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HANS JÜRGEN MAIER ,1,4 STEFAN JULMI,1 SABINE BEHRENS,1

CHRISTIAN KLOSE,1 ANN-KATHRIN GARTZKE,2 PETER WRIGGERS,2

ANJA-CHRISTINA WASELAU,3 and ANDREA MEYER-LINDENBERG3

1.—Institut für Werkstoffkunde (Materials Science), Leibniz Universität
Hannover, An der Universität 2, 30823 Garbsen, Germany. 2.—Institute of Continuum
Mechanics, Leibniz Universität Hannover, Appelstraße 11, 30167 Hannover, Germany.
3.—Clinic for Small Animal Surgery and Reproduction, Centre of Clinical Veterinary Medicine,
Faculty of Veterinary Medicine, Ludwig-Maximilians-Universität München, Veterinärstr. 13,
80539 Munich, Germany. 4.—e-mail: maier@iw.uni-hannover.de

If bone defects occur, the body’s own healing mechanism can close them below
a critical size; for larger defects, bone autografts are used. These are typically
cut from the same person’s hip in a second surgery. Consequently, the risk of
complications, such as inflammations, rises. To avoid the risks resulting from
the second surgery, absorbable, open-pored implants can be used. In the
present study, the suitability of different magnesium alloys as absorbable
porous bone substitute material has been investigated. Using the investment
casting process with its design flexibility, the implant’s structure can be
adapted to the ideal pore geometry with respect to bone ingrowth behavior.
Different magnesium alloys (Mg-La2, LAE442, and ZX61) were studied and
rated in terms of their degradation rate, bone ingrowth behavior, biocompat-
ibility, and resorbability of the individual alloying elements.

INTRODUCTION

Bone is continuously under load, which can cause
bone defects such as fatigue cracks. Such defects
can be dealt with by the body’s own healing
mechanism. However, there is a critical size beyond
which bone defects can no longer be repaired by this
mechanism.1 Thus, such critical size defects (CSDs)
have to be treated with a bone implant. The state-of-
the-art treatment for CSD uses allogenic or autol-
ogous bone material. Autologous bone grafts have to
be cut off from the patient’s bone (mostly the hip) in
a second surgery. However, such extra treatments
can cause inflammation and pain.2 Allogenic bone
transplants originate from other people and conse-
quently can lead to infections or transmission of
diseases.3

These problems can be avoided by using synthetic
bone grafts. Bone substitutes can be made of
ceramics, metals, or polymers. Except for metals,
the implant material can be either synthetic such as
alumina (Al2O3) and polylactic acid (PLA) or natural
such as collagen or calcium phosphate (CaP).4–6

However, polymers and ceramics exhibit poor
mechanical properties. Typically, the strength of

polymers is too low for load-bearing implants. While
the strength of ceramics is adequate in this respect,
their fracture toughness is often not sufficient for
cyclic loading7 or impact situations. In addition, the
elastic modulus of ceramics is much higher than
those of bone, which increases the likelihood of
stress shielding effects.8

Conventional metal-based bone substitute mate-
rials are Ti alloys, Co-Cr alloys, and surgical steel.
However, these metals have a high elastic modulus
as compared with natural bone, which can also
cause stress shielding.9 Magnesium (Mg) alloys
have a much lower elastic modulus. Thus, the
stiffness of Mg-based implants can be more easily
tailored to match that of bone, which reduces the
risk of stress shielding. The strength of Mg alloys is
lower than that of conventional bone substitute
materials such as Ti or alumina, but is still suffi-
cient for bone substitution.10 However, the corrosion
resistance of Mg and its alloys is rather poor and
thus must be increased substantially. The degrada-
tion behavior can be improved by alloying, adapting
the microstructure, or application of coatings.11,12

In vivo studies by Angrisani et al. demonstrated a
low in vivo degradation rate of dense scaffolds made
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of LAE442 alloy in a rabbit model. Part of the Mg
scaffold was still present after 3.5 years. LAE442
also showed sufficient biocompatibility during the
investigation period.13 Depending on the applica-
tion in mind, the degradation time might have to be
lower. It also turned out that the use of pure rare-
earth elements instead of a mixture of rare earths
led to more reproducible results. Willbold et al.
investigated the degradation rate of Mg-La2, Mg-
Nd2, and Mg-Ce2 alloys. Mg-La2 showed a moder-
ate corrosion rate in addition to good
biocompatibility.14

