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Abstract

In this work, cast, as well as wrought, Mg-based alloys and pure Mg were investigated as
promising materials for construction of biomedical degradable implants. Mg, AZ91, AM50 and
MgCa5 alloys were studied. The alloys were prepared by various routes including casting into
large sand or small metal moulds and hot extrusion. Microstructures and basic mechanical
properties of the alloys were investigated. Chemical properties which are useful to predict the
degradation rates of implants were determined by exposition tests in a model saliva solution.
It was shown that the microstructures of the wrought materials contained recrystallized grains
of α(Mg) phase and intermetallic phases. These microstructures were more uniform than those
of the cast alloys which contained more or less continuous network of interdendritic phases
around primary α(Mg). The presence of the network led to a reduction of strength of the cast
alloys. Exposition tests showed that the cast AZ91Fe0.05 alloy corroded most rapidly in the
model saliva. Its corrosion rate was sufficient for medical applications. The fine microstructure
of this alloy resulted in a relatively uniform corrosion attack despite the high iron amount.
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1. Introduction

In medicine, various biomaterials are used for con-
struction of medical implants. The implants are ex-
posed in human body, hence strictly defined proper-
ties of applied materials are demanded. These require-
ments are the most severe in case of implants which
are exposed in the human blood. Materials suitable
for implants should satisfy following requirements:
– they should be characterized by chemical, me-

chanical and physical properties which correspond to
their function in human body
– they can be sterilized without any change of

shape or properties
– their properties should be stable during an expos-

ition to the biological environment (this requirement
is not applied to biodegradable implants)
– they must not induce any adverse reactions of a

human organism.
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Generally, biomaterials can be metallic, polymeric,
as well as ceramics, and they are used e.g. for bone,
dental or vascular implants. The polymeric biomater-
ials for some applications can be biodegradable, i.e.
they are able to slowly decompose by chemical reac-
tions with components of human environment. The
biodegradable implants are of a great importance in
applications where a long-term presence of a foreign
material initiates undesirable reactions of an organ-
ism. The main disadvantage of polymers is a relat-
ively low strength. Therefore, an intensive research in
this field has been focused on the metallic biodegrad-
able biomaterials. Magnesium-based alloys appear to
by the most promising, because magnesium is charac-
terized by a low toxicity, see Table 1. Moreover, certain
magnesium alloys can combine good mechanical prop-
erties and sufficient corrosion rate in a human body.
Until present, a number of Mg-based alloys have

been considered for medical applications [2–15]:
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Ta b l e 1. Toxic doses of different elements (in mg,
mg/day or mg/kg of the body weight) in a human body [1]

Element Toxic dose

Ca 2500 mg/day
Mg 500 mg/day
Fe 20 mg/kg
Mn 11 mg/day
Cu 10 mg
Li 40 mg/kg
Zn 150 mg

1. Mg-Al-Zn (AZ alloys): These materials are
widely used in light constructions and hence they are
relatively easily commercially available. The alloying
leads to a significant improvement of mechanical prop-
erties.
2. Mg-Al-RE (AE alloys), Mg-Y-RE (WE alloys)

(RE = rare earth metals – Ce, Nd etc.): Alloying with
RE metals results in a refinement of microstructure
and hence to a significant improvement of strength
even at elevated temperatures.
3. Mg-Al-Mn (AM alloys): These alloys show an

increased plasticity.
4. Mg-Li-Al, RE, Fe, Y: (LAE, WEL, LE alloys).
5. Mg-Ca: These alloys are considered for fast de-

gradable implant (decomposition during several days
of exposure).
Comparison of mechanical properties of the Mg-

-based alloys with those of the classical metallic bio-
materials employed at present, such as Ti alloys, stain-
less steels and others, is shown in Table 2. It can be
seen that the tensile strength, yield strength, modu-
lus of elasticity, as well as elongation, are significantly
lower for the Mg-based alloys. From the practical point
of view, this means that the biodegradable implants
made of magnesium should be designed and construc-
ted in a different way than those of the inert biomater-
ials. As an example, biodegradable Mg-based stents,
i.e. tubular implants which are employed for expan-
sion of e.g. a vessel, esophagus etc., are characterized

by a significantly lower expansion force and maximum
elastic deformation as compared to e.g. nitinol stents.
Therefore, these stents should be wound of a thicker
wire than the nitinol stents and the winding pattern
should be also different.
Let us now consider degradation mechanisms of the

