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Abstract: Mg—2.2Nd—xSr—0.3Zr alloys (x=0, 0.4 and 0.7, mass fraction, %) were prepared by gravity casting. Solution treatment
was conducted on the as-cast alloys to homogenize microstructure, and hot extrusion was subsequently conducted. Microstructure
was observed using an optical microscope and a scanning electron microscope. Biocorrosion behaviors of the alloy in simulated body
fluid were analyzed by mass loss, hydrogen evolution and Tafel polarization experiments. The results show that the amount of
residual eutectic phase of the solution treated alloys increases with increasing Sr addition, and the grains are significantly refined
after hot extrusion. The corrosion resistance of the solution treated alloys deteriorates apparently with increasing Sr addition, while
the corrosion resistance of the as-extruded alloys is improved with Sr addition. Nevertheless, the biocorrosion behavior of the

as-extruded alloys obtained by Tafel polarization shows different trends from those obtained by the other two methods.
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1 Introduction

Biodegradable pure magnesium and its alloys are
potential candidates for temporary bone implants due to
their ~ special  characteristics, such as  good
biocompatibility, biodegradation, similar density and
elastic modulus to those of human bone [1,2]. For the
poor mechanical properties of pure Mg, some nutrient
elements have been added into Mg as alloying
elements [3]. Strontium is one of the normal alloying
elements in Mg alloys, which can refine grains, improve
mechanical properties, corrosion resistance and creep
resistance of Mg alloys with suitable addition [4—6]. It
was also reported that Sr could refine the precipitates,
promote their solution [7] and weaken textures of Mg
alloy during hot extrusion [8]. Moreover, Sr is a
component of human bone and can promote the growth
of osteoblasts and prevent bone resorption. Therefore,
several Mg alloys with Sr addition have been studied as
biodegradable materials in the last two years, and the

primary results show that the Mg alloys with proper Sr
addition are promising candidates for biodegradable
implants [9—11]. Some reports indicate that the effect of
Sr addition on the corrosion behavior of the Mg—Sr
binary alloy under different conditions is different. GU et
al [12] reported that the as-rolled Mg—Sr alloy with 2%
Sr (mass fraction) exhibited the slowest corrosion rate,
while BORNAPOUR et al [13] found that the as-cast
Mg—Sr alloy with 0.5% Sr showed the slowest corrosion
rate. Furthermore, ZHANG et al [14] indicated that the
best corrosion resistance of the as-cast Mg—Nd—Zn—Zr
alloy was obtained from the alloy with 0.7% Sr
addition [14]. Consequently, the effect of Sr addition on
corrosion behavior of a novel Mg alloy cannot simply
refer to the reports but need systemic study.
Mg—Nd—Zn—Zr alloys exhibit good mechanical
properties, high corrosion resistance in simulated body
fluid, uniform mode and acceptable
biocompatibility, and thus are promising for bone fixture
implant and cardiovascular stent applications [15—17]. In
this work, for the desired performance of Sr on bone
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fixture applications, Sr was added in Mg—Nd—xSr—Zr
alloys on the basis of the Mg—Nd—Zn—Zr alloys.
Solution treatment and hot extrusion were conducted on
the alloys to reveal effects of Sr addition and extrusion
on microstructure and biocorrosion behaviors of the
Mg—Nd—xSr—Zr alloys.

2 Experimental

Three alloys with nominal composition of
Mg—2.2Nd-xSr—0.3Zr (x=0, 0.4 and 0.7, mass fraction,
hereafter, denoted as A, B and C, respectively) were
prepared with highly pure Mg, Mg—30%Nd, Mg—25%Sr
and Mg—30%Zr (mass fraction) by gravity casting under
a mixed protected atmosphere of CO, and SF¢. The melt
was cast at 720 °C into a steel mould, which was
preheated and coated with graphite paste. The ingots
were solution treated at 540 °C for 12 h, and then
quenched into water at room temperature (hereafter,
denoted as A-T4, B-T4 and C-T4, respectively). The
solution treated (T4) specimens were extruded into rods
with the diameter of 20 mm at 350 °C with an extrusion
ratio of 9 and extrusion speed of 50 mm/s (hereafter,
denoted as A-E, B-E and C-E, respectively).

The as-extruded specimens for microstructure
observation were cut parallel to the extrusion direction.
All the solution treated and as-extruded specimens were
polished with 600, 1200 grit papers and 3.5 um diamond
grinding paste, and then etched with acid solution (acid
solution with 20 mL acetic acid + 1 mL nitric acid
+ 60 mL glycol + 19 mL distilled water for the T4 alloys,
and acid solution with 10 mL acetic acid + 4.2 g picric
acid + 70 mL ethanol + 10 mL distilled water for the
as-extruded alloys). The microstructure of the alloys was
observed using an optical microscope (OM) and a
scanning electron microscope (SEM) in conjunction with
an energy-dispersive spectrometer (EDS).