Reducing the degradation rate of Mg alloys is one
possibility; raising the bone ingrowth behavior is
another one. The latter can be tailored via the pore
size of open-pored scaffolds. The ideal pore size is
reported to lie in the range of 150 lm to 500 lm.12,15

In earlier studies, a defined pore arrangement with
the necessary pore sizes could be realized using an
investment casting process. Furthermore, the
resulting open-pored Mg scaffolds showed sufficient
strength for the envisaged application.11,16

Apparently, an ideal scaffold would promote bone
ingrowth behavior, provide sufficient mechanical
strength, and degrade after a given time without
leaving any critical elements within the body. The
objective of the present study is to move one step
ahead in this direction by studying three different
Mg-based alloys under conditions relevant for the
clinical application. To tailor the degradation behav-
ior, three different coatings were included in the
study. As detailed below, the new ZX61 is a
promising candidate aluminum- and rare-earth-free
alloy that can be cast to realize bioresorbable
implants with adequate mechanical properties and
tailored degradation behavior.

EXPERIMENTAL PROCEDURES

Magnesium Alloys

In the present study, the Mg alloys LAE442
(4 wt.% Li, 4 wt.% Al, 2 wt.% rare earth mischmetal
and balance Mg), La2 (2 wt.% La and balance Mg),
and ZX61 (6 wt.% Zn, 1 wt.% Ca, and balance Mg)
were used. LAE442 was produced by adding lithium
to commercial AE42 alloy. Given the high reactivity
of magnesium-lithium alloys, the alloy was cast in
an argon atmosphere at 1.2 bar and a temperature
of 750�C followed by a 30-min continuous stirring
process; for details see Seitz et al.17 Due to the high
melting point of lanthanum (La), the process sug-
gested by Weizbauer et al.18 was employed to
manufacture Mg-La2. In this approach, Mg-La40
foundry alloy and pure magnesium were melted at
750�C then stirred for 30 min under argon atmo-
sphere to obtain the final binary Mg-La2 alloy.

ZX61 alloy was cast by gravity die casting using
high-purity Mg, pure Zn, and Mg-Ca30 master
alloy. In this case, the magnesium was heated in a
steel crucible to 750�C under a protective gas flow
consisting of nitrogen with 0.3 vol.% sulfur

hexafluoride (SF6). The Mg–Ca30 master alloy was
added to the Mg melt, which was then stirred for
30 min. Thereafter, Zn was introduced into the
melt, followed by another 20 min of stirring.
Finally, the melt was cast into a steel mold.

Note that the alloys studied by Seitz et al.17 and
Weizbauer et al.18 were designed with different
applications in mind. Thus, these alloys were
extruded after casting, whereas the scaffolds in
the present study were cast directly. Consequently,
the microstructures and properties are different
from the extruded alloys despite their similar
chemical composition. The actual microstructures
of all three different alloys studied are shown in
Fig. 1. Obviously, the grain size is larger in case of
ZX61, which can be attributed to differences in
cooling rates upon casting. As addressed below,
ZX61 still exhibits mechanical properties that are
sufficient for the envisaged application.

Sample Preparation

The sample manufacturing process comprised
three stages. The initial step included the design
of the geometry of the scaffold and the analysis of its
load-bearing capacity by finite element analysis.
Next, additive manufacturing (AM) was used to
obtain wax casting models. For AM, the three-
dimensional (3D) computer-aided design (CAD) file
was cut into layers of 12.7 lm using ModelWorks
software (Solidscape, Inc., Merrimack, USA). The
casting model was then manufactured layer by layer
using the fused deposition modeling method with a
T612BT2 (Solidscape, Inc., Merrimack, USA) from
two types of waxes, viz. Indura Cast (Solidscape,
Inc., Merrimack, USA) for the model and Indura Fill
(Solidscape, Inc., Merrimack, USA) for the support
structure. Both are specifically made for investment
casting. The support structure could be solved out
afterwards using a petroleum bath at 45�C
(VELIND Aerosol GmbH, Schwedt, Germany).
Next, the casting models were welded onto a wax
rod to produce a casting tree. The casting tree was
then embedded under vacuum in Gilcast AM (BK
Giulini GmbH, Ludwigshafen, Germany), a mold
material specifically developed for magnesium
investment casting. During the curing process of
the mold material, the wax was burned out and the
mold was kept at 300�C and 350�C, when casting
the scaffolds with LAE442 and Mg–La2, respec-
tively. The mold material was solved out afterwards
using a special gypsum–dissolving agent (SRL
Dental GmbH, Ludwigshafen, Germany). It turned
out that the scaffold design used in previous inves-
tigations for in vivo studies with LAE44211 could be
cast in Mg–La2 as well, and the present paper
reports the data obtained with this design.

