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In vitro degradation and biocompatibility of Mg-Li-Ca
alloys—the influence of Li content
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ABSTRACT Mg-Li based alloys hold much attention as po-
tential biomedical materials due to their excellent ductility. A
reduced mechanical strength and concern for biocompatibility
are exhibited for Mg-Li binary alloys due to the presence of Li
element. Addition of the Ca element into Mg-Li alloys leads to
an improvement in mechanical strength and biocompatibility.
In the present work, the microstructure, mechanical property
and corrosion behaviors of three kinds (α, α+β, β) of as-ex-
truded Mg-Li (1, 9 and 15 wt.%)-1Ca alloys were investigated
using optical microscope, X-ray diffraction (XRD), tensile,
immersion and electrochemical polarization measurements.
In vitro biocompatibility was evaluated by cytotoxicity assays,
hemolysis and four coagluation tests. The results indicated
that the Mg-1Li-1Ca and Mg-15Li-1Ca alloys were character-
ized by α-Mg and β-Li phases besides Mg2Ca particles, re-
spectively; while the Mg-9Li-1Ca by dual (α-Mg+β-Li) phase
together with Mg2Ca phase. The Mg-1Li-1Ca alloy had the
highest ultimate tensile strength (UTS) and yield strength (YS)
and the lowest elongation (EL) to failure (10.1±1.24%) as well.
The EL for the Mg-9Li-1Ca alloy was the highest (52.2±0.01%).
The long-term immersion tests revealed a decrease in corro-
sion resistance with increasing Li content. The results of cy-
totoxicity assays clearly showed that the Mg-Li-Ca alloys
demonstrated no toxicity to L-929 cells in 10% concentration
of extracts. The Mg-1Li-1Ca alloy also exhibited an acceptable
hemolysis ratio. The results of four coagulation tests desig-
nated no sign of thrombogenicity for the Mg-Li-Ca alloys
except for the Mg-15Li-1Ca alloy.
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biocompatibility, biomaterial

INTRODUCTION
Mg alloys are considered as appropriate candidates for
biodegradable cardiovascular stents and bone replace-
ment metallic implants due to their excellent bio-
compatibility and osteoconductivity [1‒6]. While the
existing commercial Mg alloys cannot meet the needs for
mechanical properties, corrosion resistance and bio-
compatibility of the degradable implants [7‒9].
Currently, Mg-Li alloys have attracted much attention

as their super in vivo corrosion resistance [3,10‒12]. The
commercial Mg-Li alloys, such as LAE442, have been
applied in the field of aerospace by virtue of their ex-
ceptionally low density (1.35‒1.65 g cm−3), high specific
strength and good formability [3,13]. Addition of Li can
stabilize the body-centered cubic (BCC) (β phase) at the
expense of the hexagonal closed-packed (HCP) solid so-
lution of Mg (α phase). Mg-Li alloys can be classified into
three types (α, α+β, β) by the Li content and crystal
structure [14,15]. When the Li content is less than 5.7
wt.%, the Mg-Li alloy is composed of α phase, a HCP Mg
crystal structure, in which the Li atoms are solid-soluted.
The alloy with a content of Li higher than 10.3 wt.% is
composed of the β phase, a BCC Li crystal structure, in
which the Mg is solid-soluted [16]. The β phase is well
known to exhibit a good formability but possesses a re-
latively low strength and working-harden capacity. An
Mg-Li alloy with composing of 5.7‒10.3 wt.% Li is sup-
posed to give a dual phase microstructure of both HCP
(α) and BCC (β) structures with super plasticity [10].
The investigation on biomedical Mg-Li alloys can trace

back to the report from Witte [3,17], who [3] once im-
planted four kinds of Mg alloys (AZ31, AZ91, LAE442
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and WE43) into femora of guinea pigs for 6 and 18 weeks.
Surprisingly, the LAE442 designates the most excellent in
vivo corrosion resistance among these alloys. Sub-
cutaneous bubbles have been found surrounding all the
degrading Mg implants. The results of skin sensitizing
potential show that the LAE442 alloy exhibits anaphy-
lactic reactions similar to the Ti6Al4V alloy [18]. The in
vivo results of the LAE442 alloy and MgF2-coated LAE442
[19] show that no adverse host reactions and infections
have been clinically observed during the postoperative
follow up. All results of the blood examination for cereal
third transaminase, aspartate transaminase, alkaline
phosphatase, creatinine, total protein as well as four cell
counts (erythrocytes, leucocytes, hematocrit, hemoglobin)
are in the physiological range for the rabbits. The histo-
pathology analyses of synovial tissue, kidneys and liver
tissue disclose that just a few cases exhibit mild toxicity,
including one case that formed a fibrotic tissue with local
areas of cartilage metaplasia; two cases that had a granular
cell infiltration; one case that had suffered from focal
chronic lympho-plasmocytic interstitial nephritis and
nine cases that reveal minimal focal infiltrations of het-
erophil granulocytes of unknown origin [19]. Therefore,
the reason for these results remains unclear.
In addition, few studies have been made for in vitro and

