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Abstract: A biodegradable Mg—27Zn—0.4Sc—0.2Zr (ZK20-0.4Sc) alloy wire with a diameter of 0.5 mm was prepared
by a combination of hot extrusion and cold-drawing. The average grain size of ZK20-0.4Sc alloy wire on the
longitudinal section along the drawing direction is approximately 7.3 um. The texture results show relatively strong
(1120) and weak (1010) fiber texture components parallel to the drawing direction. The ZK20—0.4Sc alloy wire exhibits
better mechanical properties with the tensile strength, yield strength and elongate of (329+2) MPa, (287+2) MPa and
(14.2+0.5)%, respectively. The better mechanical properties are mainly attributed to the grain refinement strengthening,
dislocation strengthening and precipitation strengthening. With the immersion time increasing to 14 d, the corrosion
type transfers from filament corrosion and pitting corrosion to severe localized corrosion.
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1 Introduction

Magnesium (Mg) and its alloys have potential
applications as biodegradation medical implants
in the fields of cardiovascular, orthopedic and
gastrointestinal because of the elastic modulus
closer to that of human bone, good biodegradability
and biocompatibility [1—5]. The use of biomedical
Mg alloy wires has been explored as peripheral
nerve repair, anastomosis nails and sutures [6—9].
Moreover, Mg and its alloy fine wires with diameters
less than 0.5 mm can be knitted as tubular mesh
stents or made as the reinforcement of polymer
matrix composites for orthopedic surgery [10—12].
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Mg and its alloys wires used as clinical implants
have some requests. Firstly, the materials should
keep adequate support strength after being
implanted in the human body, and without obvious
deformation during the internal service. Secondly,
they should have good biosafety and bio-
compatibility, void inducing inflammation after
implantation, and the degradation products are
non-toxic to the human body. Thirdly, because of
rapid degradation and its rate matching with the
healing rate of the diseased tissue, the appropriate
degradation rate will not cause premature loss of
support for the implants [13—19].

Severe plastic deformation techniques, such as
equal channel angular pressing (ECAP) and high-
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pressure torsion (HPT), have been used as the
preparation of Mg and its alloy wires to refine
the grain size or form specific texture [20—22].
However, the low productivity and the complexity
limited their applications [23—28]. The common
preparation methods of Mg alloy wire are extrusion
and multi-pass drawing [29—34]. Compared with
extrusion, drawing has obvious advantages. For
example, it can obtain accurate dimension and
can also be continuously fabricated at high
speeds [35,36]. Drawing can be divided into cold
drawing and hot drawing. The processing efficiency
of hot drawing is high, and the Mg alloy wire
produced has good ductility. But the low strength
limits the requirements of implant materials. Cold
drawing is carried out at room temperature, and the
alloy wire tip is polished and directly drawn
through the conical die to form. ZHENG et al [34]
prepared a Mg—3Zn—0.2Ca medical Mg alloy wire
with a diameter of 0.8 mm by extrusion and
multi-pass cold drawing. Its grain size could be
refined from 6.73 to 3.96 um.

Adding low-alloying elements can effectively
modify the microstructure and properties of
Mg alloys [37,38]. In our previous study [39,40],
adding a small amount of Sc element in
Mg—27Zn—0.2Zr alloy refined grains, improved the
strength and corrosion resistance of the alloy, and
maintained good biocompatibility. It was found that
the as-extruded Mg—2Zn—0.2Zr alloy containing
0.2% Sc displayed better corrosion resistance but
lower mechanical properties [39]. However, with
the increase of Sc content to 0.8%, the elongation
significantly decreased and the degradation rate
gradually increased. Considering the subsequent
plastic deformation and degradation rate, Sc content
should not be too high. Mg—2Zn—0.4Sc—0.2Zr
(ZK20—-0.4Sc) alloy with better plasticity was
selected as the research object. Smelt, then
homogenized annealing, hot extrusion, cold
drawing and intermediate annealing were carried
out to prepare a 0.5 mm diameter Mg alloy wire.
When the accumulated deformation (0—31%) is
small, ZK20—-0.4Sc alloy can be directly cold-
drawn plastic deformation. Because of frequently
cutting off when large accumulated deformation
exceeded 31% (diameter about 1 mm), ZK20—0.4Sc
alloy wire was annealed at 250 °C for 0.5 h, and
cold drawn with a single pass small deformation.
Finally, ZK20—0.4Sc Mg alloy wire with a diameter

of 0.5 mm (drawing deformation of 83%) was
successfully prepared, and the microstructure and
properties of ZK20—0.4Sc alloy wires were studied.