In addition, dense samples of LAE442 and ZX61
alloys were cast in a steel mold preheated to 300�C.
The actual casting process was conducted in a
benchtop MC50 casting furnace (Indutherm GmbH,
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Walzbachtal-Wössingen, Germany). For casting of
Mg-La2 and ZX61, the furnace chamber was evac-
uated, filled with argon, and evacuated a second
time, while preheating the crucible to 350�C.
Finally, the Mg alloy was heated up to 750�C for
casting. The casting process had to be slightly
modified for LAE442. After the second evacuation
of the furnace chamber, it was filled again with
argon for the casting and a casting temperature of
740�C was used. The dense samples were machined
to a cylindrical geometry with diameter of 4 mm and
length of 5 mm. The open-pored scaffolds already
featured a diameter of 4 mm, and thus had only to
be turned to length of 5 mm.

In Vitro Degradation

The in vitro degradation behavior was studied
using simulated body fluid (r-SBF) after Oyane
et al.19 Each sample was deposited in a vessel with
50 ml SBF. To ensure homogeneous corrosion
attack, the vessels were placed on an orbital shaker
(GFS 3017, Gesellschaft für Labortechnik mbH,
Burgwedel, Germany). For each set of parameters
(alloy, period of time, coating, and shape), three
samples were employed. After a given period of
time, the samples were removed from the SBF,
flushed with ethanol, and treated in chromic acid
with chromium(VI) oxide (Merck KGaA, Darmstadt,
Germany), silver nitrate, und barium nitrate (both
99% purity; Carl Roth GmbH & Co. KG, Karlsruhe,
Germany) according to standard DIN ISO 8407:144
to remove the adherent corrosion product. Volume
and mass were measured for the initial samples and
the samples before and after the acid treatment.
The mass was measured by weighing, and the
volume was determined using the Archimedes prin-
ciple. Three-dimensional (3D) tomographic images
to assess the interior corrosion attack were obtained
by high-resolution X-ray microscopy (XRM) using
an Xradia 520 Versa (Carl Zeiss AG, Oberkochen,
Germany) with a spatial resolution of 3.5 lm at an
acceleration voltage of 40 kV, energy of 3 W, and
exposure time of 2 s.

In the in vitro corrosion tests, the influence of
different coatings on the degradation behavior was
also analyzed. For all coated samples, a magnesium

fluoride (MgF2) layer was formed by first boiling the
samples for 2 h in 5 M sodium hydroxide solution,
which resulted in the formation of a magnesium
hydroxide layer. This layer was then converted to
MgF2 by treatment in 40% hydrofluoric acid for
96 h. Part of the samples received an additional
calcium phosphate (CaP) or polylactide acid (PLA)
top layer. Details on the processing steps needed to
form the top layers are given in Ref. 11. These
coatings are designated hereinafter as MgF2,
MgF2 + CaP, and MgF2 + PLA.

In Vivo Degradation

For analysis of the in vivo degradation behavior,
only MgF2-coated scaffolds were used in the present
study. The in vivo studies were performed using the
procedure described by Kleer et al. with rabbits.20

After 6 weeks, 12 weeks, 24 weeks, and 36 weeks,
the scaffolds were explanted and the bone implant
compounds were fixed in 4% paraformaldehyde for
10 days to 14 days. For detailed scanning electron
microscopy (SEM) analysis, they were dehydrated
in an ascending series of alcohol, defatted in xylene,
and infiltrated and embedded in Technovit 9100
(Kulzer GmbH, Wehrheim, Germany). Thick sec-
tions of about 150 lm were cut using a diamond
band saw (Cut Grinder, Walter Messner GmbH,
Oststeinbek, Germany) then ground (Lap-Grinder,
Walter Messner GmbH, Oststeinbek, Germany) to
final thickness of 50 lm to 60 lm and polished.
Images of the slices were then recorded by SEM
(SUPRA 55 VP; Carl Zeiss AG, Oberkochen, Ger-
many) with x-ray spectroscopy (EDX) analysis at an
acceleration voltage of 15 kV.