in vivo corrosion, corrosion protection and biocompat-
ibility of LAE442 and Mg-Li-(Al)-(RE) alloys [14,19,20].
Zhou et al. [14] revealed that the addition of rare earth
elements results in a decrease in corrosion resistance of
Mg-Li-based alloys due to the presence of the CeAl2 in-
termetallic compound. After a five-day incubation, vas-
cular smooth muscle cell proliferation was suppressed on
the Mg-3.5Li-2/4Al-2RE and Mg-8.5Li-2Al-2RE alloys,
while tolerated on the Mg-3.5Li, Mg-8.5Li and Mg-8.5Li-
1Al alloys in the absence of RE. The Mg-Li-based alloys
showed no significantly reduced cell viabilities and ac-
ceptable hemolysis ratios except for the Mg-8.5Li-2Al-
2RE alloy. In addition, the in vitro and in vivo in-
vestigations manifested the good biocompatibility and
eligible toxicity for the forged Mg-13Li-X (Mg-Li-Al-Zn-
Ca-Sr) alloys [21].
The aforementioned results reveal that the Mg-Li-Al-

RE alloys, such as the LAE442 alloy, are not the optimum
candidate due to the higher contents of Al and rare earth
elements, which are toxic to body tissue. Our previous
studies [6,10,11,22] and others [23] indicate that Mg-Li-
Ca alloys may be one of the candidate materials. Ca is one
of the major elements in bones, the second large amount
of cations in human body, and has the potential to further
reduce the density of Mg-Li alloys, refine the micro-

structure and improve the mechanical strength by form-
ing the intermetallic compound Mg2Ca [24]. Ca also
reduces the oxidation of Mg during melting and improves
their high temperature strength, but leads to the brittle-
ness of alloys when Ca content is over 2 wt.% [24].
Generally, it is well suggested [25] that the Mg-Ca alloys
with Ca addition between 0.8 and 1.0 wt.% show a good
biocompatibility, low corrosion rate and suitable elastic
modulus and mechanical strength as well. Our previous
study [10] shows that the naturally formed oxide film on
the dual phase Mg-9Li-1Ca alloy is composed of four
layers: the outer layer is composed of 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 grain boundaries and in the α-Mg, β-Li phases.
In addition, Mg-1.33Li-0.6Ca alloys have both corrosion
resistance and mechanical properties superior to Mg-
0.54Ca alloys [10], indicating that the introduction of Li
element into Mg-Ca alloys is beneficial for the enhance-
ment in corrosion resistance of Mg-Ca alloys. Introduc-
tion of Ca element leads to an improvement in yield
strength of Mg-Li alloy. Furthermore, our previous in-
vestigation [26] discloses that the Mg-1Li-1Ca alloy is
non-cytotoxic to osteoblasts, and the cytotoxicity of the
Mg-1Li-1Ca alloy is lower than that of pure Mg and
AZ31B alloy. The Mg-1Li-1Ca alloy has no impact on
osteoblast proliferation and shows good biocompatibility
[6]. Unfortunately, little information is available in the
literature with regard to the corrosion, mechanical
property and biocompatibility of the ternary Mg-Li-Ca
alloys [27]. Furthermore, Kashyap et al. [23] showed that
Mg-4Li-1Ca (LC41) alloy exhibits substantially high
specificed strength of 142 kN m kg−1 owing to its low
density and combined effect of grain boundary
strengthening and dispersion strengthening in the pre-
sence of Mg2Ca phase. LC41 alloy also shows an increase
in the overall bio-corrosion resistance in simulated body
fluid as a result of a change in the corrosion mechanism
from localized to uniform corrosion [23].
In view of the virtues of Ca and Li elements, three kinds

of Mg-Li-Ca alloys with different contents of Li were
fabricated, including Mg-1Li-1Ca, Mg-9Li-1Ca and Mg-
15Li-1Ca, all of the content are in weight percentage (wt.
%). The purpose of this paper is to investigate the mi-
crostructure, mechanical property, and corrosion re-
sistance as well as biocompatibility of the three types of
the Mg-Li-Ca alloys to take further insight into the in-
fluence of Li on in vitro corrosion, tensile property and
biocompatibility. Thus, the novel Mg-Li-Ca alloys may be
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promising for application in bone implants.

