200# grit and then weighed.
The ground and pre-weighed samples were exposed to 436 ml of
Hank’s solution for different intervals of time. The tests were car-
ried out without agitation or circulation and without disturbing
the corrosion system. At the end of the experiment, final cleaning
of the sample was carried out by dipping it in 200 g CrO3, 10 g
AgNO3, 20 g Ba(NO3)2 and 1000 ml distilled water for 5 min fol-
lowed by washing with acetone. The weight loss was measured
after each experiment. The immersion tests were repeated three
times to obtain reproducible results. The corrosion rate, vm, was
calculated according to the weight loss

mm ¼
m1 �m0

St
ðmg cm�2 day�1Þ ð3Þ

where m0 represents the mass prior to immersion, m1 is the mass
after immersion, S is the surface area of the samples, and t is the
immersion time.

2.2.3. Hydrogen evolution measurement
Hydrogen evolution can be used to evaluate both instantaneous

and average corrosion rates. As mentioned above, the cathodic
reaction mainly results in hydrogen evolution upon the corrosion
of magnesium in Hank’s solution. The measurement of evolved
hydrogen is an easy way to measure the corrosion rate of magne-
sium alloys exposed to aqueous solutions. In this study, the HER
from the samples was measured for 430 min in Hank’s solution.
The data were recorded at 10 min intervals for the first 100 min

70 R.-C. Zeng et al. / Corrosion Science 79 (2014) 69–82



Author's personal copy

and then at 20 min intervals. The corresponding corrosion rate, vH,
is then obtained from the following equation:

mH ¼
m1 � m0

St
ðml cm�2 day�1Þ ð4Þ

2.2.4. pH measurement
The pH values of the solution were measured by a pH meter

(PHS-25 type). The volume of solution depended on the surface
area of the sample according to a solution volume to sample area
ratio of 35 ml/cm2. The data were recorded at an interval of
10 min in the first 4 h, and at an interval of 20 min thereafter.

2.2.5. Potentiodynamic polarisation measurement
The electrochemical corrosion behaviour of the samples was

studied using a potentiostat/galvanostat corrosion measurement
system (EG&G model 273). Prior to the experiment, the samples
were ground up to 1200 grit emery paper, and then washed with
distilled water and acetone. Polarisation measurements were car-
ried out in a corrosion cell containing 400 ml of Hank’s solution
using a standard three-electrode system. A saturated calomel elec-
trode (SCE) was used as a reference with a platinum counter elec-
trode, and the sample was the working electrode. The exposed area
was 2.84 cm2. Potentiodynamic polarisation curves were measured
after 5 min immersion of the samples in the solution. The scanning
potentials ranged between ±300 mV at a scan rate of 1 mV/s. All
the potentials in this study are with respect to the SCE. The tests
were repeated three times for each alloy.

2.3. Tensile test

The tensile tests were performed on a CMT5105 type tensile
machine at a strain rate of 3 mm/min. The gauge length and width
were 25 mm and 6 mm, respectively.

2.4. Surface analysis

Producing a thick oxide film on Mg alloy requires a longer expo-
sure time in ambient atmosphere. Thus, the samples of Mg–Li–Ca
alloys were stored in the laboratory in an ambient atmosphere
for more than 3 years. A dense and thick natural oxide film was ob-
tained, with a grey colour dotted with white filiform tracks. The
procedure used to map the whole structure of the natural oxide
film consisted of four steps: First, the samples were probed using
X-ray photoelectron spectroscopy (XPS) to obtain the elemental
information of the topmost layer of the oxide film; Second, the
samples were examined using X-ray diffraction (XRD) to determine
the constituents under the topmost layer of the oxide film; Third,
the samples were ground and exposed to air in an ambient atmo-
sphere for 16 h or so, and the stimulated oxidation process was
investigated using XRD; Finally, the samples were ground, pol-
ished, etched and exposed to a dry atmosphere in a desiccator
for 16 h, after which the chemical compositions of the oxides on
a and b phases were analysed using electron probe X-ray micro-
analysis (EPMA).

The samples were mounted in epoxy resin. Once the resin
cured, the samples were ground, polished and etched in two steps:
first, the samples were dipped in solution 1 (2 ml nitric acid, 3 ml
acetic acid, 1 g oxalic acid and 100 ml distilled water) for 5–15 s,
and dried in air. Second, the samples were placed in solution 2
(3 ml nitric acid + 100 ml distilled water) for 4–10 s, and then
immediately washed with ethanol.

Optical microscopy (OP, Olympus-GX41) and electron scanning
microscopy (SEM, JSM-64660LV) were used to discern the micro-
structure and morphology of the corroded surfaces. An attached
energy dispersive X-ray spectrometer (EDS, Oxford Isis) was used

to examine the chemical composition of the surfaces. The grain
size was measured by the line intercept method.

The natural oxide film on the alloy was probed with X-ray pho-
toelectron spectroscopy (XPS, ESCALAB 250) with Mg Ka radiation
(1253.6 eV) and 300 W power. Data were obtained after 30 s ion
etching. The profiles of the atomic percentages of the elements
Li, O and C were acquired by depth sputtering from 971 lm to
2697 lm. All energy values were calibrated based on the adventi-
tious C 1s signal (286.4 eV). The data were analysed with Xpspeak
4.1 software and plotted with Origin software.

The distribution of the elements in phases was studied using
electron probe X-ray microanalysis (EPMA, JXA-8230). The chemi-
cal compositions of Mg, O and Ca at the surface of the Mg–9.29Li–
0.88Ca alloy were identified by recording wavelength dispersive
spectroscopy (WDS) spectra.

In addition, X-ray diffraction (XRD) was used to examine the
chemical make-up of the natural oxide film of the alloy and its cor-
rosion products formed in Hank’s solution. Two samples were
used: the sample exposed to air in ambient atmosphere for more
than 3 years, and the ground sample exposed to air in ambient
atmosphere for approximately 16 h.