RESULTS

In Vitro Degradation of Mg Scaffolds

Because of their porous structure, the total sur-
face of the investigated scaffolds was very large.
Thus, the mass loss was expected to be higher than
for dense samples. However, the degradation rate of
the Mg-La2 scaffolds in SBF far surpassed expecta-
tions. Figure 2 shows 3D images of the scaffolds
before and after the corrosion tests. If no coating
was applied, the scaffolds were fully degraded after

Fig. 1. Optical micrographs of as-cast (a) Mg-La2, (b) LAE442, and (c) ZX61 alloys, revealing the differences in grain size
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5 days (Fig. 2a). However, the use of different
coatings substantially diminished the degradation
rate. After 5 days, the scaffold’s structure was still
preserved (Fig. 2b). However, the scaffolds were
completely degraded after 8 days, which is clearly
too short. Moreover, the two-dimensional (2D) slices
in Fig. 3 clearly demonstrate that the corrosion
attack was inhomogeneous, with slices showing
indications of pitting corrosion. At a few spots, the
corrosion attack went deep into the individual
elements. Moreover, even after 5 days of corrosion,
it was still not distributed over the entire surface
(Fig. 3b). Note that the cross sections do not show
the same plane; Thus, at first glance, Fig. 3b might

look less corroded as it shows more of the metal.
However, the gray-appearing degradation layer is
clearly much more prominent after the longer
exposure (Fig. 3b) than after 2 days (Fig. 3a). Inter-
estingly, the corrosion was most pronounced in the
central part of the scaffold structure, which indi-
cates a local change in the composition of the
electrolyte due to limited exchange with the SBF
surrounding the scaffold.

A strong effect of grain size on the corrosion rate
has been reported for LAE442,11 thus the bottom
and top parts of the scaffold degraded differently
due to the different cooling rate and grain size
there. By contrast, the Mg-La2 scaffold showed no
pronounced difference in corrosion attack between
the top and bottom (Fig. 2). Only the MgF2 + CaP-
coated scaffold showed slightly faster degradation at
the gating part.

Although Mg-La2 is used here to illustrate the
extremely rapid degradation of this alloy, the gen-
eral trend seen in Fig. 2, i.e., a reduction in the
degradation rate upon applying the different coat-
ings, was also observed for the other alloys studied.
However, there were substantial differences
between the alloys in terms of their degradation
rate. Comparing the degradation behavior with
previous results for LAE442, Mg-La2 degraded
much faster (Fig. 4). Even the uncoated LAE442
scaffolds retained 35% of their initial mass after
12 weeks. For both alloys, the combined MgF2 +
PLA was the most effective coating for reducing the

degradation rate. As demonstrated in an earlier
study,11 the mechanical properties of both Mg-La2
and LAE442 are sufficient for the typical scaffold
application considered here. However, only coated
LAE442 exhibited a degradation rate slow enough
for the current context.

In Vivo Degradation

The in vitro corrosion results can provide an
indication of the in vivo behavior for a comparison
between the different alloys. However, it is also
necessary to determine their actual in vivo behav-
ior. Thus, both LAE442 and Mg-La2 were tested
in vivo, although the in vitro results indicated that
Mg-La2 might degrade too rapidly. Clinical evalu-
ation of LAE442 and Mg–La2 scaffolds has already
been reported by Kleer et al.20 In that study, MgF2-
coated scaffolds were inserted into the cancellous
part of the greater trochanter of both femurs in
rabbits and evaluated over a period of 36 weeks.
Regular clinical, radiological, and in vivo micro-
computed tomography (lCT) examinations were
employed, revealing no adverse clinical reactions
to any of the scaffolds. In the following, the corre-
sponding structural and microstructural evolution
is analyzed. Figure 5 shows electron backscatter
images of one cross section of each scaffold. The
metallic parts have a higher average atomic number
density than the reaction products and thus appear

Fig. 2. Three-dimensional tomographic images of the Mg-La2
scaffolds in (a) uncoated and (b–d) coated conditions: virgin
sample (left column), after 2 days (middle column) and after 5
days (right column) in SBF; pore size is 0.5 mm for all samples