EXPERIMENTAL SECTION

Materials preparation
The chemical compositions of the as-extruded Mg-Li-Ca
are listed in Table 1. The as-extruded Mg-Li-Ca alloys
specimens were cut into square pieces (20 mm×20 mm×
2 mm) for microstructure characterization, corrosion
measurements, and the specimens were further cutting to
the size of 10 mm×10 mm×2 mm for cytotoxicity and
hemocompatibility tests. Before the tests, all specimens
were ground to 2000 grit and cleaned in ethanol and
distilled water, then dried by warm air. For the cyto-
toxicity tests, the samples were sterilized by ultraviolet
radiation for at least 2 h.

Microstructure characterization
All the specimens were mechanically polished and
cleaned in ethanol, dried by warm air. After the speci-
mens were etched with a 4% HNO3/ethanol solution, the
metallographic structure of specimens was observed by
virtue of optical microscopy. X-ray diffractometer (XRD,
Rigaku D/MAX2500PC) using Cu Kα radiation (λ =
0.154 nm) was adopted to identify the phases present in
the as-extruded Mg-Li-Ca alloys. The scanning angle
ranged from 10° to 90° at a scan rate of 6° min−1. The
densities of the alloys were obtained by:

M
V

= , (1)

where M and V were the mass and volume of the alloys,
respectively.

Tensile test
The samples with a gauge length of 25 mm and a width of
6 mm were machined. The tensile tests were performed
on a CMT5105 type tensile machine at a strain rate of
3 mm min−1 at room temperature according to the stan-
dard GB/T228-2002. An average of at least three samples
was taken for each group.

Electrochemical measurements
Before the electrochemical tests, all samples were ground
with SiC sand papers up to 2000 grit and cleaned in
ethanol and distilled water, then dried by warm air.
Electrochemical experiments were carried out with a
traditional three-electrode cell using a potentiostat (PAR
Model 2273, Princeton Applied Research). The specimens
acted as the working electrode; while a saturated calomel
electrode (SCE) and a platinum plate were the reference

and auxiliary electrodes, respectively. All the polarization
measurements were performed in a water-bath at a
temperature of 37.0±0.5°C in Hank’s balanced salt solu-
tion (HBSS: 8.0 g L−1 NaCl, 0.4 g L−1 KCl, 0.14 g L−1 CaCl2,
0.1 g L−1 MgCl2·6H2O, 0.35 g L−1 NaHCO3, 1.0 g L−1 C6H6

O6 (glucose), 0.06 g L−1 MgSO4·7H2O, 0.06 g L−1 KH2PO4,
0.06 g L−1 Na2HPO4·12H2O) at a scan rate of 1 mV s−1 [9].
The area of the working electrode exposed to the solution
was 1 cm2. A triple measurement was performed for each
group.

Immersion tests
The hydrogen evolution tests were conducted by placing
the sample under an inverted funnel, which was con-
nected to a graduated burette [28,29]. The detailed pro-
cess was recorded in our previous study [6,11,28,29]. The
samples were immersed in HBSS at 37.0±0.5°C for three
weeks.

Contact angle measurement
Water contact angle (CA) of the Mg-Li-Ca samples was
measured by CA analyzer (Kino SL200B). For each
sample, the measurements were carried out in triplicate.