The specimens with a size of 19 mm in diameter
and 3.5 mm in thickness were polished for corrosion
behavior experiments in simulated body fluid (SBF) at
(37+0.5) °C. The composition of SBF contains NaCl
(8.0 g/L), KCI1 (0.4 g/L), NaHCO; (0.35 g/L), CaCl,
(0.14 g/L), MgCl,:6H,0 (0.1g/L), Glucose (1 g/L),
Na,HPO,2H,0 (0.06 g/L), KH,PO, (0.06 g/L) and

MgSO,7H,0 (0.06 g/L) [18]. The biocorrosion
behaviors of the alloys were evaluated by mass loss test,
hydrogen evolution test and Tafel polarization
experiment. Prior to the immersion experiment, the mass
of the specimens was weighted, the diameter and
thickness of the specimens were measured, and the pH
value of the SBF was adjusted to 7.4 with HCI or NaOH.
The ratio of surface area (cm?) to SBF solution volume
(mL) is 1:30. The hydrogen was collected by a burette
placed on top of a funnel with a specimen in the center of
the funnel. SBF was renewed every 24 h and the
immersion experiment lasted for 120 h on the basis of
the approximate corrosion rate of the alloys according to
the ASTM G31-72. After immersion for 120 h, the
specimens were cleaned with acid solution (200 g/L
Cr,03+10 g/L AgNO3) for 5 min to remove corrosion
products on the surface of the specimens. The
morphologies of the immersed specimens were observed
by SEM. The Tafel polarization curves of the alloys were
measured in SBF at (37+0.5) °C. The standard calomel
electrode in saturated KCl solution was used as the
reference electrode and the counter electrode was a high
purity platinum grid. The Tafel polarization curves were
recorded at a scan rate of 1 mV/s in the range from
—0.25 mV to 0.3 mV vs the saturated calomel electrode
(SCE).

3 Results and discussion

3.1 Microstructure

Figure 1 shows the optical microstructures of the
Mg—2.2Nd-xSr—0.3Zr alloys under T4 condition. The
A-T4 alloy is mostly composed of equiaxed a-Mg grains,
and minor second phase can be observed in the grain
boundaries, which is not dissolved sufficiently during
solution treatment, as shown in Fig. 1(a). With the
addition of Sr, except for the equiaxed a-Mg grains, the
discontinuous second phase is observed in the grain
boundaries and increases with increasing Sr addition. It
is known that the maximal solubility of Sr in Mg is only
about 0.11%. The addition of Sr in alloys B and C are
0.4% and 0.7%, respectively. Sr cannot be dissolved into
Mg matrix completely, and thus, it exists as the second
phase in the grain boundaries. In addition, the grain size
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of the T4 alloys shows only slight decrease with
increasing Sr addition.

Grey circles filled with numerous fine particles can
be seen in the center of the a-Mg grains for the alloys
B-T4 and C-T4, as shown in Figs. 1(b) and (c). Figure 2
shows the SEM image of the in B-T4 alloy and the EDS
results of the different parts of the microstructure. It
indicates that the bright second phase consists of Mg, Sr
and Nd. The XRD analysis reveals that Mg, Nds and
Mg,;Sr, are formed in the as-cast alloy B [14]. A large
number of fine bright particles can be observed in the
center of the a-Mg grains, which seem a little dark by
OM, as shown in Fig. 1. Composition analysis indicates
that the fine bright particles are rich in Zr element, and
the edge of the grains (a-Mg) mainly consists of Mg and
a little Nd and Zr.

The OM images of the as-extruded Mg-2.2Nd-
xSr—0.3Zr alloys parallel to the extrusion direction are
presented in Fig. 3. The microstructure of the alloys is
refined significantly after hot extrusion. The precipitated
grains, which can hardly be observed by OM, are also
formed after extrusion. Generally, three kinds of grains
are formed in the as-extruded alloys: relatively coarse
grains with the grain size of 8-16 um, fine grains with
the grain size of 1-6 um, and tiny grains located in the
black strips, which can hardly be observed. It indicates
that the completely dynamic recrystallization occurs
during hot extrusion, and the non-uniform distribution of
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the plastic deformation energy results in the
inhomogeneous grains. It seems that the grain size of the
as-extruded alloy decreases slightly and the black strips
with tiny grains increase apparently with increasing Sr
addition. BORKAR and PEKGULERYUZ [19] reported
that Mg;,Sr, precipitates in Mg alloy extrusion can act as
nucleation sites for particle stimulated nucleation and
also help in the restriction of grain growth during
recrystallization by pinning grain boundaries, which can
explain the refined microstructure of the alloys with Sr
addition.