Maier, Julmi, Behrens, Klose, Gartzke, Wriggers, Waselau, and Meyer-Lindenberg1862



brighter. Obviously, the relation between the degra-
dation rates of LAE442 and Mg–La2 is similar to
the trend observed in the in vitro tests. However,
the in vivo corrosion rate is much slower than that
observed in vitro. Indeed, only about 50% of the
cross section of Mg–La2 was degraded after 6 weeks
(Fig. 5e), while in case of LAE442, nearly no corro-
sion attack of the scaffolds was noted after the same
amount of time (Fig. 5a). Another substantial dif-
ference between LAE442 and Mg–La2 is the change
in the appearance of the scaffold structure upon
degradation. While the overall structure of LAE442
could still be recognized after 36 weeks, the struc-
ture of Mg–La2 was already fully disrupted in some
parts after 6 weeks. Clearly, there is a pronounced
difference between the in vitro and in vivo behavior,

but Mg-La2 would still degrade too rapidly for most
applications.

With respect to the envisaged application, the
composition of the degradation layer and its absorp-
tion rate by the body are also of interest. Depending
on the time of exposure in the rabbit, different
degradation phases could be noted. Representative
compositions at the locations indicated in Fig. 5 on
the two explanted scaffolds are presented in Table I.
The four key areas are the initial noncorroded alloy,
the degradation layer, the material deposited on the
surface of the implanted scaffolds, and the residues
of the degraded scaffolds. The latter was only
detected for the Mg-La2 scaffolds. The C- and O-
content were excluded from the EDX analyses,
because the concentration of these elements is

Fig. 3. Optical cross sections of Mg-La2 scaffolds with MgF2 + PLA coating after (a) 2 days and (b) 5 days in SBF; see main text for details

Fig. 4. Weight of Mg-La2 and LAE442 scaffolds after different degradation times; symbols represent the average data from three specimens with
maximum difference in weight being less than 4 mg for each set
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difficult to quantify by EDX. The composition of the
noncorroded alloys was close to the nominal value
expected for LAE442 and Mg–La2. Only a few
additional elements were present, at low contents,
which can be attributed to preparation artifacts.
Note that EDX probes a volume a few microns in
size, thus material hidden underneath the surface
will contribute to the signal, which can explain why
the composition varied noticeably within the degra-
dation layer. Still, the Ca and phosphorus (P)
content in the degradation layer (position 2) and
in the material deposited on the LAE442 scaffold
(position 3) were high in each case for all samples.
In fact, the average EDX data obtained at these
locations did not change significantly between scaf-
folds explanted after different times; i.e., only the
amount of the degraded part of the scaffold changed,
but not its average chemical composition. However,

the results also demonstrated that Mg dissolved
while Al remained within the degradation layer for
LAE442 (Table I, position 2). This enrichment in the
Al content may be critical in terms of long-term
biocompatibility. In contrast, the amount of Ca and
P in the degradation layer and the deposited
material was drastically lower for the Mg-La2 than
LAE442 scaffolds (Table I, positions 2 and 3).

In the material that remained after full degrada-
tion of the Mg-La2 scaffolds (Table I, position 4), the
La content increased tremendously, demonstrating
that this rare earth is hardly absorbed by the body.
The increased iron content detected by EDX anal-
ysis is a typical impurity in commercially available
La but is not critical for the body. Although both
types of scaffolds did not show any clinical compli-
cations, the long-term effects of the remaining Al
and rare earths are still unknown. Consequently,
new alloys with elements such as Zn and Ca, which
exist as trace elements in the body and are more
soluble, appear promising.21 Corrosion resistance is
known to increase when alloying with Zn or adding
0.8 wt.% Ca.22 Thus, in the present study, the ZX61
alloy with a Zn content slightly below the solubility
limit of Zn in Mg and a Ca content of 1 wt.% was
tested as well. In addition, this new alloy should
have a degradation behavior that is tailored slightly
better to the application than LAE442.

In Vitro Degradation of ZX61

The objective of the alloy development was to
realize an alloy with corrosion properties similar to
LAE442 during the initial phase but that degrades
faster after reaching the end of the functional phase,
when the bone can bear the load on its own. To
evaluate the corrosion behavior of the new alloy
ZX61, in vitro tests were conducted. As Mg-La2
degrades too fast, only LAE442 is used as the
reference in the following.