Cytotoxicity tests
The cytotoxicity tests were performed through an indirect
contact assay. Murine fibroblast cells (L-929) were cul-
tured in the Dulbecco’s modified Eagle’s medium
(DMEM) with 10% fetal bovine serum, 100 μg mL−1 pe-
nicillin and 100 μg mL−1 sterptomycin at 37°C in a hu-
midified atmosphere of 5% CO2. Extracts were prepared
using a serum-free DMEM with a surface area to ex-
traction medium ratio of 1 cm2 mL−1 in a humidified at-
mosphere with 5% CO2 at 37°C for 72 h. The supernatant
fluid was withdrawn, centrifuged to prepare the extracts;
parts of these extracts were drawn out and diluted by
fresh serum-free DMEM into 10% volume ratio extracts.
Then the extracts were refrigerated at 4°C before the
cytotoxicity testing. Cells were incubated in 96-well flat-
bottomed cell culture plates at 5×103 cells in 100 μL of
medium per well and incubated for 24 h. The medium
was then replaced with 100 μL of extracts, i.e., 100 μL of

Table 1 Chemical compositions of the as-extruded Mg-Li-Ca alloys
(wt.%)

Alloys Li Ca Mg

Mg-1Li-1Ca 1.26 0.95 Balance

Mg-9Li-1Ca 9.29 0.88 Balance

Mg-15Li-1Ca 15.0 1.34 Balance
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negative control (medium alone) or 100 μL of a positive
control (medium containing 10% dimethysulfoxide).
After incubating the cells in a humidified atmosphere
with 5% CO2 at 37°C for 1, 3 and 5 days, 10 μL of cell
counting kit (cck8) solution was added to each well and
kept for 4 h. Then the spectrophotometrical absorbance
of each well was measured with a microplate reader (Bio-
RAD 680) at 545 nm.

Hemolysis tests
Healthy human blood (anticoagulant was 3.8 wt.% so-
dium citric acid) was extracted from volunteers. Normal
saline was used to dilute the blood at a ratio of 4:5 by
volume. The Mg-Li-Ca alloys were dipped into the se-
parate standard tubes containing 10 mL of normal saline,
which had previously been incubated in a water bath at
37°C for 30 min. Then 0.2 mL of the diluted blood was
added to the standard tubes and the mixtures were in-
cubated at 37°C for 60 min. Similarly, normal saline so-
lution was used as a negative control and deionized water
served as a positive control. Afterward, the samples were
removed and all the tubes were centrifuged at 3000 rpm
for 5 min. The supernatant from each tube was trans-
ferred to a well in a 96-well plate, where the absorbance
was measured with a microplate reader (Bio-RAD680) at
545 nm. The hemolysis percentage was calculated based
on an average of three replicates:
Hemolysis = OD(test)-OD(negative control)/

OD(positive control)-OD(negative control)
×100%. (2)

Four coagulation tests
Four coagulation tests include the tests for prothrombin
time (PT), activated partial thromboplatin time (APTT),
thrombin time (TT) and fibinogen (FIB). Healthy human
blood (anticoagulant was 3.8 wt.% sodium citric acid) was
extracted from volunteers. The Mg-Li-Ca alloys were
dipped into the separate standard tubes containing 2 mL
of blood for 1 h. Then, the samples were removed out

from the tubes, and the remained blood was centrifuged
for 15 min at 3000 rpm. The supernatant from each tube
was tested by the automated coagulation analyzer.

Surface characterization
The cell adhesion on the samples and surface morphol-
ogies after the immersion were characterized using an
electron probe microanalyzer (EPMA, JXA-8230).

RESULTS

Microstructure evolution
The microstructure was characterized by re-crystallized
α-Mg grains and intermetallic Mg2Ca phases for the ex-
truded Mg-1Li-1Ca alloy (Fig. 1a); duplex phases, in-
cluding the α and β phases, together with Mg2Ca phase
(Fig. 1b) for the Mg-9Li-1Ca alloy [10]; the β and Mg2Ca
phases for the Mg-15Li-1Ca alloy (Fig. 1c). The inter-
metallic compounds Mg2Ca are dispersed in both the
grain interiors and grain boundaries. For the Mg-9Li-1Ca
alloy, the dispersed Mg2Ca particles are embedded at the
interface between the α-Mg phase and β-Li phase in the
extruded alloy along the extrusion direction [10]. No Li2
Ca exists in the alloys [10]. The constituents in micro-
structure of the samples are further demonstrated by the
XRD patterns, as shown in Fig. 2.

Mechanical properties
The tensile stress-stain curves with the corresponding
ultimate tensile strength (UTS), yield strength (YS) and
elongation (EL) to failure for Mg-Li-Ca alloys are shown
in Fig. 3. Both YS and UTS of the Mg-1Li-1Ca alloy are
the highest among the Mg-Li-Ca alloys, but the EL is the
lowest. The YS and UTS of Mg-9Li-1Ca and Mg-15Li-
1Ca alloys are very close, while the ELs of both alloys are
enhanced significantly. Particularly, the dual phase Mg-
9Li-1Ca alloy has the highest EL of 53%.