3.2 Corrosion behaviors

The corrosion rates of the T4 and as-extruded alloys
are shown in Fig. 4. As for the T4 alloys, the corrosion
rate increases obviously with increasing Sr addition. As
for the as-extruded alloys, the corrosion rates of the
alloys B and C with Sr addition are slower than that of
the alloy A without Sr. Moreover, the corrosion rate of
the alloy A-E is faster than that of the alloy A-T4, while
the corrosion rates of the alloys B-E and C-E are slower
than those of the alloys B-T4 and C-T4 accordingly.

The hydrogen evolution volumes of the T4 and
as-extruded alloys as a function of the immersion time
are plotted in Fig. 5. It presents that the hydrogen
evolution volume of the alloys A-T4 and B-T4 shows
general increase with prolonging immersion time, while
the hydrogen evolution volume of the alloy C-T4 is
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Fig. 2 SEM image of alloy B-T4 and EDS results of different areas
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Fig. 3 Optical microstructures of as-extruded Mg—2.2Nd—
xSr—0.3Zr alloys: (a) x=0; (b) x=0.4; (c) x=0.7
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Fig. 4 Corrosion rate of Mg—2.2Nd—xSr—0.3Zr alloys
immersed in SBF for 120 h

higher during the first and the second 24 h than the
following immersion time. The higher hydrogen
evolution volume of the alloy C-T4 during the first 48 h
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Fig. 5 H, evolution volume of Mg—2.2Nd—xSr—0.3Zr alloys
immersed in SBF for 120 h: (a) Solution treated alloys;
(b) As-extruded alloys

is probably due to the more second phase, which
causes severe micro-galvanic corrosion. The total
hydrogen evolution volume of the three alloys follows
the order: A-T4<B-T4<C-T4. As for the as-extruded
alloys (Fig. 5(b)), the hydrogen evolution volume during
the first 24 h is much more than that of the following
72 h, and with prolonging the immersion time, hydrogen
evolution volume increases apparently for the last 24 h.
The total hydrogen evolution volume of the three
as-extruded alloys exhibits the following order: B-E<
C-E<A-E. The results obtained by hydrogen evolution
test are well consistent with those obtained by mass loss
test.

The corrosion morphologies of the solution treated
and as-extruded alloys are presented in Figs. 6 and 7,
respectively. It is found that the alloys exhibit relatively
uniform corrosion, which is desired for biodegradable
implant applications. The corrosion surface of the alloy
A-T4 is relatively smooth, and numerous pits located in
the grains and grain boundaries, and some micro cracks
located in the grain boundaries can be observed on the
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Fig. 6 Corrosion morphologies of solution treated Mg—2.2Nd—xSr—0.3Zr alloys after cleaning corrosion products: (a) x=0; (b) x=0.4;

(c) x=0.7
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surfaces of the alloys B-T4 and C-T4. The corrosion
potential of the second phase is more positive than that
of the a-Mg matrix, and thus, the second phase could be
protected for micro-galvanic corrosion. Therefore, the
pits and micro cracks are probably caused by the peeling
of the second phase during cleaning the corroded
specimens with acid solution.

The corrosion surface of the alloy A-E is much
more uniform than that of the alloy A-T4 due to the
much finer microstructure. Micro cracks cannot be
observed from the surfaces of the alloys B-E and C-E
because the second phases are refined by hot extrusion
and precipitated as fine particles. Consequently, a large
number of pits are observed in the alloys B-E and C-E.
Furthermore, the pits in the alloy C-E are much tinier
than those in alloy B-E, suggesting that the precipitate
size of Mg;;Sr, decreases with more Sr addition.

The polarization curves of both the solution treated
and as-extruded alloys are shown in Fig. 8. It reveals that
the corrosion potentials of the alloys both at solution
treated state and at as-extruded state have apparent
differences. It is known that the corrosion potential of
materials just suggests the corrosion tendency in view of
thermodynamics, the more negative corrosion potential
means easier to be corroded. However, the corrosion rate
of the alloys is determined by the corrosion current
density but not the corrosion potential. The current
densities of the alloys are evaluated by Tafel
extrapolation. The current densities of the alloys A-T4,
B-T4 and C-T4 are 44.2, 60.7 and 1050 pA/cm?,

r b = P <3S : % :
G | 2 ped o 5 "?\ ;
Fig. 7 Corrosion morphologies of as-extruded Mg—2.2Nd—xSr—0.3Zr alloys after cleaning corrosion products: x=0; (b) x=0.4;
(c) x=0.7

respectively, and those of the alloys A-E, B-E and C-E
are 122, 97.7 and 40.6 pA/cm?, respectively. The results
reveal that the corrosion rates of the solution treated
alloys follow the order: A-T4<B-T4<C-T4, which is
consistent with the results obtained by mass loss and
hydrogen evolution experiments. Nevertheless, the
corrosion rates of the as-extruded alloys obtained by
Tafel extrapolation follow the order: C-E<B-E<A-E,
which do not agree with the corrosion results obtained by
mass loss or hydrogen evolution experiments.