3. Results

3.1. Change in microstructure

The microstructure of the cast Mg–8Li–1Ca alloy was character-
ised by the a-Mg phase, b(-Li) phase and the intermetallic
compound Mg2Ca at grain boundaries (GBs) (Fig. 1a), whereas
refined and elongated grains developed in the extruded
Mg–9.29Li–0.88Ca alloy (Fig. 1b).

Fig. 1. Optical micrographs: (a) the cast and (b) extruded Mg–9.29Li–0.88Ca alloys.
The phase with the white colour represents the a phase, while the grey phase is the
b phase. Mg2Ca particles are located in GBs and in the phase interiors.
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The phase Mg2Ca, segregated at GBs, was identified by EDS, as
shown in Fig. 2a. Fig. 2b shows that broken-up and dispersive Mg2-

Ca particles were embedded at the interface of the a and b phases
in the extruded alloy along the extrusion direction. Hot extrusion
caused a reduction in average grain size from approximately
279 lm to 59 lm. This result is different from the average grain
size of the a phase alloy Mg–2Li–0.3Ca and the b phase alloy
Mg–15Li–1.5Ca fabricated by electrochemical codeposition, which
are 100 lm and 70 lm, respectively [33]. The coarse grained
microstructure in the cast Mg–9.29Li–0.88Ca alloy is ascribed to
a post homogenisation process. The volume fractions of the a
phase and b phase are 26% and 74%, respectively, based on compu-
tations by the lever rule. The volume fractions of Mg2Ca (Fig. 2) in
the cast and extruded alloys are 5.54% and 6.29%, respectively.
Mg2Ca particles are clearly more dispersed in the extruded alloy
than in the cast alloy.

Obviously, the microstructure of the cast Mg–9.29Li–0.88Ca al-
loy is different from that of the Mg–12Li–5Ca alloy, which has an
interdendritic lamellar structure with primary dendrites and inter-
dendritic eutectic regions due to its higher calcium content [21]. As
demonstrated by the EDS spectrum inserted in Fig. 2, the com-
pound is Mg2Ca rather than Li2Ca, as Ca has a larger negative en-
thalpy of formation with magnesium (Mg2Ca) than with lithium
(Li2Ca) [21]. However, Mg2Ca is one of the eutectic constituents
of the Mg–12Li–5Ca alloy. The addition of Ca into an Mg–12Li alloy
resulted in an as-cast microstructure with primary dendrites of the
b phase, a solid solution of hcp magnesium in bcc lithium, and a
lamellar interdendritic eutectic of the b-phase and Mg2Ca. Cold-
rolling led to the re-distribution of the micro-constituents Mg2Ca
in the alloys [21].

3.2. Changes in mechanical properties

The fine-grained magnesium alloy is stronger than the coarse-
grained alloy, as the former has a greater total GB area to impede
the slip of dislocations [22]. In comparison with the cast alloys,
the average ultimate tensile strength (UTS) and yield strength
(YS) of the extruded Mg–9.29Li–0.88Ca alloys (Fig. 3a) increase
15.8% from 97.9 MPa to 113.4 MPa and 46.5% from 73.6 MPa to
107.8 MPa, respectively. The YS/UTS values of the cast and extru-
sion are 75% and 95%, respectively. The elongation to failures (EL)
of the cast alloy and the extruded alloy are 4.2% and 52.8%, respec-
tively. Accordingly, the EL of the extruded alloys is 12.7 times that
of the cast alloys. The significant improvement in the strength and
ductility after extrusion is ascribed to the decrease in grain size
and the increase in the volume fraction of Mg2Ca from 5.54% to
6.29%.

For magnesium alloys, the yield strength ry varies with grain
size according to the Hall–Petch equation

ry ¼ r0 þ kd�1=2 ð5Þ

where d is the average grain diameter, and r0 and k are constants
related to the material of interest.

In comparison to the extruded Mg–8Li and Mg–8.5Li alloys in
Fig. 3b, the higher yield strength of the extruded Mg–9.29Li–
0.88Ca alloy is ascribed to the dispersion strengthening resulting
from the intermetallic compound Mg2Ca particles [1,28]. This find-
ing suggests that calcium improves the yield strength of Mg–Li al-
loys. The excellent ductility of the alloy indicates potential clinical
applications in stents.

Fig. 2. SEM images of (a) the cast Mg–9.29Li–0.88Ca alloy, with the EDS spectrum
indicating that the intermetallic compound Mg2Ca was predominately distributed
at the GBs and, to a small degree, within the grains. (b) The broken-up and
dispersed Mg2Ca particles were embedded at the interface between the a phase and
b phase in the extruded alloy along the extrusion direction.

Fig. 3. Ultimate tensile strength (UTS), yielding strength (YS) and elongation to
failure (EL) of (a) the cast and extruded Mg–9.29Li–0.88Ca alloys and (b) as-
extruded Mg–9.29Li–0.88Ca, Mg–8Li and Mg–8.5Li alloys [1,28].

72 R.-C. Zeng et al. / Corrosion Science 79 (2014) 69–82



Author's personal copy

3.3. Change in corrosion rate

3.3.1. Change in rate of weight loss
The immersion test shows that the average rates of weight loss

of the cast and extruded alloys are 1.268 mg/cm2/day and
0.248 mg/cm2/day, respectively, after 430 min immersion in
Hank’s solution. The corrosion resistance of the extruded alloy is
4-fold lower than that of the cast alloy due to the fine grained
microstructure of the extruded alloy. Previous investigations have
demonstrated that smaller grains in the microstructures of magne-
sium alloys improve the corrosion resistance of the alloys [34].

3.3.2. Change in current density
The free corrosion potentials of the extruded Mg–9.29Li–0.88Ca

alloy and the cast alloy are �1.58 V vs. SCE and �1.65 V vs. SCE,
respectively. The corrosion current densities of the extruded and
cast alloys are 6.74 � 10�5 A/cm2 and 8.36 � 10�5 A/cm2, respec-
tively, as shown in Fig. 4. The extruded alloy has a slightly higher
corrosion resistance than the cast alloy, consistent with the rate
of weight loss. However, the slight distinction between current
densities implies that the polarisation technique has a limited abil-
ity to evaluate the in vitro corrosion rate of magnesium alloys be-
cause the anodic branch of magnesium cannot fit the Tafel law and
there is a negative difference effect (NDE) [35].

