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Abstract: Mg—2.7Nd—0.2Zn—0.4Zr (mass fraction, %) alloy was designed for degradable biomedical material. The ingots of the
alloy were solution treated and then hot extruded. The extruded rods were heat treated with aging treatment, solution treatment and
solutiontaging treatment, respectively. Microstructures of the alloy were observed by optical microscopy (OM) and scanning
electron microscopy (SEM). Mechanical properties at room temperature were tested. In vitro degradation behavior of the alloy
immersed in simulated body fluid was measured by hydrogen evolution and mass loss tests. The degradation morphologies of the
alloy with and without degradation products were observed by SEM. The results show that the grains grow apparently after solution
treatment. Solution treatment improves the elongation of as-extruded alloy significantly and decreases the strength, while aging
treatment improves the strength and reduces the elongation of the alloy. The yield ratio is reduced by heat treatment. The in vitro
degradation results of the alloy show that solution treatment on the as-extruded alloy results in a little higher degradation rate and
aging treatment on the alloy can reduce degradation rate slightly.
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1 Introduction

Biodegradable magnesium alloy is a new class of
degradable biomaterials and they may be promising
candidates for traditional biomedical alloys, such as Ti
alloys and Co—Cr alloys, due to biodegradation, good
biocompatibility, non-toxicity and other characteristics
[1]. The most advanced clinical applications are
biodegradable cardiovascular magnesium stents which
have been successfully investigated in animals [2] and
first clinical human trials have been conducted [3,4].
Magnesium alloys were also investigated as bone
implants and can be applied in various designs, e.g.
screws, plates or other fixture devices [5]. Previous
researches on the feasibility of using biodegradable
magnesium alloys for biomedical application mainly
focused on the biocompatibility and corrosion resistance
by coating [6—9]. But few studies [10] focused on how to
improve strength of the biodegradable Mg alloys even
though their strength is much lower than Ti alloys and
Co—Cr alloys. In addition, as a biodegradable material,

the requirement for mechanical properties of magnesium
alloy is different, e.g. high strength is needed for
magnesium alloy used as bone implants, while high
elongation is needed for magnesium alloy used as
cardiovascular stents because the stent undergoes two
plastic deformation during the implantation process.
Previous studies on biodegradable Mg—3.1Nd—
0.2Zn—0.4Zr alloy indicate that lower extrusion
temperature results in finer grains, higher strength and
better corrosion resistance [11]. Lower extrusion ratio
results in finer grains, higher strength and better
corrosion resistance [12]. Furthermore, the alloy exhibits
no cell toxicity [13] and shows better mechanical
properties and corrosion resistance compared with
commercial AZ31 and WE43 alloys [14]. In the present
study, extrusion process was conducted on
Mg—2.7Nd—0.2Zn—0.4Zr alloy with a low extrusion ratio
at a relatively low temperature. The as-extruded alloy
was then heat treated with different processes to adjust
mechanical properties. Microstructure, mechanical
properties at room temperature, in vitro degradation
behavior in simulated body fluid were studied in order to
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develop processes to control mechanical properties and
degradation rate of biodegradable magnesium alloy for
biomedical applications.

2 Experimental

Mg—2.7Nd—-0.2Zn—0.4Zr alloy specimens cut from
the cast ingots were solution-treated at 540 °C for 10 h
and quenched into water at room temperature. The
specimens were cut (d85 mm x 300 mm) by lathe to
remove the oxidation surface and then hot extruded at
250 °C into rods (d 30 mm, denoted as E) with an
extrusion ratio of 8:1 and extrusion rate of 5 mm/s. Some
extruded rods were aged at 200 °C for 8 h (denoted as
EA). Some extruded rods were solution treated at 530 °C
for 30 min (denoted as ES) and subsequently aged at 200
°C for 8 h (denoted as ESA).

The specimens for microstructure observation were
cut parallel to extrusion direction, polished and then
dried in warm flowing air. The polished specimens were
etched with acid solution (20 mL acetic acid, 1 mL nitric
acid, 60 mL glycol and 19 mL distilled water). The
microstructures of the specimens were observed using an
optical microscope (OM) and a scanning electron
microscope (SEM) in back-scattered electron mode
(BSE). Tensile test samples were cut parallel to the
extrusion direction from respective rod. Tensile test was
carried out on a material test machine at room
temperature with a cross-head speed of 1 mm/min. Three
specimens for each alloy were tested.