Mg-based materials. In a human body an implant is
mechanically loaded (wear, bending, compression etc.)
and also is exposed to various liquid environments.
Mechanical degradation is relatively slow and corro-
sion thus represents the main degradation process.
Magnesium alloys are relatively stable in alkaline solu-
tions, as they form a Mg(OH)2 passive layer [1, 19].
The protective effect of this layer grows as the pH is
increased. In neutral and particularly acidic solutions
magnesium corrodes more rapidly and dissolves which
is accompanied with an evolution of hydrogen. In a
human body, an implant is mostly exposed to a neut-
ral or slightly acidic solutions containing chlorides and
the corrosion of magnesium alloys is strongly acceler-
ated by chloride anions which attack the passive layer.
Among alloying elements and impurities, iron, nickel
and copper have the most harmful effect on the corro-
sion resistance of magnesium alloys, even in amounts
of the order of 0.01 wt.%. This is due to galvanic cells
between fine intermetallic phases rich in Fe, Ni or Cu
and Mg matrix. In contrast, rare earth metals show a
positive influence on the corrosion resistance of mag-
nesium. The mechanism of corrosion attack and its
uniformity are strongly affected also by the micro-
structure of a particular alloy, i.e. by the type, mor-
phology and distribution of present phases [20–27]. It
can be expected that cast and wrought alloys will dif-
fer in corrosion behaviour.
The aim of this work is to investigate various

wrought and cast Mg-based alloys which have been
considered for medical applications. It is very impor-
tant to describe microstructure of applied materials,
because the microstructure strongly influences mecha-
nical properties and also corrosion mechanisms of im-
plants. Knowledge of the degradation mechanisms en-
ables to reduce the risk of human body damage by
biodegradable implants [28].

Ta b l e 2. Aproximate mechanical properties of various inert biomaterials and Mg-based alloys (UTS – ultimate tensile
strength, YS – yield strength, E – modulus of elasticity, ρ – density, UTS/ρ – specific tensile strength, YS/ρ – specific

yield strength) [16–18]

Materials UTS (MPa) UTS/ρ (MPa·m3·kg−1) YS (MPa) YS/ρ (MPa·m3·kg−1) E (GPa) Elongation (%)

Stainless steel 800 0.10 450 0.06 190 50
Ti alloy 1100 0.24 1000 0.22 110 30
Nitinol Ni-Ti 1500 0.23 – – 90 25
Co alloy 1200 0.14 1100 0.13 240 55
Mg alloy 300 0.17 300 0.17 40 25
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Ta b l e 3. Chemical composition (in wt.%) of the investigated alloys measured by XRF

Alloy designation/state Al Zn Si Cu Ni Fe Mn Ca

Mg/cast 0.044 0.004 0.048 <0.001 <0.001 <0.001 0.020 0.018
AZ91Fe0.03/cast 9.56 0.864 0.041 <0.001 0.002 0.029 0.106 0.009
AZ91/cast 10.14 1.330 0.033 0.003 <0.001 <0.001 0.014 <0.001
AZ91Fe0.05/cast 10.12 1.050 0.056 <0.001 <0.001 0.046 0.027 0.011
MgCa5/cast 0.042 <0.001 <0.001 <0.001 <0.001 <0.001 0.007 4.750
AZ91(5 mm)/wrought 10.09 0.872 0.107 <0.001 <0.001 0.011 0.066 <0.001
AZ91(50 mm)/wrought 9.93 0.843 0.078 <0.001 <0.001 <0.001 0.096 <0.001
AM50(2.5 mm)/wrought 4.75 0.021 <0.001 <0.001 <0.001 <0.001 0.410 <0.001

2. Experiment

In our experiment we investigated cast, as well as
wrought, Mg-based alloys which have already been
considered for construction of biodegradable medical
implants, e.g. stents, bone implants etc. We invest-
igated pure magnesium, AZ91 (MgAl9Zn1), AM50
(MgAl5Mn) and MgCa5 alloys. Sufficient corrosion
rates of these alloys in a human body environment can
be expected. The MgCa5 alloy has been considered a
material with a very short degradation period in hu-
man body (in the order of a few days or weeks). The
chemical composition of the studied alloys determined
by XRF analysis is shown in Table 3.
The alloys were melted from pure components: Mg