3.3.3. Change in HER
The HER vs. time curves consist of two distinct stages for each

alloy (Fig. 5). For the cast alloy, in the initial 130 min of immersion,
a continuous decrease in HER indicates the formation of a dense

layer of corrosion products and a period of incubation of corrosion
pits. In the subsequent immersion period, continuous acceleration
in the HER elucidates the breakdown of the oxide film and the
exposure of more fresh surface to the solution (Figs. 5 and 6a).
The HERs of the cast and extruded alloys are 1.22 ml/cm2/day
and 0.702 ml/cm2/day, respectively, after 430 min of immersion.

In contrast, for the extruded alloy, the increase in the HER over
168 min of immersion time indicates the dissolution of magne-
sium, and the subsequent reduction in HER implies the formation
of a compact layer of corrosion products (Figs. 5 and 6b).

Additionally, the area constructed by curves 1 and 2 in Fig. 5 can
be divided into the three zones A, B and C by the two immersion
times 0.5 h and 4.6 h. The HER difference DH between curve 2
and curve 1 is assumed to be

DH ¼ mH2 � mH1 ð6Þ

In zone A and zone C, DH is less than zero. This scenario is
consistent with the weight loss and polarisation curves. However,
in the middle period of immersion, DH is greater than zero. This
result is unexpected. This shows that the corrosion rate
derived from the weight loss and polarisation curves cannot
reflect the instantaneous corrosion rate of the dual phase
Mg–Li–Ca alloys.

3.3.4. Change in the pH value of the solution
For the samples soaked in Hank’s solution, the pH value of the

solution increased with immersion time (Fig. 5). The formation of
magnesium hydroxide and lithium hydroxide produced a compact
layer of corrosion products. Therefore, no obvious change in pH
values between the extruded and cast alloys was observed in the
first hour. The difference in pH between the two alloys progres-
sively increased in the following period, indicating that passivity
could develop more quickly on the surface of the extruded alloy
than on the cast alloy.

Fig. 4. Polarisation curves of the extruded and cast Mg–9.29Li–0.88Ca alloys.

Fig. 5. Changes in the HERs of the cast and extruded Mg–9.29Li–0.88Ca alloys and
in the pH values of the Hank’s solution.

Fig. 6. Corrosion morphologies: (a) pitting corrosion occurred on the cast Mg–
9.29Li–0.88Ca and (b) general corrosion occurred on the extruded Mg–9.29Li–
0.88Ca alloys after immersion in Hank’s solution for 430 min.
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4. Discussion

4.1. Influence of the microstructure on corrosion

It is well-known that microstructural features such as grain size
and the amount and distribution of intermetallic compounds of
magnesium alloys have important influences on corrosion resis-
tance [22,25].

4.1.1. Influence of grain size
Usually, alloys with fine-grained microstructures exhibit better

corrosion resistance than those with coarsened grains [22,34]. Kim
et al. [22] reported that the corrosion rate of the ultrafine-grained
magnesium alloy AZ61 obtained from current density and weight
loss is proportional to the reciprocal square root of grain size.
Our earlier work [34] also demonstrated that extruded ZK60 with
a fine grained microstructure exhibited better corrosion resistance.

4.1.2. Influence of intermetallic compounds
Generally, the size and distribution of the intermetallic com-

pounds play predominant roles in corrosion behaviour of metals.
Fig. 6 shows the corrosion morphologies of the two alloys after
immersion in Hank’s solution for 430 min. The presence of corro-
sion pits (Fig. 6a) on the surface of the cast alloy reveals that mi-
cro-galvanic corrosion occurred between the intermetallic
compound Mg2Ca and its neighbouring b phase. The Mg2Ca phase
had a relatively higher potential of �1.54 V vs. SCE [16] and thus
became the cathode, whereas the b phase had a much lower poten-
tial of �3.41 V vs. SHE (=�3.17 V vs. SCE) and was the anode. Sim-
ilarly, the difference in corrosion potentials between Mg2Ca and

the a-Mg matrix accelerated the corrosion of the Mg–Ca alloys
[16]. Moreover, the break-up of the secondary phase Mg2Ca during
extrusion led to a greater dispersion of the particles in the micro-
structure. As a consequence, the corrosion pits caused by the mi-
cro-galvanic corrosion between the Mg2Ca and a-Mg matrix
became relatively smaller and shallower (Fig. 7b). Thus, the refine-
ment of second phase may have played an equally important or
more important role than the refinement of the grains.

In contrast, the formation of a dense layer of corrosion products
prevented any localised attack on the extruded alloy (Fig. 6b). This
can be attributed to the formation of a hydroxide, carbonate and
phosphate film and will be discussed in subsequent sections. There-
fore, the refined microstructure of dual phase Mg–Li–Ca alloys chan-
ged the corrosion type from pitting corrosion to overall corrosion.

Further investigation by SEM observation reveals that for the
cast alloy, pitting corrosion or intergranular corrosion occurred at
grain boundaries, where the b phase surrounding the Mg2Ca parti-
cles were initially attacked (Fig. 7a). More concisely, the attack ini-
tiated at the interface of the a and b phases due to Mg2Ca particles
were embedded in the a phase (Fig. 7b). The EDS results in the in-
set of Fig. 7 designated the formation of the corrosion product
Mg(OH)2 adjacent to Mg2Ca particles.

Our findings are different from the filiform corrosion observed
for Mg–8Li alloy in 0.1 M NaCl solution [9]. Song [9] found that
localised attack occurred at the boundary of the a and b phases
at the early stage of immersion for Mg–8Li alloys, and filiform cor-
rosion occurred after a longer immersion time. Thus, the addition
of Ca into dual phase Mg–Li alloys caused the change in corrosion
from filiform corrosion to pitting corrosion due to the formation of
cathodic Mg2Ca phases.