Hydrogen evolution and mass loss tests were
conducted to evaluate in vitro degradation behavior of
Mg alloy. Specimens for immersion tests with a
dimension of 12 mm in diameter and 5 mm in thickness
(total surface area: (4.1£0.1) cm® ) were cut by an
electric-sparking wire-cutting machine. The specimens
were polished to mirror surface for immersion test.
Simulated body fluid (SBF), which is composed of 8.0
g/L NaCl, 0.4 g/l KCl, 0.35 g/L NaHCO;, 0.2 g/L
MgSO0,7H,0, 0.14 g/L CaCl,, 0.06 g/L Na,HPO, and
0.06 g/L KH,PO,, was used as the test solution to study
in vitro degradation behavior of the alloy. The pH value
was adjusted to 7.4 with NaOH or HCI solution before
experiments. Three specimens for each alloy were
immersed in SBF at (37+0.5) °C and the data were
averaged. The ratio of surface area to solution volume is
1 cm® : 30 mL according to ASTM G31-72. The
immersion test lasted for 240 h, and the SBF was
renewed every 48 h in order to keep a relatively stable
pH value of the solution and the hydrogen volume was
recorded before renewing the SBF. The schematic
illustration of the hydrogen evolution volume
measurement can be referred to Ref. [15]. After the
immersion test, the samples were removed from the

solution and cleaned in 200 g/L chromic acid solution
with 10 g/L silver nitrate for 5 min to remove surface
degradation products. The samples were rinsed with
distilled water, ethanol, and then dried in warm flowing
air. The dried samples were weighed and in vitro
degradation rate was calculated. The morphologies of the
immersion specimens were observed by SEM and the
elements of the degradation products were analyzed by
energy-dispersive spectrometry (EDS).

3 Results and discussion

3.1 Microstructure

Figure 1 shows the optical images of the alloy under
various conditions. The microstructures of the E and EA
consist of fine grains and long extrusion bands, as shown
in Figs. 1(a) and (b). The fine grains of the E and EA, as
the consequence of dynamic recrystallization, are so fine
that can hardly be observed even under magnification of
1 000. According to the previous studies [12,16], long
elongated grains formed along extrusion direction during
hot extrusion, which have been suggested to arise from
previous un-extruded structures that have survived
dynamic recrystallization. Since these grains are
favorably orientated to accommodate extrusion strains, in
the basal slip system, they can undergo deformation
without twinning and latent hardening. Hence, these
grains do not have large enough stored plastic energy to
trigger recrystallization. The long elongated grains locate
in the extrusion bands even though they cannot be
observed clearly by OM.

It is known that the precipitation can easily occur
during hot extrusion and aging treatment for magnesium
alloys, however, the precipitation phase cannot be
observed clearly from Figs. 1(a), (b) and (d). After
solution treatment on the as-extruded alloy, the grains
become coarse apparently and the grain size of the coarse
grains is over 40 um, as shown in Fig. 1(c). Precipitation
phase dissolves into Mg matrix after solution treatment.
No obvious difference can be seen between the optical
images of ES and ESA.

Figure 2 shows the SEM-BSE micrographs of the
alloy. Bright phase can be observed in E and EA alloys,
which precipitates during hot extrusion and is Mg;,Nd
according to previous study [12]. The bright phase
Mg ,Nd cannot be observed in ES alloy because it has
been dissolved into matrix during solution treatment. No
obvious difference of the alloy can be seen after aging
treatment (E vs EA, ES vs ESA). In fact, the
microstructure of the alloy after aging (EA and ESA) is
composed of fine Nd-rich platelets in Mg matrix and
these platelets are very small and cannot be seen in the
optical images or even SEM images. The sizes of these
plates are about 10 nm in diameter and 1-2 nm in
thickness which can be observed by TEM [17].
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3.2 Mechanical properties