If the amount of magnesium oxides and hydrox-
ides is minimal in the initial phase, then the Mg
concentration in the SBF reflects the corrosion rate.
The Mg content measured in the SBF during the
first 2 days is shown in Fig. 6. Within the experi-
mental scatter, the Mg concentration in the SBF is
similar for both alloys up to 6 h. After this initial,
nearly linear phase, the corrosion rate slows down
between 6 h and 24 h for both alloys. For LAE442
alloy, it even seems to reach a saturation stage after
48 h. By contrast, the Mg concentration of the SBF
for the ZX61 samples was still increasing, albeit
only weakly. This indicates that ZX61 might form a
less protective degradation layer, in turn resulting
in the intended faster degradation rate upon long-
term use.

However, as soon as the Mg2+ ion concentration
approaches saturation, its concentration is no
longer a good indicator of the corrosion rate. Thus,
a different method was used to obtain data on the
long-term degradation behavior. In these tests, the

Fig. 5. SEM images of explanted scaffolds using electron
backscatter contrast: (a–d) LAE442 and (e–h) Mg-La2 after (a, e)
6 weeks, (b, f) 12 weeks, (c, g) 24 weeks, and (d, h) 36 weeks; the
positions marked in (b), (f), and (g) indicate the location of the EDX
analysis presented in Table I
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samples were removed after 2 weeks of degradation
and the corrosion rate was calculated from the
weight and volume loss of the samples. The corre-
sponding data are shown in Figs. 7 and 8 and
Table II. After 2 weeks, the volume of the LAE442
samples was still 91.5% of the initial value while the
weight was 88.5% of the initial value, whereas the
ZX61 samples had lost 45% of their volume and 46%
of their weight. However, the degradation layer of
the LAE442 samples represented a higher weight
fraction (16.3%) than observed for the ZX61 alloy
(12.8%). This indicates that the corrosion layer of
LAE442 was more stable. However, for bone
implants, the degradation rate should be moderate
and the degradation layer should be resorbed by the
body in the long term. Thus, the ZX61 alloy with its
degradation rate similar to LAE442 in the initial
phase and subsequent increase appears to be
advantageous.

In addition to this quantitative analysis of the
in vitro corrosion behavior, tomographic images of
the samples were obtained (Fig. 9). These data are
in good agreement with the more macroscopic
volume measurement made on the corroded sam-
ples. The initial geometries of both samples were
identical. Figure 9 demonstrates that, after
2 weeks, the differences in degradation behavior
were quite obvious. Not only was the remaining
cross section of the LAE442 much larger than that
of the ZX61 alloy, but the corrosion attack was also
much more homogeneous in the former. The cross
section of the ZX61 alloy demonstrated the typical
signature of localized pitting corrosion. Comparing
the corrosion layers, the LAE442 samples featured a
homogeneous corrosion layer (the darker outer

layer in Fig. 9). Obviously, this dense layer is an
effective barrier for further corrosion attack and the
reason for the slow degradation of this alloy. ZX61,
on the contrary, formed nearly no protective corro-
sion layer. Indeed, the degradation layer was even
smaller then expected based on the quantitative
analysis of the in vitro tests. The discrepancy
between the thickness of the degradation layer on
ZX61 seen in Fig. 9 and the fraction of the layer
calculated based on the mass and volume of the
samples can be partly attributed to the low contrast
of this layer in the tomography images and an
attack of the substrate itself upon removing the
degradation layer using chromic acid.

DISCUSSION

In the present study, the mechanical behavior of
the three different Mg-based alloys studied was not
addressed in detail, although the alloys exhibit
substantially different strength. Specifically, previ-
ous results have already shown that the maximum
tolerable load within the elastic regime (858 N) of
Mg-La2 implants is significantly lower than that of
LAE442 implants (1608 N).11,16 However, this lower
value is still sufficient for the implant’s location
considered within the rabbit’s tibia, as the bone is
subjected to only a maximum load of 60 N there.23,24

However, with respect to the degradation behav-
ior, the difference between the alloys is much more
crucial. Whereas parts of the implants with LAE442
were still not degraded after 12 weeks, the Mg-La2
implants are fully degraded after 5 days.11 A com-
mon method to reduce the degradation rate of Mg
implants is to coat the surface. An established