4.2. Influence of the natural oxide film and corrosion products on
corrosion

Natural oxide films and corrosion product films of magnesium
alloys have crucial impacts on the corrosion rates. To better
understand the corrosion mechanism of Mg–Li–Ca alloys, it is nec-
essary to probe the characteristics of natural oxide films and corro-
sion product films.

4.2.1. The natural oxide film after long-term exposure to air
In ambient temperature, the oxide film naturally formed on the

surface of Mg alloys is very thin [29,36]. A thick oxide film could
develop upon the exposure of samples to ambient atmosphere
for a longer period of time. Studying the thick oxide film is helpful
to elucidate the diffusion process of alloying elements and species
such as oxygen, carbon dioxide, and moist water in humid air in
the oxide film.

Alkaline and alkaline earth metals such as Li, Mg and Ca have a
high negative energy of oxide formation. Therefore, they readily re-
act with oxygen when exposed to air. The moist water molecules in
the ambient atmosphere can bond with Li2O, MgO and CaO to form
LiOH, Mg(OH)2 and Ca(OH)2. Similarly, carbon dioxide reacts with
the oxides to form Li2CO3, MgCO3 and CaCO3. Table 1 shows the
standard enthalpy of formation of the oxides, hydroxides and car-
bonates of Li, Mg and Ca. Lower enthalpy values indicate greater
chemical stability. It is evident in Table 1 that the carbonates are

Fig. 7. SEM images: (a) intergranular corrosion occurred on the cast alloy and (b)
corrosion pits resulted from galvanic corrosion between the Mg2Ca and a-Mg
matrix on the extruded alloy after corrosion after immersion in Hank’s solution for
430 min.

Table 1
Standard enthalpy of formation, kJ/mol [38].

Chemicals Enthalpy Chemicals Enthalpy Chemicals Enthalpy

Li2CO3 �1216.04 MgCO3 �1096 CaCO3 �1206.9
LiOH �484.93 Mg(OH)2 �924.66 Ca(OH)2 �986.1
Li2O �597.9 MgO �601.7 CaO �635.1
Li2O2 �632.62 LiH �90.6 LiO 83.68
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more stable than the hydroxides and oxides. Mg(OH)2 and Ca(OH)2

are more stable than MgO and CaO, but LiOH is less stable than
Li2O [29]. LiO cannot exist in the oxide film, but LiH is most likely
present (see Table 1).

For the extruded Mg–9.29Li–0.88Ca sample, the XPS analysis in
Fig. 8 demonstrates that the oxide film that formed naturally in
laboratory air over more than 3 years only contained Mg, Ca, and
Li. Fig. 8a demonstrates that the content of Li, O and C at depths
in the oxide film ranging from 971 lm to 2697 lm changed
slightly from 33.07: 30.38: 36.55 to 32.05: 30.8: 37.15,
respectively. Lithium content decreased from the outer layer to
the interior, while the contents of O and C increased. This result
indicates that the outer layer of the oxide film is too thick to be
probed. The XPS survey scanning spectrum at a depth of 500 lm
in the oxide film revealed that the chemical composition of the

oxide film was O, C and Li (Fig. 8b). The XPS analysis generally indi-
cates a high content of carbon in the film because of the adventi-
tious hydrocarbons from the environment (Fig. 8c). Another
source of carbon is the reaction of the alloy with the CO2 in air.
The binding energies of O 1s peaks at 531.5 eV, 531.3 eV and
531.0 eV (Fig. 8d) and Li 1s peaks at 55.2 eV, 55.6 eV and 54.9 eV
(Fig. 8e) correspond to the compounds Li2CO3, Li2O and LiOH,
respectively. The peak at 54.9 eV is the signal of the 1s electron
of lithium. Li exhibited greater mobility and activity in the oxide
film, and easily reacted with O2 to form Li2O in the outer layer of
the sample.

4Liþ O2 ! 2Li2O ðsÞ ð7Þ

2LiþH2O ðgÞ ! Li2O ðsÞ þH2 " ð8Þ

Fig. 8. XPS analysis of naturally formed oxide film on the extruded Mg–9.29Li–0.88Ca alloy: (a) depth profiles of Li, O and C; (b) survey scanning spectrum; (b) high-
resolution C1s spectrum; (d) high-resolution O1s spectrum; (e) high-resolution Li1s spectrum; and (f) high-resolution Mg 1s spectrum.
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The Pilling–Bedworth ratio (PBR) of Li2O is 0.58, less than one
[37], indicating the formation of a porous oxide film on the surface
of the alloy. The defect oxide film provided open routes for the en-
trance of H2O and CO2 into the interior of the film. Thus, LiOH and
Li2CO3 were formed in the film. LiOH is clearly the predominant
compound in the film. Thus, the outer layer of the natural oxide
film is composed of Li2O, LiOH and Li2CO3.

Li2O ðsÞ þH2O ðgÞ ! 2LiOH ðsÞ ð9Þ

Li2O ðsÞ þ CO2 ðgÞ ! Li2CO3 ðsÞ ð10Þ

The Mg 1s peak indicating the presence of MgO was not
detected, as indicated in Fig. 8f. For the ground sample of the
Mg–8Li alloy, the Mg 1s peak was detected after 30 s of
sputtering [29]. Interestingly, the Li 1s and Mg 2p peaks were de-
tected on the outer layer of the oxide film of the Mg–8Li alloy,
indicating the existence of Li2O and Mg(OH)2 [29]. Additionally,

the Ca 2s and 2p peaks were not detected spontaneously, imply-
ing that no Ca, CaO or CaCO3 existed in the outer layer of the
oxide film.

Further investigation by XRD examination (Fig. 9) demon-
strated that the natural oxide film on the alloy, exposed to air in
ambient atmosphere for more than 3 years, consisted of LiOH,
Li2O2, Li2CO3 and LiH. This result is in agreement with the results
of XPS analysis, except that LiH was not identified by XPS.