2 Experimental

The raw materials required for alloy smelting
were high purity Mg (99.99%), high purity Zn
(99.99%), Mg—30%Zr, and Mg—30%Sc intermediate
alloys. The raw material was put into the tantalum
crucible of the vacuum induction melting furnace in
a target proportion of Mg—2Zn—0.4Sc—0.2Zr and
heated until it was completely melted under the
protection of argon gas. The melt was then poured
into a stainless steel mold placed in the melting
chamber and gradually cooled to room temperature
to obtain a cylindrical ingot with a diameter of
about 100 mm. The ingot was homogenized at
400 °C for 24 h to obtain a homogenized alloy with
more uniform chemical composition and structure.
The surface of the homogenized alloy was oxidized
and removed to obtain a clean and smooth
cylindrical casting blank. The cylindrical casting
blank was preheated at 320 °C for 2 h, and the alloy
was hot-extruded by a 300t vertical extruder (the
extrusion die was a round hole with a porous die at
an extrusion rate of 5 mm/s). Then, the extruded bar
with a diameter of 1.2 mm was obtained. The
preparation process of Mg alloy wire and the
illustration of the test direction and test surface of
the sample are shown in Fig. 1. DD is the drawing
direction, and RD is the radial direction. LS is the
longitudinal section along DD, and TS is the cross
section along RD. Considering the mechanical
properties of Mg alloy, the cold drawing of single
pass with small deformation and low speed was
firstly carried out. The single pass deformation was
controlled at 3%—5%, and the drawing rate was
about 10 mm/s. The cumulative deformation of Mg
alloy wire gradually increased after multiple cold
drawing. When the diameter was deceased to 1 mm,
frequent wire breakage occurred. Aiming to
improve this situation, it is annealed in the heat
treatment furnace at 250 °C for 0.5h, and then
gradually cold drawn to the wire with a diameter of
0.5 mm with the cumulative deformation of 83%.
The diameter of the alloy wire and the cumulative
drawing deformation (regarding the drawing
deformation in the as-extruded state as zero) are
shown in Table 1.
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Fig. 1 Preparation technology (a), testing direction and section illustration (b) of ZK20—0.4Sc alloy wire

Table 1 Diameter and drawing reduction of as-extruded
and as-drawn samples

Diameter/mm Drawing reduction/%
1.20 0
1.17 5
1.13 11
1.00 31
0.50 83

The metallographic microscope (OM, Leica
G20ST) was used to observe the microstructure of
the alloy. The sample was mechanically ground
step by step from 360% water abrasive sandpaper
to 1600 metallographic sandpaper, and then
mechanically polished using WO0.5 diamond
abrasive paste until there were no obvious scratches
on the sample surface. A mixture solution of 92%
(volume fraction) anhydrous ethanol and 8%
(volume fraction) perchloric acid was prepared,
and the solution temperature was reduced to
about —30 °C with liquid nitrogen for electrolytic
polishing. The surface of the obtained sample was
smooth and bright without scratch. Then, it was
corroded in the prepared metallographic etching
solution (1 g oxalic acid + 1 mL nitric acid + 1 mL
glacial acetic acid + 150 mL distilled water) for a
period of time (the corrosion time of different
components or states of the sample is different).

Then, it was immediately washed with anhydrous
alcohol to dry. The microstructure, phase, fracture
and corrosion morphologies of the samples were
observed by environmental scanning electron
microscope (SEM, Quanta—200) using secondary
electron (SE) and backscattered electron (BSE)
images. The element contents of matrix, second
phase and corrosion products were analyzed by
energy dispersive spectrometer (EDS). The size and
volume fraction of second phase were calculated
with Image-Pro Plus (IPP) software according to
the gray value difference between the second phase
and the matrix. More than 4 SEM images were
taken for calculations. The grain size was directly
measured using IPP software. More than 4 OM
images calculations. The
microstructure and orientation were characterized
by electron back scattering diffraction (EBSD,
TESCAN MIRA4 LMH), and the obtained data
were analyzed by HKL Channel 5 software. The
microstructure was observed by transmission
electron microscopy (TEM, Tecnai G2 F20 S-Twin)
with the maximum accelerated voltage of 200 kV.
The tensile test at room temperature and the
mechanical stability measurement of alloy wire
along the drawing direction were performed using
electronic universal testing machine (MTS—858)
with a tensile rate of 1 mm/min. The mechanical
stability testing was carried out as follows. The
alloy wire was immersed in Hank’s simulated body