(99.7 wt.%, Fe, Ni, Cu contents < 0.001 wt.%), Al
(99.99 wt.%), Zn (99.99 wt.%), Ca (99.99 wt.%) and
Mn (99.99 wt.%). The AZ91Fe0.03 and AZ91Fe0.05
alloys contained increased iron amount. Due to a very
low solubility of pure iron in the liquid magnesium, Al-
-10wt.%Fe master alloy, instead of the pure iron, was
used to achieve the higher levels of Fe. The melting
was performed in an induction furnace under argon
atmosphere. The investigated alloys were prepared by
three routes which resulted in different microstruc-
tures:
1. The Mg and AZ91Fe0.03 alloy were prepared by

pouring of melt into a sand mould (500 × 200 × 100
mm). The samples (100 × 200 × 20 mm) for further
investigation were cut from these castings.
2. The melts (approx. 500 g) of AZ91, AZ91Fe0.05

and MgCa5 alloys were poured into a small (60 ×
100 × 10 mm) metal mould. In the metal mould we
expected a higher cooling rate than in the preceding
case.
3. The AZ91(5 mm), AZ91(50 mm) and AM50(2.5

mm) alloys were prepared in form of rods with dia-
meters 5, 50 and 2.5 mm, respectively. The cylindrical
ingots of alloys with diameters of 150 mm were pre-
pared by melting in an induction furnace. The in-
gots of the AZ91 and AM50 alloys were preheated
to 350◦C and 300◦C, respectively, and then hot ex-
truded at rates between 20–80 cm/s in the hydraulic
press. Extrusion ratios were 60, 9 and 50 for the

AZ91(5 mm), AZ91(50 mm) and AM50(2.5 mm), re-
spectively.
The samples cut from the castings and rods

were subject to metallographic treatment including
mounting, grinding and polishing. Optical microscope
(Olympus PMEU), as well as SEM (Hitachi S 450)
with EDS (Kevex Delta 5) analyser, were used for
structural examinations. The samples were etched in
3% solution of nitric acid in ethanol. In order to de-
termine mechanical properties of the studied mate-
rials, hardness measurements (HV 1, 10 measurements
on each sample) and tensile tests (5 measurements
on each sample) were realized. Rod samples (6 mm
in diameters and 90 mm in length) of the cast al-
loys and wrought AZ91(50 mm) alloy for tensile tests
were prepared by turning. Samples of the wrought
AZ91(5 mm) and AM50(2.5 mm) alloys were cut from
original rods to appropriate length of 90 and 40 mm,
respectively. Tensile tests were performed on a loading
machine FPZ100/l at a loading rate of 3 mm/min. As
was stated before, implants in a human body can be
exposed to various water solutions, hence we had to
choose an appropriate model solution for exposition
corrosion tests. A solution of model saliva, which is
useful to estimate corrosion behaviour of e.g. esopha-
geal stents, was chosen for our corrosion testing. This
solution contained 0.4 g/l NaCl, 0.4 g/l KCl, 0.795
g/l CaCl2 ·2H2O, 0.690 g/l NaH2PO4 ·H2O, 0.3 g/l
KSCN and 1 g/l urea [29]. The exposition tests (4
tests with each investigated alloy) were performed ac-
cording to ASTM G31-72. Each sample was exposed
in the model saliva at 20◦C and the ratio of solution
volume (in cm3) to the sample surface (in cm2) was
equal to 50. In order to simulate a movement of saliva,
the solution was periodically (after 48 hours expos-
ition) replaced by a fresh solution. The total exposi-
tion period was 168 hours, except for the MgCa5 alloy
which was exposed only 24 hours. Corrosion rate (in
mm/year) was computed from weight loss after remov-
ing corrosion products from the sample surface using
a water solution according to ČSN ISO 8407 (1000 ml
of the solution contained 200 g CrO3, 10 g AgNO3,
20 g Ba(NO3)2 and water). Beside the total corrosion
rate, the mechanism of corrosion attack is important
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for medical implants. As an example, an implant is not
acceptable if small and sharp pieces are evolved dur-
ing corrosion. Such pieces can penetrate the tissue and
damage a patient. Therefore, it was important for us
to determine whether corrosion proceeded uniformly
or was localized in a certain part of material. After the
exposition tests, the surface of samples was studied in
cross-section.

3. Results and discussion

3.1. M i c r o s t r u c t u r e s

Microstructures of the Mg and AZ91Fe0.03 alloy
which were cast into a large sand mould are shown in
Figs. 1, 2. Both microstructures are coarse due to a
slow cooling of melts in the mould.
The Mg comprises coarse equiaxed grains (average

grain size more than 500 µm), see Fig. 1. Since the
total content of impurities is very small in this alloy

Fig. 1. Optical micrograph of the Mg.