Electrochemical polarization
The potentiodynamic polarization curves are shown in

Figure 1 Optical micrographs of the (a) Mg-1Li-1Ca, (b) Mg-9Li-1Ca and (c) Mg-15Li-1Ca alloys.
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Fig. 4. The corresponding electrochemical parameters are
given in Table 2. It was observed that the corrosion
current density (icorr) increased with the increase of the Li
content, indicating the corrosion resistance was decreased
for the Mg-Li-Ca alloys. The Mg-1Li-1Ca alloy and Mg-
9Li-1Ca alloy have a lower icorr compared with the Mg-
15Li-1Ca alloy, ascribed to the formation of the carbo-
nates (i.e., Li2CO3, MgCO3 and CaCO3) in air and de-

position of the self-inhibited corrosion product film
consisted of LiOH, Mg(OH)2, CaCO3, MgCO3 and
CaxMgy(PO4)z in HBSS [10]. The Mg-15Li-1Ca alloy
shows the fastest corrosion rate, which might be related to
the peeling off of the thick corrosion product layer [30].

Cytotoxicity
Fig. 5 shows the cell viability of L-929 cells expressed as a
percentage of the viability of cells cultured in the negative
control after an incubation for 1, 3 and 5 days in the
extracts of the samples. Wang et al. [31] recommended a
dilution range for the extracts to perform cytotoxicity
evaluation between 6 and 10. ISO recommended cell lines
(L929) showed no significant difference in cytotoxicity
evaluation compared to the primary cells, indicating that
the use of these cell lines in priority was acceptable.
Under 10% concentration of the extracted solutions, thus,
it can be seen that: (1) no obvious differences existed in
the L929 cell viability between different culture periods,
with all cell viability being higher than 75% after the 5 day
incubation. (2) All of the extracts promoted cell pro-
liferation on day 1, whereas the cell viabilities were sig-
nificantly reduced on day 3 and 5. This was attributed to
the inhibiting effect of degradation products such as Mg
(OH)2, LiOH, as well as the Li+ ions. (3) The Mg-15Li-1Ca
alloy revealed a lower viability than the Mg-1Li-1Ca and
Mg-9Li-1Ca on day 1, which can be ascribed to the rapid
oxidation and more release of Li+ ions.

Hemocompatibility
Fig. 6 shows the hemolysis percentage of the investigated
samples. Only the hemolysis ratio of the Mg-1Li-1Ca al-
loy is lower than 5%, a judging criterion for excellent
blood compatibility [16]; whereas the other materials

Figure 2 XRD patterns of the Mg-Li-Ca alloys.

Figure 3 The (a) tensile stress-stain curves and (b) corresponding UTS,
YS and EL values for Mg-Li-Ca alloys.

Figure 4 Polarization curves of the Mg-Li-Ca alloys in HBSS.
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exhibit considerably high hemolysis in contact with whole
blood for 60 min. The results might be attributed to the
high pH value and high concentration of Mg2+ and Li+

ions released from the dissolution of the Mg-9Li-1Ca and
Mg-15Li-1Ca alloys. Generally, pH ≥ 10 is reported to
lead to the serious hemolysis [32]. Li [33] indicated that a
10−3 mol L−1 concentration of Mg2+ ions cannot result in
the hemolysis. For the Mg-9Li-1Ca and Mg-15Li-1Ca
alloys, the fast degradation rate leads to the Mg2+ con-
centration higher than 10−3 mol L−1 (pH > 9.975 [34]),
then the erythrocytes dissolve and hemoglobin is freed,
which may be one of the reasons for the high hemolysis

ratio.
The results of four coagulation tests, including PT (Fig.

7a), APT (Fig. 7b), TT (Fig. 7c) and FIB (Fig. 7d), reveal
that the Mg-1Li-1Ca and Mg-9Li-1Ca alloys can prolong
the coagulation time effectively. These results can be at-
tributed to the antagonism of Mg2+ and Ca2+ ions. Since
thrombin activation requires Ca2+ ions, it is quite possible
that Mg2+ ions compete with Ca2+ ions for the binding
sites at the thrombin molecules. Thus, the degenerated
thrombin cannot activate the clotting factor [35,36].