The natural oxide film on the freshly ground surface of the alloy
exposed to air in ambient atmosphere for approximately 16 h con-
sisted of LiOH, Li2O2, Li2CO3, MgCO3 and LiH. This finding is com-
pletely different from the result for EPMA due to differences in
the environments during the exposure time. That is, water mole-
cules and carbon dioxide gas were absorbed on the oxide film to
form LiOH, Li2CO3, MgCO3 and LiH. Thus, this layer can be consid-
ered as the second layer of the natural oxide film, which consists of
LiOH, Li2O2, Li2CO3, MgCO3 and LiH.

The natural oxide film on the freshly ground surface of Mg–8Li
alloy [29] exposed to ambient atmosphere contained four layers:
the top layer is a mixture of Mg(OH)2 and Li2O; the second layer
is a mixture of Mg(OH)2, Li2O and MgO; the third layer is a mixture
of Mg(OH)2, MgO, LiOH, Li2O and Mg; the bottom layer contains
MgO, Li2O, Li and Mg. No carbonates such as Li2CO3 or MgCO3 were
found on Mg–8Li alloy. This distinction between the natural oxide
films of Mg–9.9Li–0.88Ca and Mg–8Li alloys is ascribed to the var-
iation in exposure time, as carbonate formation may take a longer
time.

4.2.2. The natural oxide film formed on the fresh surface of the a and b
phases

Fig. 10 presents the EPMA image and the composition distribu-
tion of Mg, O and Ca by area scan on the etched surface of the ex-
truded Mg–9.29Li–0.88Ca alloy exposed to dry air for
approximately 16 h. The phase with the light white colour repre-
sents the a-Mg phase, and the phase indicated with grey desig-
nates the b phase. The pits, as indicated by the arrows, imply the

Fig. 10. (a) EPMA image of the etched surface of the extruded Mg–9.29Li–0.88Ca alloy after exposure to dry air for approximately 16 h. The voids resulting from the peeled off
Mg2Ca particles are indicated by arrows. Spectra 1–3 show the results of spot scanning, the data of which are shown in Table 2. (b–d) The elemental distributions of oxygen,
magnesium and calcium, respectively.

Fig. 9. XRD pattern of the natural oxide film on the extruded alloys exposed to air in
ambient atmosphere.
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formation of Mg2Ca particles, which were embedded in the a phase
at the interface of the a and b phases, most of which peeled off dur-
ing sample preparation (Fig. 10a). Fig. 10c and d can further dem-
onstrate the presence of Mg2Ca phases. Moreover, a trace amount
of CaO may exist (Fig. 10d).

To compare the difference in oxygen concentration between the
a and b phases, spot scans were performed as indicated by spectra
1–3 in Fig. 10a. Table 1 shows the standard enthalpies of formation
of various chemical compounds [38]. It is clear that the b phase has
a higher oxygen content than the a phase. This result is in agree-
ment with the occurrence of selective oxidation on the b phase
of dual phase Mg–12Li–5Ca alloy [21]. In addition, our earlier
XPS probe [39] demonstrated that the oxide film of Mg–Ca alloys
was composed of MgO and a trace amount of CaO. Therefore, the
natural oxide film formed on the etched surface exposed to dry
air can be regarded as the third layer consisting only of oxides:
Li2O, MgO and CaO.

2Mgþ O2 ! 2MgO ð11Þ

2Caþ O2! 2CaO ð12Þ

Fig. 11 schematically illustrates the mechanism of formation of
the natural oxide film after long-term exposure to air in ambient
atmosphere. The natural oxide film of the dual phase Mg–Li–Ca
alloy is composed of four layers: the outer layer is a mixture of
lithium-containing compounds (Li2O, LiOH and Li2CO3); the sec-
ond layer is a mixture of LiOH, Li2O2, Li2CO3, MgCO3 and LiH;
the third layer consists of oxides (Li2O2, Li2O, MgO and CaO);
and the bottom layer includes the oxides at GBs and a-Mg, b-Li
phases. Accordingly, the mechanism of formation of the natural
oxide film on Mg–9.29Li–0.88Ca alloy is different from the mech-
anism of formation on magnesium and magnesium alloys. The
XPS results demonstrated that the oxide film on the alloy was
composed of lithium-containing compounds, implying that the
lithium ions diffused from the interface between the metal and

Table 2
Chemical compositions of a and b phases by spot scanning of EDS, %.

Phases Elements Spectrum 1 Spectrum 2 Spectrum 3 Average values

wt at wt at wt at wt at

Ca 0.25 0.14 – – – – – –
a O K 11.81 16.92 3.80 5.67 10.81 15.56 8.80 12.70

Mg K 87.94 82.94 96.20 94.33 89.19 84.44 91.11 87.24

b O K 8.64 12.57 9.52 13.79 10.71 15.42 9.62 13.9
Mg K 91.36 87.43 90.48 86.21 89.29 84.58 90.38 86.07

Fig. 11. Schematic diagram of the mechanism of natural formation of the oxide film on dual phase Mg–Li–Ca alloys.
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oxide towards the outer surface of the oxide because lithium has
a small atomic diameter and higher mobility, and a high reactiv-
ity with oxygen.

Atomic diffusion coefficients are well known to depend on
temperature, the type of solid solution, crystal structure, crystal
defects, chemical composition and stress. Thus, the high mobility
of Li is attributed to two factors: the diffusion coefficient of Li in
bcc Li is greater than that of Li in hcp Mg, as the atomic packing
factor of bcc Li, 0.68, is lower than that of hcp Mg, 0.74. The
higher dislocation density led to a higher diffusion rate of Li in
the extruded alloy than in the cast alloy. The lithium-ion migra-
tion causes a large amount of vacancies in the alloy, with crys-
talline vacancies accumulating at the interface between the
alloy and the oxide. The coalescence of vacancies led to the for-
mation of voids, and when these voids reached a critical size, the
oxide film experienced localised collapse. As a consequence, con-
siderable micro-crack formation was observed in the oxide film
(Fig. 11b).