(in order of a few hundredths of wt.%), see Table 3,
intermetallic phases rich in these elements were not

Fig. 2. Microstructure of the AZ91Fe0.03 alloy: a), b) op-
tical micrographs, c) SEM micrograph with concentration

profiles of Al, Zn, Mg along a drawn line.
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found in the microstructure. It can be assumed that
a large portion of impurities is dissolved in Mg-based
solid solution and that the volume fraction of inter-
metallics is very low.
Optical and SEM micrographs of the AZ91Fe0.03

alloy are shown in Figs. 2a–c. An overall view in
Fig. 2a illustrates that the microstructure is hetero-
geneous and is composed of primary α(Mg) dendrites
with branches of approx. 200 µm in diameter and of
intermetallic phases localized mainly along the dend-
rite boundaries. A more detailed optical micrograph
in Fig. 2b reveals an internal substructure in the vi-
cinity of dendrite boundaries. It can be seen that this
region contains a fine mixture of intermetallic particles
in Mg-based matrix. SEM micrograph of this region,
together with concentration profiles of Al, Zn and Mg
along a drawn line, see Fig. 2c, show that the irreg-
ular particles at dendrite boundaries correspond to
the Mg17Al12 phase. Zinc dissolves in this phase to
some extent (approx. 3 wt.% Zn). It can be assumed
that the Mg17Al12 phase forms as a result of non-
-equilibrium solidification. Due to the dendritic se-
gregation, the last portion of melt enriched in Al solid-
ifies as a non-equilibrium eutectic α(Mg) + Mg17Al12.
Eutectic α(Mg) phase becomes a part of the primary
dendrites and the Mg17Al12 phase forms nearly con-
tinuous network. The dark regions in Figs. 2a,b sur-
rounding the Mg17Al12 phase are direct consequence
of the dendritic segregation, as they contain increased
amounts of Al, see Fig. 2c. The chemical microanalysis
proves that this is a fine mixture composed mainly
of Mg17Al12 phase and α(Mg) solid solution. Most
likely, this mixture is formed by a decomposition of
peripheral parts of primary dendrites, originally rich
in Al, during cooling to the room temperature. The
AZ91Fe0.03 alloy contains about 0.03 wt.% Fe. The
distribution of iron is very important from the view-
point of corrosion behaviour. Although the chemical
microanalysis was performed very carefully, we did not
find any intermetallic particles rich in Fe. This is due
to very low iron concentration in the alloy which res-
ults in a very small volume fraction of these phases.
Moreover, iron was not observed to be concentrated
either in the Mg17Al12 phase or in primary dendrites.
Figures 3–5 show optical and SEM micrographs of

the AZ91, AZ91Fe0.05 and MgCa5. These alloys were
cast into small metal mould, hence they are charac-
terized by much finer microstructure as compared to
the alloys prepared in form of large castings.
The AZ91 alloy is illustrated in Fig. 3a. The mi-

crostructure comprises primary α(Mg) dendrites and
a network of Mg17Al12 phase. The average diameter
of dendritic branches is about ten times lower than
that of the AZ91Fe0.03 alloy, see also Fig. 2a. The
AZ91 and AZ91Fe0.03 alloys differ also in the volume
fraction of two-phase dark regions along the dendrite
boundaries. In the more rapidly solidified alloy (AZ91)

Fig. 3. Microstructure of the AZ91 alloy: a) optical micro-
graph, b) SEM micrograph.

these regions occupy a lower portion of microstructure
and the interdendritic Mg17Al12 phase is mostly dir-
ectly surrounded by homogeneous dendrites, as is seen
in a SEM micrograph in Fig. 3b. As was stated before,
these heterogeneous areas result from decomposition
of α(Mg) solid solution. In a large casting where the
cooling is slow, decomposition can proceed, because a
sufficient time is available for Al and Mg diffusion. On
the other hand, in a small casting prepared in metal
mould the cooling rate is much higher and aluminium
rather remains in solid solution based on Mg.
Microstructure of the AZ91Fe0.05 alloy is similar

to the preceding one, see Fig. 4a. It is again composed
of α(Mg) dendrites and a network of Mg17Al12 phase.
The increased iron amount does not affect the distri-
bution of main components of the alloy. Detailed SEM
investigation and chemical microanalysis of regions in
the vicinity of dendrites boundaries revealed the same
elements distribution like in the case of the AZ91 al-
loy, see Fig. 3b. The chemical microanalysis was also
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Fig. 4. Microstructure of the AZ91Fe0.05 alloy: a) optical
micrograph, b) detailed SEM micrograph showing Fe-rich
particles in dendritic cores (light, marked by an arrow).