DISCUSSION

Influence of Li content on mechanical properties
With the development of the biomedical materials, sci-
entists are devoted to developing new Mg-based alloys
with low/no toxicity levels and good mechanical proper-
ties for biological applications. Taking this consideration
in mind, Mg-Li alloys have been developed and in-
vestigated. The typical YS and EL of various published
investigations on mechanical properties of Mg-Li alloys
concerning biomaterials applications are summarized in
Fig. 8. This collection covers both the influence of ma-
terial composition and the die-casting conditions. As
summarized, most of the Mg-Li alloys have a YS of less
than 150 MPa and EL of wide range (0.4‒53%). Among
these Mg-Li alloys, Mg-14Li alloys normally exhibit the
highest YS and the best EL. Mg-9Li alloys are promising
because not only are they the second strongest ductile
alloy system, but their corrosion rates can also be greatly
reduced by utilizing certain strategies, as described in a
later section [10,15,16,23,27,37‒41]. In comparison, the
novel Mg-1Li-1Ca has the similar YS and EL with the
Mg-1Li-1Ca-1Y alloy. Both of them have a similar YS and
EL. The Mg-9Li-1Ca has a comparable higher EL with
most of the Mg-9Li binary alloy, which is promising for
bone implants.

Influence of Li content on cell adhesion and
biocompatibility
The adhered platelets on Mg-1Li-1Ca alloy keep a nearly
round shape with some pseudopodia-like structures.
Their pseudopodia-like structures adhere to the surface of

Figure 5 L-929 cell viability after cultured in 10% concentrations of the
extracts and positive control for 1, 3 and 5 days.

Figure 6 Hemolysis rates of Mg-Li-Ca alloys.

Table 2 Electrochemical parameters of Mg-Li-Ca alloys

Materials Density (g cm−3) Ecorr (V vs. SCE) icorr (μA cm−2) Pw (mm year−1)

Mg-1Li-1Ca 1.68±0.21 −1.55 6.49 1.48

Mg-9Li-1Ca 1.63±0.27 −1.63 7.04 2.92

Mg-15Li-1Ca 1.51±0.11 −1.64 14.71 6.26
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the Mg-1Li-1Ca substrate yet (Fig. 9a). In addition, more
and more platelets adhere to the surface of the Mg-9Li-
1Ca and Mg-15Li-1Ca samples, whereas almost all pla-
telets distorted seriously with the increase of the Li con-
tent, implying positive activation and thrombogenicity
(Fig. 9b, c). The hydrogen generated from the corrosion
process may accelerate the platelets adhesion because the
increased bubble nucleons affect the haemoglobin in

blood and contact with the platelets [42].
The surface wettability is very important for hemo-

compatibility of biomedical materials. The sequence of
the CAs of three metals from high to low is: Mg-9Li-1Ca
(54.16±3.55°) > Mg-1Li-1Ca (47.60±5.57°)>Mg-15Li-1Ca
(17.07±2.55°) (Fig. 10), revealing that the Mg-15Li-1Ca
has the best hydrophilicity, while Mg-9Li-1Ca is the worst
among the three metals.
Many researches show that [35,43‒45] high hydro-

philicity contributes to cell adhesion on the surface. The
weak and reversible adsorption of hydrophilic effect
makes for adapting the structure of the materials to cell
growth. The hydrophilic effect also impedes the adhering
of platelets so that it is effective to prevent the platelet
thrombosis [31,39]. Nevertheless, for the hydrophobic
surface, the conformation of protein changes more ser-
iously due to the selective adsorption of r-globulin and
fibrinogen [40,41]. Thus, the anticoagulation property
does not depend on the intensity of the hydrophilicity. It
is the microstructure that affects the property of the an-
ticoagulation and cell adhesion.

Influence of Li content on corrosion behaviour
The hydrogen evolution rates (HERs) of the samples for a
419-h immersion are illustrated in Fig. 11. It can be seen

Figure 8 Typical YS and EL of representative biodegradable Mg-Li al-
loys.