The perfection or compactness of oxide films on metals can be
characterised by the Pilling–Bedworth ratio (PBR). This is the ratio
of volume of oxide to volume of metal, and can be mathematically
expressed as [37]

PBR ¼ VOX

VM
¼ MOX � qM

n � A � qOX
ð13Þ

where MOX and A are the molar weight and atomic weight, respec-
tively, of the oxide and the metal; qOX and qM are the oxide and me-
tal densities, respectively; and n is the number of metal atoms in
the oxide molecules.

4.2.3. Influence of the corrosion product film
PBR is representative of the stress state of the oxide film. It is

generally accepted that when PBR is less than one, insufficient
oxide is present to cover and protect the metal. As a result, a tensile
stress develops in the oxide scale, while a compressive stress
develops in scales with PBR values greater than one. The greater
the difference of PBR from one, the greater the growth stress,
which causes scale cracking and spallation.

If the oxide in Eq. (13) is replaced by chemical compounds or
reaction products produced during the corrosion of magnesium
alloys, then the compactness of the layer of the corrosion products
can be used to elucidate the corrosion mechanism, regardless of
the discrepancy between the oxides and the compounds. The PBR
of the chemical compounds can be calculated through

PBR ¼ Vcom

VM
¼ Mcom � qM

n � A � qcom
ð14Þ

where Mcom and qcom are the molecular weight and density of the
chemical compounds, respectively. The PBR values of the chemical
compounds are shown in Table 3. Note that the PBR values of all
the chemical compounds of Li and Ca are between one and two,
indicating that the layer of their corrosion products on the Mg–
Li–Ca alloy is dense and protective.

The PBR of Li2O and MgO is less than one [37], leading to the
production of a discontinuous, cellular and porous film with low
protective properties on the surface of the alloy under tensile
stress. Li2O has a cubic antifluorite (CaF2) structure (space group

Fm3m) with a lattice parameter of 0.46 nm [40]. Li has a bcc struc-
ture with a lattice distance of 0.35 nm. Thus, the 31.4% mismatch
between the Li2O crystal and Li substrate led to a high susceptibil-
ity of cracking of the Li2O layer and the interface between Li2O and
Li. Tensile stresses parallel and compression stresses perpendicular
to the substrate surface are produced in oxide films due to the
reduction in volume [36]. Above a critical oxide thickness, how-
ever, oxides including Li2O, CaO and MgO were formed, and the
resulting stresses lead to the cracking of the film. These stresses in-
crease as the film thickens. The carbon dioxide in air can then com-
bine with moisture to form a carbonate that further reacts with
Mg(OH)2 to produce Mg carbonate. Therefore, the micro-cracks
provided paths for the entrance of molecules of oxygen, water
and carbon dioxide in air into the oxide film and the GBs of the ma-
trix, resulting in the formation of LiOH, Li2CO3 and oxides along the
GBs.

Furthermore, Kim et al. [22] claimed that the formation of a
great number of isolated MgO nanocrystals in the refined Mg sub-
strate below the MgO layer is attributable to the diffusion of
oxygen atoms from the surface into the GBs of the matrix. The
intermediate layer of the mixture of MgO and Mg phases between
the MgO layer and the Mg substrate is favourable for reducing the
tensile stress in the MgO layer by acting as a buffer layer that de-
creases the sharpness of the stress gradient across the boundary
between MgO and the Mg substrate. Thus, it is postulated that with
increasing time, the diffusion of lithium towards the outer layer of
the oxide film and oxygen into the substrate through the porous
oxide film and along the GBs are responsible for the thickening
of the oxide films of dual phase Mg–Li–Ca alloys.

As the samples were soaked in Hank’s solution, they would be
susceptible to attack as schematically indicated in Fig. 12. Note
from Fig. 5 that pH value of the solutions continuously increased,
indicating the alkalisation of corrosion pits. Our previous investiga-
tion [5] on the Mg–1.33Li–0.6Ca alloy showed that the corrosion
products consisted of LiH, Mg(OH)2, CaCO3, MgCO3, CaMgCO3 and
CaMgPO4.

Usually, chemical reactions occur in the oxide film.

Li2OþH2O ðsÞ ! 2LiOH ð15Þ

MgOþH2O ðsÞ !MgðOHÞ2 ð16Þ

CaOþH2O ðsÞ ! CaðOHÞ2 ð17Þ

Generally, Mg intermetallic phases are more noble and also
more stable than the Mg matrix in Mg alloys. Thus, micro-galvanic
corrosion occurred between the Mg2Ca and b phases in the
substrate. The b phase preferentially corroded at the interface
of the b phase and a phase, in which Mg2Ca particles were
embedded.

Anodic reactions:

Li! Liþ þ e� ð18Þ

Mg!Mg2þ þ 2e� ð19Þ

Cathodic reactions:

2H2Oþ e� ! 2OH� þH2 " ð20Þ

Table 3
PBR of the oxide and the chemical compounds.

Compounds PBR Compounds PBR Compounds PBR Compounds PBR

Li2O 0.57 [37] LiOH 1.26 Li2CO3 1.35 Li3PO4 1.20
CaO 0.64 [37] Ca(OH)2 1.30 CaCO3 1.43 Ca3(PO4)2 1.27
MgO 0.80 [37] Mg(OH)2 1.80 MgCO3 2.04 Mg3(PO4)2 2.29
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Overall reactions:

2LiþH2O ðsÞ ! LiOHþH2 " ð21Þ

Mgþ 2H2O ðsÞ !MgðOHÞ2 þH2 " ð22Þ

Corrosion product formation

LiHþH2O! LiOHþH2 " ð23Þ

2Liþ þ CO2�
3 ! Li2CO3 ð24Þ

3Liþ þ PO3�
4 ! Li3PO4 ð25Þ

Mg2þ þ CO2�
3 !MgCO3 ð26Þ

Ca2þ þ CO2�
3 ! CaCO3 ð27Þ

Mg2þ þ Ca2þ þ CO2�
3 ! CaMgCO3 ð28Þ

xMg2þ þ yCa2þ þ zHPO2�
4 ! CaxMgyðPO4Þz þ zHþ ð29Þ

The pH value of the solution for the cast alloy rapidly increased
compared with the pH of the extruded alloy (Fig. 5). Simulta-
neously, hydrogen bubbles were generated at the corrosion sites.
The pH value has been shown to increase much faster as the ratio
of solution volume to exposed sample area is decreased [41]. Thus,
for the cast alloy, a passive film was established instantaneously in
the corrosion pits such that the HER slowed down. Particularly, the
oxide film on the coarse-grained cast alloy was subjected to much
higher tensile stress than that of the fine-grained extruded alloy.
After a longer immersion time, the formation of occluded cells
(Fig. 6a) gave rise to an increasingly alkaline micro-environment.
Increases in hydrogen volume and pressure finally resulted in the
break-up and delamination of the outer layer of the oxide film.
After the surface film broke down and corrosion pits initiated in
a specific area, it was relatively difficult for the surface film to re-
pair itself. Consequently, more fresh surfaces were exposed to the
aggressive solution, accelerating the corrosion rate of the cast
alloy.

For the fine-grained extruded alloy, the tensile stress was re-
lieved and the sharpness of the stress gradient across the boundary
between the Li2O layer and the substrate was decreased. Once the
samples were soaked in solutions, the pores or cracks allowed the
solution to penetrate into the film and contact the substrate under
capillary action, leading to the formation of an additional

amorphous hydrated layer (Fig. 12b). After some time, the tubular
paths in the oxide film were jammed and sealed by compounds
such as LiOH, Mg(OH)2, CaCO3 and MgCO3 with PBR values be-
tween 1 and 2, as shown in Table 3. In this case, the deposition
or formation rate of LiOH, Mg(OH)2, CaCO3 MgCO3 and CaxMgy

(PO4)z film can be greater than that of the dissolution of the alloy,
and thus the corrosion can be easily self-inhibited. Accordingly,
HER first increased and then decreased with time.

4.3. Influence of Li content on corrosion resistance

The introduction of lithium into Mg–Ca alloys lead to an
enhancement in corrosion resistance in comparison to the Mg–
0.54Ca alloy [5], and the corrosion resistance increases with
increasing lithium content, as shown in Fig. 13. The HER of the
Mg–0.54Ca alloy was the lowest in the initial 1 h of immersion,
as shown in the inset of Fig. 13. Later, the HER of Mg–Li–Ca al-
loys slowed down due to the formation of a compact corrosion
product layer stabilised by the increase in the pH value of lith-
ium and carbonate [30]. A previous report [42] demonstrated
that uniform and continuous Mg(OH)2 layers were found on both
Mg–Li–Zn (LAZ1231 and LAZ1291) alloys in comparison with the
irregular and loose Mg(OH)2 layers on AZ31. At higher pH, the
precipitated Mg(OH)2 can provide better protection for the
extruded alloy, inhibiting the corrosion to some degree. The
HER decreased with decreasing lithium content in the sequence
Mg–9.29Li–0.88Ca, Mg–1.33Li–0.6Ca and Mg–0.54Ca. This

Fig. 12. Schematic diagram of the corrosion mechanism of dual phase Mg–Li–Ca alloys: (a) the corrosion product film peeled off from the surface of the cast alloy due to the
greater stress existing in the film, and thus fresh surface was exposed to the solution. (b) Tubular paths in the oxide film on the extruded alloy were jammed and sealed by
compounds such as LiOH, Mg(OH)2, CaCO3 and MgCO3.

Fig. 13. The influence of lithium on the HER of the Mg–0.54Ca, Mg–1.33Li–0.60Ca
and Mg–9.29Li–0.88Ca alloys in Hank’s solutions.
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finding is in good agreement with the result from Bialobrzeski
[30].

4.4. Characterisation of corrosion rates

The weight loss rate, Vw (mg/cm2/day) can be expressed as the
average corrosion rate, Pw (mm/year) through [43]

Pw ¼ 3:65
mw

q
ðmm=yearÞ ð30Þ

where q is the density of metals (g/cm3).
To calculate the volume fractions of the a and b phases, their

densities are needed.
For dual phase Mg–xLi (5 wt% < x < 11 wt%) alloys, the mass

fractions Wa and Wb corresponding to the a and b phases are deter-
mined by the lever rule

wa ¼
Cb � Cx

Cb � Ca
¼ 11� x

6
ð31Þ

and

wb ¼ 1�wa ð32Þ

To compute volume fractions, it is necessary to determine the
densities of the a and b phases. Thus,

qa ¼
100

CMgðaÞ
qMg
þ CLiðaÞ

qLi

ðg=cm3Þ ð33Þ

where CMg(a) and CLi(a) denote the Mg and Li concentrations, respec-
tively, in weight per cent in the a phase. At room temperature, these
values are 95 wt% and 5 wt%. Incorporation of these values along
with the densities of pure Mg and Li lead to

qa ¼ 1:56 ðg=cm3Þ ð34Þ

Similarly, for the b phase

qb ¼
100

CMgðbÞ
qMg
þ CLiðbÞ

qLi

¼ 1:39 ðg=cm3Þ ð35Þ

Thus, while the density of the a phase, 1.56 g/cm3, is the same
as that in the literature [44], the 1.39 g/cm3 density of the b phase
is not in agreement with that (1.47 g/cm3) in the literature [44].