focused on the determination of iron distribution in
the alloy. This measurement shows that iron is not
present either in regions near the grain boundaries or
in interdendritic Mg17Al12 phase. Surprisingly, careful
analysis identifies very fine iron-rich particles concen-
trated in dendritic cores, see light particles in Fig. 4b.
These particles are only about a few µm in dia-
meter and beside iron they contain also an increased
amount of aluminium. As an example, a particle in-
dicated by an arrow in Fig. 4b contains 47.1 at.% Mg,
44.7 at.% Al, 7.0 at.% Fe and 0.4 at.% Zn. The pres-
ence of Mg in the particle is not probable, as mag-
nesium and iron do not form intermetallic phases [30].
The measured Mg concentration is rather due to sur-
rounding Mg matrix. Most likely, the Fe-rich phase
is based on Fe-Al system and its composition corres-
ponds to the FeAl6 phase. If we take into account the
fact that iron was added in form of the Al-Fe mas-
ter alloy, the occurrence of such phases is not sur-

Fig. 5. Optical micrograph of the MgCa5 alloy.

prising. During melting of the alloy, the Al and Fe
are dispersed in the melt. Upon cooling the Fe-Al
phases solidify first, as they are characterized by the
highest melting point [30]. Then they are surrounded
by primary α(Mg) dendrites. This is the reason why
the iron-rich particles are identified in the dendritic
cores.
Optical micrograph of the MgCa5 alloy is shown in

Fig. 5. It is composed of primary dendrites (light) and
eutectic (dark). The chemical microanalysis proved
that the eutectic is enriched in calcium and, accord-
ing to the Mg-Ca phase diagram [30], it comprises two
phases – α(Mg) + Mg2Ca. It can be assumed that the
Ca-rich eutectic will be first attacked by a corrosion
agent, see later.
Microstructures of the wrought AZ91(5 mm),

AZ91(50 mm) and AM50(2.5 mm) alloys in cross, as
well as longitudinal sections, are shown in Figs. 6–8.
Due to the hot extrusion, the as-cast microstructure
vanishes and the α(Mg) solid solution forms equiaxed
fully recrystallized grains. These grains do not show
any deformation texture.
The AZ91(5 mm) alloy is illustrated by optical mi-

crographs in Fig. 6. Besides the recrystallized α(Mg)
grains of about 20 µm in diameter, the structure con-
tains also fine particles of the Mg17Al12 phase. These
particles are formed by fragmentation of a network ori-
ginally present in the as-cast microstructure, see also
Figs. 2a and 3a, due to extrusion. In the cross-section,
see Fig. 6a, the Mg17Al12 particles are not distrib-
uted uniformly and occupy mostly the boundaries of
recrystallized grains. In the longitudinal section, how-
ever, the Al-rich particles show an arrangement corres-
ponding to direction of the hot extrusion, as shown in
Fig. 6b. It can be assumed that the Mg17Al12 particles
are not ductile at the relatively low extrusion tempe-
ratures, hence they arrange into rows parallel to the
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Fig. 6. Optical micrographs of the AZ91(5 mm) alloy:
a) cross-section, b) longitudinal section.

extrusion direction, instead of being deformed. A care-
ful chemical microanalysis of the alloy did not prove
any Zn-rich particles, instead of it, zinc is distributed
uniformly throughout the alloy volume.
Microstructure of the AZ91(50 mm) is similar to

the preceding one, except for difference in dimensions
of the Mg17Al12 particles rows, see Figs. 7a,b. The
extrusion ratio was much lower for the 50 mm rod than
for the 5 mm rod and hence the rows of intermetallic
particles are significantly thicker in this case, compare
Figs. 7b and 6b.
The last alloy which was investigated in our study

was the wrought AM50(2.5 mm) alloy. An optical mi-
crograph in a longitudinal section in Fig. 8a reveals
presence of three structural components: recrystallized
fine grains of α(Mg) solid solution (light) with aver-
age diameter of approx. 10 µm, very fine particles
aligned into rows parallel to the rod axis and relat-
ively coarse particles which do not show any apparent

Fig. 7. Optical micrographs of the AZ91(50 mm) alloy:
a) cross-section, b) longitudinal section.

arrangement. The nature of the intermetallic phases
was determined by chemical microanalysis and X-ray
mapping. The results are illustrated in Fig. 8b where
a SEM micrograph together with Mg, Al and Mn dis-
tributions is shown. It can be observed that the fine
particles correspond to the Mg17Al12 phase whose be-
haviour during extrusion is the same as in the AZ al-
loys. On the other hand, the coarse particles are rich
in Mn and Al. The chemical microanalysis of several
particles was performed and following concentrations
were obtained: Mn 44–48 at.%, Al 45–52 at.% and
Mg 1–4 at.%. If we consider the Al-Mn equilibrium
phase diagram, these particles correspond most likely
to an intermetallic phase which is sometimes denoted
as Al8Mn5 [30]. In the phase diagram, however, this
phase occurs in a relatively wide concentration range
which implies that Al atoms in the crystal lattice can
be in part substituted by Mn and vice-versa, and prob-
ably also by Mg to a certain extent.
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Fig. 8. Microstructure of the AM50(2.5 mm) alloy: a) optical micrograph in a longitudinal section, b) SEM micrograph
with X-ray maps of Mg, Al and Mn distributions.