Figure 7 Results of four coagulation tests of Mg-Li-Ca alloys: (a) PT, (b) APTT, (c) TT and (d) FIB.
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that the HER of the Mg-1Li-1Ca alloy remains at lowest
level throughout the whole immersion time. The Mg-9Li-
1Ca alloy exhibits a faster HER than the Mg-1Li-1Ca al-
loy, but much slower than the Mg-15Li-1Ca alloy.
Therefore, it is suggested that the HERs decreases with a
decrease in Li content of the Mg-Li-Ca alloys. This
finding is in pronounced agreement with the result of the
electrochemical polarization (Fig. 4). But the variation in

HERs between the Mg-9Li-1Ca alloy and Mg-1Li-1Ca
alloy is much smaller than that between the Mg-15Li-1Ca
alloy and Mg-9Li-1Ca alloy. The result is ascribed to the
oxide film and corrosion product film on the Mg-Li-Ca
alloys.
In comparison with the as-extruded Mg-1.35Ca alloy

(0.064 mL cm−2 h−1) [24], the obtained Mg-1Li-1Ca and
Mg-9Li-1Ca alloy present a HER of 0.004 and
0.052 mL cm−2 h−1 after an 8-h immersion, respectively.
The HER of as-extruded Mg-1Ca is about 1.4 mL cm−2 h−1

[46], which is also higher than the mentioned Mg-Li-Ca
alloys. Thus, the addition of appropriate amount of Li
element is beneficial to the corrosion resistance of the Mg
alloys.
Fig. 12 shows the corrosion morphologies of the sample

surfaces after immersion in HBSS for 14 days. For the
Mg-1Li-1Ca alloy, it can be seen that integrity of the
corrosion product films on the samples is maintained and
river-bed-like cracks emerge on the sample surface as a
result of shrinkage of the corrosion products during
drying (Fig. 12a). The Mg-9Li-1Ca alloy is subjected to a
mild attack (Fig. 12b). In particular, the Mg-15Li-1Ca
alloys suffered from more serious corrosion, a layer of
thick and loose corrosion products could be found on the
surface (Fig. 12c). Combining with the cross-sectional
images of the corrosion product layer (Fig. 13), it can be
seen that the corrosion product layer of the Mg-1Li-1Ca
has the largest thickness (Fig. 13a). Interestingly, the Mg-
9Li-1Ca alloy possesses the thinnest and densest corro-
sion product layer (Fig. 13b).
The XRD patterns of the corrosion products reveal the

Figure 10 The CAs of the (a) Mg-1Li-1Ca, (b) Mg-9Li-1Ca and (c) Mg-
15Li-1Ca.

Figure 11 HERs of the Mg-Li-Ca alloys as a function of immersion time
in HBSS.

Figure 12 SEM micrographs of the (a) Mg-1Li-1Ca, (b) Mg-9Li-1Ca and (c) Mg-15Li-1Ca after immersion in HBSS for 419 h.

Figure 9 Morphology of platelets adhering to the (a) Mg-1Li-1Ca, (b) Mg-9Li-1Ca and (c) Mg-15Li-1Ca.
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dominant corrosion product Mg(OH)2 formed on all the
samples (Fig. 14), except that the CaMgPO4 deposited
from the HBSS on the surface of Mg-9Li-1Ca and Mg-
15Li-1Ca alloys. In combination with the SEM micro-
graphs (Fig. 12) and cross-sectional SEM images (Fig. 13),
a new dense Mg(OH)2 and CaMgPO4 coating deposited
on the surface of all Mg-Li-Ca alloys. Note that, the
CaMgPO4 coating of the Mg-1Li-1Ca cannot be detected
due to its lowest content. The CaMgPO4 coating has a
better protection for the substrates, which leads to a
smaller variation in HER between the Mg-1Li-1Ca and
the Mg-9Li-1Ca [47,48]. But for the Mg-15Li-1Ca alloy,
Li exhibits greater mobility and activity in the oxide film,
and easily reacts with O2 to form Li2O in the loose outer
layer of the sample, and therefore, the high Li content
accelerates the corrosion of the Mg alloys. The major
reactions are as followings:

Mg  Mg +  2e ,2+ (3)

2H O +  2e  2OH +  H ,2 2 (4)

Mg +  2OH  Mg(OH) ,2+
2 (5)

HCO + OH  CO + H O,3 3
2

2
(6)

Mg + CO  MgCO ,2+
3

2
3 (7)

H PO + OH  HPO + H O,2 4 4
2

2
(8)

HPO + OH  PO + H O,4
2

4
3

2 (9)

x y zCa + Mg + PO Ca Mg (PO ) ,x y z
2+ 2+

4
3

4 (10)

4Li +  O  2Li O,2 2 (11)

2Li +  H O  Li O +  H ,2 2 2 (12)