The volume fraction of the a phase, Va is defined as

Va ¼
ma

ma þ mb
ð36Þ

Va ¼
Wa
qa

Wa
qa
þ Wb

qb

¼ 26:2% ð37Þ

and

Vb ¼ 1� Va ¼ 73:8% ð38Þ

Thus, the density of the dual phase Mg–xLi alloys is determined
by

q ¼ Vaqa þ Vbqb ¼ 1:39þ 0:24
�0:17þ 9:36

11�x

ðg=cm3Þ ð39Þ

Thus, the Mg–9.29Li–0.88Ca alloy has a density of 1.44 g/cm3.
For the Mg–9.29Li–0.88Ca alloy,

Pw ¼ 2:54vw ðmm=yearÞ ð40Þ

For pure Mg [43,46],

Pw;Mg ¼ 2:10Vw ðmm=yearÞ ð41Þ

For pure Li,

Pw;Li ¼ 6:84Vw ðmm=yearÞ ð42Þ

If general corrosion occurs on the surface of the alloy, the lith-
ium and magnesium components are simultaneously corroded.
Therefore, the weight loss of the alloy, P0w should be the sum of
the weight losses of the a and b phases based on the volume frac-
tions of Mg and Li in the b phase of 26.2% and 73.8%, respectively,
thus

P0w ¼ Va � Pw;Mg þ Vb � Pw;Li ¼ 5:60Vw ðmm=yearÞ ð43Þ

In comparing Eq. (43) with Eq. (40), there is a 220% difference
between Pw and P0w. Eq. (43) provides a more reasonable result.

If uniform corrosion occurs, then the relationship of the weight
loss rate, Vw (mg/cm2/day) and corrosion current density, icorr (mA/
cm2) is established according to Faraday’s law,

Vw;i ¼ 24� A
Fn

icorr ð44Þ

where A is the atomic mass (g/mol), F is the Faraday constant
(26.8 A h/mol), and n is valence.

For pure Mg,

Vw;i;Mg ¼ 10:89icorr ð45Þ

For pure Li,

Vw;i;Li ¼ 6:22icorr ð46Þ

Thus,

Vw;i ¼ Va � Vw;i;Mg þ VMg � Vw;i;Li ¼ 7:44icorr ð47Þ

Substituting Eq. (47) into Eq. (43), the corrosion current density
is related to the corrosion rate, Pi (mm/year) using

Pi ¼ 41:664icorr ð48Þ

Eqs. (18) and (19), i.e., the corrosion reaction of lithium and
magnesium, indicate that one molecule of hydrogen is evolved
for each atom of corroded magnesium. Two moles (i.e., 13.88 g)
of Li metal or one mole (i.e., 24.31 g) of Mg metal corrodes for each
mol (i.e., 22.4 L) of hydrogen gas produced. Therefore, the HER, VH

[ml/cm2/day], is related to the metallic weight loss rate, Vw [mg/
cm2/day], using [43,46,47]

Vw;Mg ¼ 1:085VH ð49Þ

Vw;Li ¼ 0:620VH ð50Þ

The total weight loss rate of the dual phase Mg–Li–Ca alloy,

Vw;H ¼ 0:742VH ð51Þ

The corresponding penetration rate, PH, is evaluated by substi-
tuting Eq. (51) into Eq. (44) to obtain

PH ¼ 4:154VH ðmm=yearÞ ð52Þ

The corrosion rates of the alloys normalised by the above meth-
ods are summarised in Table 4. The HER results are in agreement
with those of current density, implying that the calculations of
HER are reliable. Note that the deviation in corrosion rate deter-
mined by weight loss is much greater than that determined by
the hydrogen evolution and polarisation method. This deviation
may be attributed to the effects of the corrosion product layers
and the negative difference effect (NDE) [45], a special electro-
chemical phenomenon. Moreover, the weight loss method is not
appropriate for evaluating pitting corrosion. With sufficient
immersion time, HER could instantaneously and much more briefly
respond to the attack by the media. Thus, the hydrogen evolution
method should be used to evaluate the corrosion rate of magne-
sium alloys [16,46,47]. However, the ambient temperature has a
significant impact on the volume of hydrogen evolution.
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5. Conclusions

The impact of the microstructure, the oxide film and the corro-
sion product film of the dual phase Mg–9.29Li–0.88Ca alloy on its
corrosion behaviour in Hank’s solution has been investigated using
SEM, EPMA, XPS and corrosion measurements. The main findings
are summarised as follows:

(1) The microstructure of the Mg–9.29Li–0.88Ca alloy is charac-
terised by a-Mg, b (-Li) phases and intermetallic compound
Mg2Ca particles, most of which are distributed at the grain
boundaries of the cast alloy with coarse grains. In contrast,
these particles were embedded in the a phase at the inter-
face of the a and b phases in the extruded alloy and exhib-
ited relatively refined and elongated grains.

(2) The comprehensive mechanical properties of the Mg–
9.29Li–0.88Ca alloy, including UTS, YS and EL, and the corro-
sion resistance were promoted by the extrusion process. The
form of corrosion shifted from pitting corrosion for the cast
alloy to general corrosion or uniform corrosion for the
extruded alloy.

(3) The oxide film that naturally formed on the alloy is com-
posed of four layers: the outer layer is composed of lith-
ium-bearing compounds (Li2O, LiOH and Li2CO3); the
second layer contains LiOH, Li2O2, Li2CO3, MgCO3 and LiH;
the third layer consists of oxides (Li2O2, Li2O, MgO and
CaO); and the bottom layer includes the oxides at GBs and
in the a-Mg, b-Li phases.

(4) Pitting corrosion occurred on the cast alloy with a long incu-
bation period, whereas overall corrosion occurred on the
extruded alloy, with corrosion products being jammed into
the micro-cracks of the natural oxide film. A novel concept
involving the Pilling–Bedworth Ratios of chemical com-
pounds is proposed to elucidate the mechanism of corrosion
for dual phase Mg–Li–Ca alloys.

(5) The corrosion mechanism of dual phase Mg–Li–Ca alloys is
completely different from that of other types of magne-
sium alloys. The two phases (a-Mg and b-Li) of the
Mg–Li–Ca alloys are simultaneously subjected to corrosion,
and the contribution of the b phase to corrosion cannot be
ignored. For the other alloys such as Mg–Al alloys, only
the a-Mg matrix is attacked. Therefore, a particular
method of corrosion characterisation was proposed for
dual phase Mg–Li–Ca alloys based on the volume fraction
of each phase.
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