3.2. M e c h a n i c a l p r o p e r t i e s

Microstructures described in the preceding chapter
strongly affect the mechanical properties of materials.
The knowledge of mechanical properties facilitates to
find an appropriate material for a particular applic-
ation and also to design its shape. Basic information
on mechanical behaviour of any material is obtained
from hardness and tensile tests.
Vickers hardness of the investigated materials is

compared in Fig. 9. As expected, the Mg shows the
lowest hardness (approx. 30 HV 1) of all investigated

materials which is primarily due to very small con-
tents of others elements, see Table 3. In contrast, the
hardness of the wrought AM50(2.5 mm) alloy and cast
AZ91, AZ91Fe0.05, MgCa5 alloys is approx. 70 HV 1,
more than double that of the pure Mg. The remaining
materials, i.e. wrought AZ91(5 mm), AZ91(50 mm)
and cast AZ91Fe0.03 alloy, exhibit slightly lower hard-
ness levels of about 60–65 HV 1 but this difference is
not very significant.
Generally, the hardening of cast and hot extruded

alloys can be described mainly by three contributions
[31, 32]:
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Fig. 9. Vickers hardness HV 1 of the investigated materials.

Fig. 10. Yield strength (YS) (a) and ultimate tensile
strength (UTS) (b) of the investigated materials.

1. Hall-Petch hardening due to grain boundaries,
2. Orowan hardening due to non-coherent particles

of intermetallic phases and
3. solid solution hardening.
Hardening due to coherent or semicoherent pre-

cipitates is neglected, as the alloys were not heat
treated. The high hardness of the cast AZ91 and
AZ91Fe0.05 alloys is a result of the high aluminium
contents and fine microstructures, see Figs. 3 and 4.
Aluminium leads to formation of hard and brittle in-

termetallics, mainly the Mg17Al12 one. These inter-
metallics act as obstacles for dislocation slip. As the
phase is non-coherent with the Mg matrix [30], the
Orowan mechanism operates here. Additionally, the
atomic radii of Al and Mg are 1.43 Å and 1.60 Å
[30], respectively. If some Mg atoms in the α(Mg)
phase are substituted by Al atoms, the discrepancy
between atomic radii results in a stress in Mg lat-
tice which can then suppress slip of dislocations. This
solid solution hardening contribution is proportional
to the Al content in the α(Mg) phase [32]. The chem-
ical microanalysis proved that the Al content in the
α(Mg) phase in both AZ91 and AZ91Fe0.05 alloy var-
ies between approx. 2 wt.% (dendritic cores) and 10
wt.% (vicinity of the interdendritic phase). Finally,
the relatively small dimensions of α(Mg) dendrites
contribute to the Hall-Petch hardening, as the dend-
rite boundaries suppress the dislocation slip. Similar
three hardening mechanisms as stated above oper-
ate in the MgCa5 and AM50(2.5 mm) alloys. In the
former one the Orowan hardening is caused by the eu-
tectic Mg2Ca phase, see Fig. 5. Since the amount of
Ca (atomic radius of 2 Å [30]) in the α(Mg) phase
was proved to vary between 1 and 5 wt.%, some solid
solution hardening can be also expected. In the case of
the wrought AM50(2.5 mm) alloy the high hardness
results mainly from the fineness of α(Mg) grains and
Al-rich particles, see Fig. 8. The slightly lower hard-
ness of the wrought AZ91(5 mm) and AZ91(50 mm)
alloys as compared to the AZ91 and AZ91Fe0.05 ones
may be a consequence of a lower volume fraction of the
Mg17Al12 intermetallic phase. It can be expected that
a part of this phase dissolves in the α(Mg) solid solu-
tion upon heating before and during the hot extrusion.
The reason of the lower hardness of the AZ91Fe0.03
alloy is its coarse microstructure in comparison with
both AZ91 and AZ91Fe0.05 alloy.
Comparison of yield strength (YS) and ultimate