Li O +  H O  2LiOH,2 2 (13)

Li O + CO  Li CO .2 2 2 3 (14)

CONCLUSIONS
Three kinds of Mg-Li-Ca alloys including Mg-1Li-1Ca,
Mg-9Li-1Ca and Mg-15Li-1Ca alloys were investigated
for future biodegradable application in virtue of their
excellent ductility.
(1) The Mg-1Li-1Ca alloy consists of the α-Mg and

Mg2Ca phases. The Mg-9Li-1Ca is composed of α-Mg, β-
Li and Mg2Ca phases, while the Mg-15Li-1Ca alloy con-
tains β-Li and Mg2Ca phases.
(2) The Mg-1Li-1Ca alloy has the highest UTS and YS

and the lowest EL as well. The Mg-9Li-1Ca alloy with a
duplex structure possesses the highest EL. The Mg-15Li-
1Ca alloy has a UTS and YS, which is slightly inferior to
the Mg-9Li-1Ca alloy, and an EL of 25.3%. Namely, ad-
dition of Li leads to a reduction in mechanical strength
and an enhancement in ductility of the Mg-Li-Ca alloys,
which with a dual phase is up to 52.2%.
(3) The increase addition of Li gives rise to a decreased

corrosion resistance of Mg-Li-Ca alloys in Hank’s solu-
tion. The long-term immersion demonstrated that the
Mg-9Li-1Ca alloy possessed lower HER due to the for-
mation of a thin layer of Mg(OH)2, CaMgPO4, MgCO3

deposits. While the high HER of Mg-15Li-1Ca may be
ascribed to the delamination of the loose corrosion pro-
duct layer, which cannot provide an effective protection.
(4) The Mg-1Li-1Ca alloy had no toxic risks for medical

Figure 14 XRD patterns of corrosion products on the surface of the (a)
Mg-1Li-1Ca, (b) Mg-9Li-1Ca and (c) Mg-15Li-1Ca after immersion in
HBSS for 14 days.

Figure 13 Cross-sectional SEM images of the (a) Mg-1Li-1Ca, (b) Mg-9Li-1Ca and (c) Mg-15Li-1Ca after an immersion of 14 days.
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devices to the L-929 cells in 10% concentration of ex-
tracts. Similarly, only the Mg-1Li-1Ca alloy exhibited
acceptable hemolysis ratio. No sign of thrombogenicity
was found in all experimental Mg-Li-Ca alloys.
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Mg-Li-Ca合金的体外降解行为与生物相容性: 锂元素含量的影响
崔蓝月1,2†, 孙麓1,2†, 曾荣昌1,2*, 郑玉峰3*, 李硕琦1,2

摘要 基于良好的延展性, Mg-Li基合金作为潜在的生物材料, 引起了大家的广泛注意. 由于锂元素的存在, Mg-Li二元合金表现出较低的
机械强度与人们对其生物相容性的担忧. 而在 Mg-Li 合金中添加钙元素则有利于提高其机械强度与生物相容性. 本文中, 通过光学显微
镜、X射线衍射、拉力拉伸、浸泡实验以及电化学极化测试等综合评估了三种类型 (α, α+β, β) 的挤压态Mg-Li (1, 9 以及15 wt.%)-1Ca 合
金的微观结构、力学性能以及腐蚀行为. 体外生物相容性通过细胞毒性、溶血以及凝血四项表征. 结果表明, Mg-1Li-1Ca 和 Mg-15Li-1Ca
合金分别由 α-Mg、β-Li 以及 Mg2Ca 相构成; 而 Mg-9Li-1Ca 则由α-Mg、β-Li双相以及 Mg2Ca 相构成. Mg-1Li-1Ca 合金表现出最高的最
大抗拉强度和屈服强度,但其延伸率最低,仅为10.1±1.24%; Mg-9Li-1Ca合金的延伸率最高,为52.2±0.01%.长时间浸泡实验表明,随着锂
元素含量的增加, 合金的耐蚀性逐渐降低. 毒性试验结果表明, 在10%浸提液中 Mg-Li-Ca 合金对 L-929 细胞无明显毒性反应. Mg-1Li-1Ca
表现出人体可以接受的溶血率. 凝血四项实验结果指出, 除 Mg-15Li-1Ca 外, Mg-1Li-1Ca 和 Mg-9Li-1Ca 合金无促凝性反应产生.
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