Mechanical properties of the Mg—2.7Nd—0.2Zn—
0.4Zr alloy at room temperature are listed in Table 1. The
yield strength (0y,) and ultimate tensile strength (o) of
the as-extruded alloy (E) are both over 360 MPa and the
elongation is about 8%. Both ¢y, and g, of the EA alloy

Extrusion
direction

are improved up to about 400 MPa due to the
precipitation strengthening caused by aging treatment
while the elongation reduces. After solution treatment on
the as-extruded alloy, oy, and g, drop obviously, however,
the elongation is improved significantly. The grains
become coarse after solution treatment, which results in
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the decrease of the strength. Meanwhile, the
microstructure is composed of equiaxed grains. The long
elongated grains which are bad for elongation disappear,
hence, the elongation improves significantly. Aging
treatment on the ES alloy enhances the strength of ES
alloy greatly due to precipitation strengthening but the
elongation decreases.

Table 1 Mechanical properties of Mg-2.7Nd—0.2Zn—0.4Zr
alloy tested at room temperature

Specimen  ¢y/MPa oy/MPa 0.2/ 0y, 0/%
E 363+6.3 376+4.3 0.96 8.4+2.2
EA 394£5.2  417+7.6 0.94 2.6+0.2
ES 121+4.8 217433 0.56 22.2+2.4
ESA 191£2.6  326+2.8 0.59 12.2+1.2

Additionally, the yield ratios (cyp,/0y) of the E and
EA are very high, which indicates that the value of gy, is
close to that of o,. However, the yield ratios of the ES
and ESA are moderate. A basal slip system can be easily
activated and then accelerates the accumulation of
dislocation during plastic deformation, which is the
origin of work hardening. However, the highest
dislocation density of the as-extruded alloy almost
which restricts further
dislocation accumulation and work hardening [18].

reaches the critical level,

However, after solution treatment, the larger grain size
and the lower dislocation density in grains are beneficial
to the dislocation accumulation which generates work
hardening during tensile deformation. Therefore,
remarkable work hardening occurs in the solution treated
alloy. The yield ratio of the alloy can be adjusted
effectively between 0.98 and 0.55 by controlling heat
treatment parameters, which is not reported here. The
magnesium alloys with high strength (E and EA) will be
a promising candidates to be applied as bone implants
and those with low yield ratio and good elongation (ES
and ESA) will be a promising candidates to be applied as

cardiovascular stents.

3.3 In vitro degradation behavior

Figure 3 shows the hydrogen evolution volume of
the Mg—2.7Nd—0.2Zn—0.4Zr alloy immersed in SBF for
240 h. It can be seen that the hydrogen evolution volume
of the alloy under different conditions shows only slight
difference which even cannot be distinguished. The total
hydrogen evolution of the E, EA, ES and ESA after 240
h immersion is 1.34, 1.28, 1.47 and 1.38 mL/cm’,
respectively. The result shows that solution treatment
plays a slight negative role while aging treatment plays a
slight positive role on in vitro degradation behavior of
the alloy. Moreover, the hydrogen volume of the alloy

under different conditions shows a decrease trend with
the increase of immersion time. The hydrogen evolution
during the first 48 h is much more than that during
subsequent immersion time. It is possible that the
corrosion layer on the surface of the alloy becomes thick,
which can prevent matrix from exposing in SBF and thus
stifled degradation.
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Fig. 3 Hydrogen evolution volume of Mg—2.7Nd—0.2Zn—0.4Zr
alloy immersed in SBF for 240 h

Figure 4 shows the mass loss test results of the alloy
immersed in SBF for 240 h. It reveals that the in vitro
degradation rate of E is a little slower than that of ES,
which indicates that solution treatment plays a slight
negative role on degradation rate. The degradation rate of
EA is a little slower than that of E, and the degradation
rate of ES is a little lower than that of ESA, which
suggests that aging treatment can reduce the degradation
rate slightly. The result of mass loss test has a good
agreement with that of the hydrogen evolution test.
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Fig. 4 In vitro degradation rate of Mg—2.7Nd—0.2Zn—0.4Zr
alloy immersed in SBF for 240 h
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Figure 5 shows the degradation product
morphologies of the alloy after immersion in SBF for
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240 h. It can be observed that the degradation products
are composed of two parts, which are compact film on
the surface of the matrix and white particles on the film.
The compact film formed on the surface of the matrix
may play a protect role on degradation. Therefore, the
hydrogen evolution volume of the alloy shows
decreasing trend with lasting immersion time. In addition,