tensile strength (UTS) of the investigated materials
is shown in Figs. 10a,b. As expected, the wrought al-
loys, particularly the AZ91 ones, exhibit the highest
strength. This is due to the high Al content, and also
due to their fine, homogeneous microstructure and re-
latively uniform distribution of intermetallic phases,
see Figs. 6–8. It can be also expected that the extru-
sion process eliminates casting defects like shrinkage
cavities. On the other hand, presence of the semicon-
tinuous network of brittle interdendritic phases in all
cast AZ91 alloys, see Figs. 2–4, leads to a reduction of
tensile strength. This network facilitates the propaga-
tion of fracture cracks. In the case of the cast MgCa5
alloy, see Fig. 5, the eutectic network is almost con-
tinuous and hence the ultimate tensile strength of this
material is similar to the pure Mg. Moreover, plastic
deformation was not observed in this case, so yield
strength was not determined.
From the mechanical properties viewpoint, the
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Fig. 11. Optical micrograph of the cross-sectioned corroded
surface of the MgCa5 alloy after 24 hours exposition in the

model saliva at 20◦C.

wrought AZ91(5 mm), AZ91(50 mm) and AM50(2.5
mm) alloys seem to be the most convenient for con-
struction of mechanically loaded implants, like e.g.
stents. The AZ91 and AZ91Fe0.05 alloys which were
cast into small metal mould and which thus have fine
and homogeneous structure are also promising, as the
casting permits to simply produce implants of relat-
ively complicated shapes, e.g. bone implants.

3.3. C o r r o s i o n p r o p e r t i e s

As was stated before, corrosion can be considered
the main degradation process of biodegradable im-
plants. The exposition tests showed that the corro-
sion rate of the MgCa5 alloy was 60 ± 18 mm/year
which is 1–2 orders of magnitude higher value as com-
pared to the other materials. After 24 hours exposi-
tion in the model saliva the samples appeared white
and strongly corroded. Small bubbles of evolving hy-
drogen were also observed on the sample surface. As
was already given, the MgCa5 alloy is investigated
as it seems to be prospective for fast degradable im-
plants. The main reason for such a high corrosion rate
is the large amount of calcium in this alloy. It can be
assumed that calcium or calcium-rich phases readily
react with the water solution which is accompanied
with hydrogen evolution, according to following equa-
tions:

Ca→ Ca2+ + 2e−, (1)

2H2O+ 2e− → 2OH− +H2. (2)

This mechanism is supported also by Fig. 11 where
a selective corrosion of Ca-rich eutectic and a total
disintegration of the material can be seen.

Fig. 12. Corrosion rates of the investigated materials in
the model saliva solution at 20◦C.

Corrosion rates of the other investigated mate-
rials in the model saliva are summarized in Fig. 12.
It should be noted that after all tests the surface of
samples was covered with a light (nearly white) layer
of corrosion products which contained mainly Ca, P
and O. XRD analysis proved the presence of calcium
hydrogen phosphate dihydrate (CaHPO4 ·2H2O) as
the main constituent of the corrosion products on all
samples. It can be thus assumed that the corrosion
process includes an anodic reaction:

Mg→ Mg2+ + 2e−, (3)

and a cathodic reaction [33, 34]:

2H2O+ 2e− → 2OH− +H2. (4)

An increase of solution pH due to the cathodic re-
action was confirmed by direct measurement. This in-
crease led to precipitation of CaHPO4 ·2H2O from the
model saliva solution originally containing both Ca2+

and H2PO
−
4 ions:

Ca2+ +H2PO
−
4 +OH

− → CaHPO4 +H2O. (5)

In order to determine the corrosion rate, the corro-
sion products had to be removed in appropriate solu-
tion, see experimental part. It can be seen in Fig. 12
that the Mg, AZ91, AZ91Fe0.03, AZ91(5 mm) and
AZ91(50 mm) corrode at similar rates of approxim-
ately 0.3–0.5 mm/year. It means that the degrada-
tion of e.g. a tubular implant with the wall thickness
of 0.5 mm would take more than one year. Such a
rate is too small and inacceptable for practical ap-
plications in degradable implants. The observed sim-
ilarity of corrosion rates implies that neither alu-
minium content nor preparation route affects corro-
sion process significantly. It can be assumed that Al
in part incorporates into the surface layer of corro-
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Fig. 13. Optical micrograph of the cross-sectioned corroded
surface of the AZ91 alloy after 168 hours exposition in the

model saliva at 20◦C.