The corrosion rates of the solution treated alloys
evaluated by three methods present the same trend:
A-T4<B-T4<C-T4. The grain sizes of the three solution
treated alloys show no obvious difference, therefore, the
increased corrosion rate with increasing Sr addition is
ascribed to the second phases. Second phases have a
tendency to cause micro-acceleration of the corrosion of
a-Mg matrix if they distribute discontinuously, and they
can also provide a barrier and restrict corrosion of Mg
alloys if they distribute continuously [20,21].
Consequently, the increased and discontinuously
distributed second phases in alloys B-T4 and C-T4 are
responsible for the increased corrosion rate. The
corrosion rates of the alloys B and C after hot extrusion
are slower than those under solution treated condition
according to the results obtained by mass loss and
hydrogen evolution tests. The microstructure is refined
significantly after hot extrusion, and the second phases
seem to be much less than those in the T4 alloys. As a
consequence, the improved corrosion resistances of the
alloys B and C after hot extrusion are attributed to the
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grain refinement and the reduction of the second phases.
However, the corrosion rate of the alloy A after hot
extrusion is much higher than that under T4 condition for
all the three methods. As described above, the
microstructure of the alloy A-T4 is nearly composed of
oa-Mg grains, while some precipitated grains are formed
after hot extrusion. It is known that the refined grains can
restrict the corrosion while the precipitates will
accelerate the corrosion due to micro-galvanic corrosion.
The corrosion rate of the alloy is determined by the
factor which plays the dominating role of the corrosion.
Therefore, the accelerated corrosion rate in the alloy A
after hot extrusion may be attributed to the
overwhelming negative role caused by the precipitates.
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Fig. 8 Polarization curves of Mg—2.2Nd—xSr—0.3Zr alloys:
(a) Solution treated alloys; (b) As-extruded alloys

Moreover, according to the results obtained by Tafel
polarization test, the corrosion rate of the alloy B-T4 is
slower than that of the alloy B-E, and the corrosion rate
of the alloy B-E is higher than that of the alloy C-E,
which is adverse to the results obtained by mass loss and
hydrogen evolution tests. The Tafel extrapolation
technique essentially provides a measurement of the
corrosion rate at a particular time over which the

measurement was carried out soon after specimen was
immersed in solution, and the corrosion rates have not
been related to steady state corrosion. While the mass
loss and hydrogen evolution tests are relatively long-term
tests. Therefore, the deviations of the corrosion rates are
observed for the Tafel polarization test compared with
those for the mass loss and hydrogen evolution tests. The
deviations of the corrosion rate of Mg alloys between
Tafel polarization test and mass loss test/hydrogen
evolution test were also reported by SHI et al [20]. And
thus, for evaluating corrosion behavior of Mg alloys by
Tafel extrapolation method, at least one of the other
measurement methods, i.e., mass loss test or hydrogen
evolution test, is strongly recommended.

4 Conclusions

1) The amount of second phases of the solution
treated Mg—2.2Nd—xSr—0.3Zr alloys increases with the
increase of Sr addition. The bright particles in the center
of the a-Mg grains of the solution treated alloys observed
by SEM are Zr-enriched compounds.

2) The microstructure is refined significantly by hot
extrusion due to dynamic recrystallization. Relatively
coarse grains, fine grains and the tiny grains located in
the black strips are observed from the as-extruded
microstructure. The grain sizes decrease slightly with
increasing Sr addition for the as-extruded alloys.

3) The corrosion rates of the solution treated alloys
increase with increasing Sr addition due to the increased
second phases. The corrosion rate of the as-extruded
alloy without Sr addition is higher than those with Sr
addition. The solution treated alloy without Sr addition
exhibits much better corrosion resistance compared with
the as-extruded alloy, while the as-extruded alloys with
Sr addition exhibit better corrosion resistance compared
with the solution treated alloys.

4) The corrosion rates of the alloys obtained by
mass loss and hydrogen evolution tests are consistent,
but show some deviations from those obtained by Tafel
polarization. Therefore, mass loss and/or hydrogen
evolution tests are recommended to accompany with
Tafel polarization test to study the corrosion rate of the
Mg alloys.
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