Table I. Composition of Mg-La2 and LAE442 scaffolds after explantation (6 weeks) for the uncorroded part
(position 1), degradation layer (position 2), material deposited on the surface of the scaffolds (position 3), and
residues after full degradation (only observed for Mg-La2, after 36 weeks, positions 4); Positions 1 to 4 are
marked in Fig. 5b, f, and g

Element

Proportion in wt.%

LAE442 Mg–La2

Pos. 1 Pos. 2 Pos.3 Pos. 1 Pos. 2 Pos. 3 Pos. 4

Mg 92.3 24.8 28.7 98.8 92.5 63.4 2.3
Al 3.0 12.2 1.0 3.1
La 0.2 0.5 1.1 1.1 0.5 61.7
Ce 0.7 2.5
F 0.9 0.6 22.8
Na 1.2 3.0 2.0
Si 0.3 0.8 0.2
P 1.1 23.8 19.5 5.3 19.6
S 0.7 0.3 2.0
Cl 5.1
K 0.1 0.3
Ca 1.7 33.9 46.6 0.6 0.7 5.7 9.8
Fe 1.5

Magnesium Alloys for Open-Pored Bioresorbable Implants 1865



coating material for Mg implants is MgF2. Chiu
et al. demonstrated a lower corrosion potential and
current density of MgF2-coated pure Mg. In electro-
chemical measurements, the corrosion attack of
pure Mg after 2 days in Hank’s solution was clearly
visible, whereas MgF2-coated samples showed no
signs of corrosion attack.25 Similarly, a reduced
corrosion rate was demonstrated by Wolters et al. in
investigations of the in vitro corrosion of LAE442
samples and by Thomann et al. using Mg-Ca0.8
alloy.26,27 By using MgF2 as a coating material, the
weight loss of LAE442 as well as Mg-La2 could be
reduced significantly.

In the present study, additional coatings (CaP
and PLA) were also employed on top of MgF2. This
combination of coatings further decreased the
weight loss. Zeng et al. investigated the in vitro
corrosion of Mg–1.2Li–1.12Ca–1.0Y alloy with a
micro-arc oxidation (MAO) and an MAO + PLA
coating. When using only an MAO coating, the
increase in pH value was already reduced over a
period of 80 h. The additional PLA coating kept the
pH value at an even lower level.28 A different
combination with hydroxyapatite (HA)-doped PLA
was examined by Abdal-hay et al. for AZ31 alloy.
The corrosion resistance of the doped and undoped
coatings was similar, but the objective of adding HA

Fig. 6. Mg concentration in SBF for LAE442 and ZX61 alloys during the first 48 h

Fig. 7. Weight of ZX61 and LAE442 samples in as-cast condition,
after in vitro corrosion, and after removing the corrosion layer

Fig. 8. Volume of ZX61 and LAE442 samples in as-cast condition,
after in vitro corrosion, and after removing the corrosion layer
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was to enhance the bioactivity.29 Although PLA has
high biocompatibility and can be used in drug
delivery systems as well, calcium phosphate further
enhances the activity of osteoblasts and the bone
growth.30,31 Only considering the degradation rate,
the additional PLA coating is the more effective
variant as compared with the calcium phosphate
coating. Tomographic images of LAE442 implants
with the same coatings as used in the present study
showed another benefit of the PLA coating: The
effect of the grain size on the corrosion rate could be
successfully suppressed.11

The present results demonstrate that in vivo the
implants degrade much more slowly, but the rela-
tive corrosion rate between the alloys remains
similar as in the in vitro experiments. Still,
in vitro measurements cannot replace in vivo inves-
tigations. For instance, Mg-La2 alloy not only
degraded faster, but the implant’s structure was
also fully lost rapidly. In contrast, the structure of
the implants made of LAE442 alloy was still present
after 36 weeks and thus will still have some load-

bearing capacity, whereas such effects cannot be
reliably predicted based on in vitro experiments
alone.