Fig. 14. Optical micrograph of the cross-sectioned corroded
surface of the AZ91Fe0.03 alloy after 168 hours exposition
in the model saliva at 20◦C. Localized corrosion attack

preferentially on the α(Mg) phase is seen.

sion products [33, 35] but this effect in nearly neutral
solution of the model saliva is negligible. Similarly,
the more uniform as-wrought microstructure should
reduce the corrosion rate but this was not proved,
either. From this viewpoint, the model saliva seems
to be not very aggressive medium for the materials
given above. This is mainly due to its nearly neut-
ral pH and due to a relatively low chloride concen-
tration. The chloride concentration is the main factor
affecting the corrosion rate in neutral solutions. As
an example, it was reported [35] that the corrosion
rate of the AZ91 alloy in 1M NaCl is higher than
the values given above by approx. two orders of mag-

nitude. The cross-sections of the corroded surfaces
after removal of corrosion products were examined
in detail and only a small roughness of all surfaces
was observed, as is illustrated for the AZ91 alloy in
Fig. 13, which implies a relatively uniform corrosion.
Only one exception of this behaviour was found – the
AZ91Fe0.03 alloy. By a careful observation of this al-
loy we found a few sites with a local and deep cor-
rosion attack preferentially on the α(Mg) phase, see
Fig. 14. This localized attack may be a result of
iron-rich particles in the structure. These particles
were not found by microstructural examination due
to a very low volume fraction but their presence is
likely, as iron is practically insoluble in solid mag-
nesium [30]. In the vicinity of a Fe-rich particle, a
galvanic cell between this particle and the α(Mg)
phase, as a less noble structural component in the
alloy, forms [2]. The galvanic cells result from a dif-
ference between electrochemical behaviour of a more
noble Fe-rich phase and less noble α(Mg) phase. As
a result, the preferential and rapid corrosion of the
α(Mg) phase occurs in this site. Since the number
of Fe-rich particles in the alloy is very small, the
total corrosion rate is not influenced significantly, see
Fig. 12.
In contrast to the preceding alloys, corrosion rate

of the AM50(2.5 mm) and particularly that of the
AZ91Fe0.05 alloy is significantly higher. In the lat-
ter case, influence of the increased iron amount plays
a dominant role. As was stated above, the iron-rich
particles in the structure, see Fig. 4b, form galvanic
cells with the α(Mg) matrix which thus accelerate its
corrosion. Since the microstructure of the AZ91Fe0.05
alloy is fine and the distribution of dispersed Fe-rich
particles is relatively uniform throughout the volume
of the alloy (Fig. 4), the corrosion proceeds without
the formation of the local and deep holes on the
surface, see Fig. 15a, in contrast to the AZ91Fe0.03
alloy (Fig. 14). The increased corrosion rate of the
AM50(2.5 mm) alloy is probably also a result of gal-
vanic cells between Al-Mn phases which were identi-
fied in the structure, see Fig. 8, and α(Mg) matrix.
However, in contrast to the preceding material, the
Al-Mn particles are coarser and their distances are
significantly larger than those of the Fe-rich particles.
Therefore, corrosion process leads to formation of
more localized and relatively deep holes in the mate-
rial, see Fig. 15b.
If we compare the investigated alloys, the cast

AZ91Fe0.05 alloy seems to be most suitable for prepar-
ation of medical degradable implants. Its main advant-
ages are: fine structure and hence fine distribution of
“corrosion accelerating” Fe-rich phases. These factors
limit the danger of undesirable separation of sharp
pieces of material during degradation which could pen-
etrate to others parts of a human body and cause a
damage.
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Fig. 15. Optical micrographs of the cross-sectioned cor-
roded surface after 168 hours exposition in the model saliva
at 20◦C: a) AZ91Fe0.05 alloy, b) AM50(2.5 mm) alloy.

4. Summary

In this work, seven cast, as well as wrought, Mg
based alloys and pure Mg were investigated as prom-
ising materials for construction of biomedical degrad-
able implants. The work was focused on the AZ91,
AM50 and MgCa5 alloys. Microstructures, mechani-
cal and chemical properties were examined. It was
shown that the structures of wrought materials were
more uniform as compared with cast ones. The cast
alloys contained more or less continuous network of
interdendritic phases which led to a reduction of ulti-
mate tensile strength. The fine microstructure of al-
loys cast into a small metal mould, however, can lead
to a sufficient strength of implants of complicated
shapes. Simple corrosion exposition tests showed that
the AZ91Fe0.05 alloy which was prepared by casting
into a small metal mould exhibited a sufficient corro-
sion rate due to the high Fe content. The fine micro-

structure of this alloy resulted in a rapid but relatively
uniform corrosion attack which is important from the
medical viewpoint.
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