Fig. 5 SEM images showing degradation product morphologies of

(b) EA; (c) ES; (d) ESA
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Fig. 6 EDS results of degradation products of E after immersion in SBF for 240 h

the film on the surface of the matrix is separated by lots
of visible cracks. The cracks are actually caused by
drying the specimen after immersion test. EDS test is
conducted on E in order to identify the degradation
products of the alloy. The results shown in Fig. 6 indicate
that the white particles on the film contain O, Ca, P and
Mg elements and the compact film contains O, Mg, P
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g—2.7Nd—0.2Zn—0.4Zr alloy immersed in SBF for 240 h: (a) E;
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and Ca. According to the previous study [11], the
compact film on the surface of matrix is mainly
Mg(OH), with some Ca and P, and the white particles are
mainly Ca;o(PO,)s(OH), and Mg(OH),. The formation of
Ca;o(PO4)s(OH), particles on the Mg substrate surface
can accelerate the bone tissue to heal, which indicates
that the Mg alloy has good biocompatibility.

Figure 7 shows the degradation morphologies of the
alloy after removing degradation products. Numerous
tiny pits are visible on the surface of the alloy and some
large pits can be seen in ES. In general, the degradation
morphologies of the alloy are uniform, which is different
from localized corrosion with large holes on the surface
of matrix, such as Mg—Zn alloy [19]. Uniform
degradation is important for biodegradable materials.
Localized degradation probably causes a collapse of the
implant even though the degradation rate of the implant
is slow. Contrarily, the whole collapse of the implant
caused by localized degradation can be avoided if the
implant exhibits a uniform degradation mode.

Both hydrogen evolution and mass loss results show
that solution treatment on the as-extruded alloy increases
degradation rate slightly while aging treatment on both
as-extruded and solution treated alloy decreases
degradation rate slightly. The results may be due to the
grain size, precipitation phase and internal stress of the
alloy. It was reported that fine grains could enhance the

corrosion resistance of magnesium alloy [20—-22].
However, the second phase Mg;,Nd is precipitated
during hot extrusion in E alloy, which can induce
galvanic corrosion. The second phase is dissolved into
matrix during solution treatment, and thus the factor by
galvanic corrosion is eliminated. Therefore, the better
corrosion resistance of the E than ES is attributed to finer
grains. As for the influence of aging treatment on
degradation behavior of the alloy, it is mentioned that
precipitation phase with nano size is formed during aging,
which can also cause microgalvanic corrosion.
Nevertheless, internal stress in E and ES alloys caused
by hot extrusion and quenching, respectively, should play
a negative role on corrosion resistance [23]. The internal
stress can be relieved by aging. Consequently, the
improved corrosion resistance of the alloy caused by
aging treatment is mainly ascribed to the relief of internal
stress.

4 Conclusions

1) Precipitation phase of Mg—2.7Nd—0.2Zn—0.4Zr
alloy caused by hot extrusion can be dissolved into
matrix by solution treatment, but the grains become
coarse simultaneously. No obvious difference in the
microstructures before and after aging treatment can be
observed by OM or SEM.

Fig. 7 SEM images showing morphologies of Mg—2.7Nd—0.2Zn—0.4Zr alloy immersed in SBF for 240 h after removing degradation

products: (a) E; (b) EA; (c) ES; (d) ESA
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2) Solution treatment on the as-extruded
Mg—2.7Nd—0.2Zn—0.4Zr alloy can reduce yield ratio and
improve the elongation of alloy significantly, while aging
treatment on the solution treated alloy can enhance
strength  apparently due to the precipitation
strengthening.

3) Due to the coarse microstructure, in Vvitro
degradation rate of the alloy increases slightly by
solution treatment. Even though the precipitation phase
is formed, which is bad for corrosion resistance, because
of the relief of internal stress, the degradation rate of the
alloy is reduced by aging treatment.
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