In addition to the alloying elements, Ca and P
were detected in significant amounts. Thus, it is
very likely that calcium phosphate was formed. In
clinical studies, no complications or negative effects
such as lameness or pain were observed when using
LAE442 and Mg-La2 scaffolds.20 However, the
alloying element aluminum and rare-earths remain
at the implant’s site and accumulate by up to
60 wt.%. In earlier studies, even after 3.5 years,
parts of an LAE442 implant were observed in a
rabbit’s tibia.13 So far, no toxic reactions have been
observed. However, such a long dwell time of the
degradation products at the implant’s location
might have, in the long run, a negative impact.13

If the alloy consists only of elements that are also
contained in the body at higher amounts, the
degradation layer should be more easily resorbable
by the body. Ca and Zn are trace elements in bone
and occur in higher amounts than Al, not to mention
rare earths. Consequently, Zn and Ca are interest-
ing alloying elements and thus are also being
investigated for use in biodegradable Mg alloys.
Gu et al. found that Mg-Zn-Ca alloys increased the
bone formation and the density of the bone upon
implantation.32 In the present study, a degradation
rate between those of LAE442 and Mg-La2 could be
realized using the ZX61 alloy. Furthermore, only a
thin corrosion layer was observed in the in vitro
experiments. A fast resorbing degradation layer is
clearly less protective for the metallic substrate, i.e.,
will result in a faster overall degradation rate, but
at the same time it also prevents the elements from
accumulating at the implant’s location. If a lower
corrosion rate is desired, different coatings can be
used, as demonstrated in the present study for the
LAE442 and Mg-La2 implants. Similarly, Dou et al.
used a MAO coating on Mg-Zn-Ca alloys and
reduced the weight loss after 30 days by 70%
compared with the uncoated alloy. Ding et al. also
investigated the in vitro behavior of Mg-Zn-Ca
alloys. According to their results, the corrosion
potential, current density, and weight loss were
further reduced by using two coating layers, viz. a
MAO base with HA on top.33 Additional alloying
elements which are also found as trace elements in
the body, such as strontium (Sr), can be used to

Table II. Volume and mass of ZX61 and LAE442 samples before and after in vitro corrosion experiments

Condition

Weight (mg) Volume (mm3)

ZX61 LAE442 ZX61 LAE442

As-cast 114 107.8 63.2 63.3
Corroded samples after 2 weeks 61.9 95.5 34.6 58
Non-corroded part after 2 weeks 54 79.9 30.8 49.2

Fig. 9. Tomographic slices after 2 weeks in SBF of (a, b) LAE442
and (c, d) ZX61 with the corrosion layer (a, c) present and (b, d)
ZX61 removed
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decrease the corrosion rate by building a protective
Sr-HA layer.34,35 In vivo measurements also showed
that Mg-Zn-Ca alloys did not have toxic effects on
the metabolism.36 From the results obtained in the
present study and data reported in literature, it is
clear that Mg-based alloys can be tailored by
variation of the chemical composition and the use
of appropriate coatings to achieve a broad range of
degradation rates. However, the long-term effects of
accumulation of foreign elements in the degradation
layer remain unclear. Although a long-term in vivo
study of the degradation behavior of open-pored
ZX61 scaffolds is not yet available, it appears that
the less stable degradation layer observed for the
ZX61 alloy in combination with a slowly degrading
coating is a promising means to address this issue.

CONCLUSION

The degradation behavior of three different Mg-
based alloys intended for use in open-pored biore-
sorbable bone implants was analyzed by both
in vitro and in vivo experiments. The main results
can be summarized as follows:

1. The alloys’ behavior in the in vitro and in vivo
experiments was substantially different. Still,
in vitro tests are a useful means to compare
different alloys with respect to the degradation
behavior.

2. The degradation rate could be successfully
decreased by coating the implants with MgF2,
MgF2 + polylactide acid (PLA), and MgF2 + cal-
cium phosphate, of which the combination
MgF2 + PLA was the most effective. This rank-
ing of the coatings with respect to improved
corrosion resistance was independent of the
substrate employed.

3. From a mechanical viewpoint, the loading situ-
ation in the scaffold designed is not challenging,
and thus all three alloys would be adequate in
this respect. However, Mg-La2 does degrade too
fast for such an application even if an MgF2 +
PLA coating is applied.

4. The degradation rate of LAE442 was, compared
with Mg-La2, much lower in both the in vitro as
well as in vivo experiments, and could be used
for the envisaged application.

5. However, in LAE442 implants, the aluminum
and rare earths alloying elements were found to
remain and accumulate to high concentrations
at the implantation site. Although no negative
clinical complications are known to date, the
long-term effects of such accumulation of alloy-
ing elements remain unclear at the moment.

6. The ZX61 magnesium alloy is free of aluminum
and rare earths. As intended, it exhibited a slow
degradation rate, while the thin degradation
layer indicates good resorption of the implant
after its functional phase.
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