were taken for
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fluid at 37 °C for 14 d. Then, its clamping end was
inset with resin (diameter of 15 mm and length of
both sides 30 mm), and the gauge segment of the
alloy wire was about 25 mm in length. The alloy
wire used for immersion test was cut into segments
of about 50 mm in length, and the side of the alloy
wire along the drawing direction was used as the
main test surface. Three parallel samples of the
same alloy were carried out to ensure the reliability
of the experimental results. After immersion test,
the alloy wire was put in chromic acid solution
(180 g/ Cr,O3 water solution) by ultrasound for
5-8 min and in alcohol to remove the surface
degradation products. Then, it was washed in
ethanol for 5 min, finally dried with cold wind and
the surface morphologies with different immersion
time were observed using SEM.
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3 Results and discussion

3.1 Microstructure

Figure 2 shows the SEM, OM and grain size
distribution maps of ZK20—0.4Sc alloy wire.
Irregular large-scale second phase and fine
dispersed particles are distributed in the grains
without obvious banded structure. The average size
and the volume fraction of the second phases are
approximately 0.02 um and 3.83%, respectively.
The corresponding EDS results of red areas in
Fig. 2(ay) are listed in Table 2. Large-scale irregular
second phase mainly consists of Mg, Sc, Zn and Zr
elements, considered as Mg(Zn,Sc,Zr) phase. As
seen in Figs. 2(bi, by), several twins appear in the
alloy, and some large-scale irregular particles are
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Fig. 2 SEM images (ai, a,), OM images on LS (bi) and TS (b>) planes and grain size distribution maps on LS (c;) and

TS (c2) planes of ZK20—-0.4Sc alloy wire
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Table 2 EDS results of areas in Fig. 2
Mg Zn Sc Zr
Area Phase
wi% x/% wi% x/% wi% x/% wi% x/%

A 86.10 95.03 4.82 1.98 1.06 0.63 8.02 2.36 Mg(Zn,Sc,Zr)

B 82.37 92.07 0.94 0.28 3.76 2.28 0.94 0.28 Mg(Zn,Sc,Zr)

C 95.07 98.16 12.92 5.37 0.84 0.47 1.79 0.49 a-Mg

w and x are mass fraction and molar fraction of atoms, respectively

distributed at the grain boundaries. The average

grain sizes on the LS and TS planes are
approximately 8.2 and 7.3 um, respectively.
Figure 3 shows the TEM images of

7K20—0.4Sc alloy wire. Amounts of dislocation
tangles and dislocation cells with a diameter of
200—-300 nm are formed in the alloy wire. The
subgrains with high dislocation pile-ups were
possibly related to dislocation recovery during
plastic deformation [33]. Some rod-like Mg(Zn,Sc,Zr)
phases with the length of 30—110 nm and the width
of 20-30 nm (marked as blue arrows) distributed
within the grains. According to the invisible
criterion of g-b=0 (g is the diffraction vector and
b is the Burgers vector), the visible dislocation
component under g=0002 condition is (c)
dislocation component. In g=0002 electron beam
direction, {c) dislocation component is not visible,
but in g=1010 or g=1120 condition there exists
visible {(a) dislocation. If the dislocations can be
seen both under the g=0002 and g=1120 (or
g=1010), they are {(ct+a) mixture dislocations.
Non-basal {a) dislocations can be visible only under
g=1010 or g=1120 conditions along with their
basal counterparts [41]. The magnified area 4 in
Fig. 3(c) and the corresponding dark-field images
(two-beam dark-field images) under g=0002 and
g=1120 conditions are shown in Figs. 3(d—1).
Amounts of dislocations (marked with green arrow)
are illuminated under the g=1120 condition but
invisible under the g=0002 condition, considered as
(a) dislocations. Several curved and bowing {cta)
non-basal dislocations (marked as red dotted lines
in Fig. 3(e) and red circles in Fig. 3(f)) are both
under the g=0002 and g=1120 conditions. This
indicates that the (a) and (ct+a) non-basal slip
systems are activated during the cold drawing and
intermediate annealing process [42].

The grain orientation distribution map, KAM,
recrystallization distribution, pole figure, and
inverse pole figure (IPF) on longitudinal section (LS)
of ZK20-0.4Sc alloy wire are shown in Fig. 4. As

seen in Fig.4(a), the large grain orientation
distribution differences on the LS indicate no
remarkable texture. According to Figs. 4(b) and (c),
the large local misorientations are mainly
concentrated in the deformed grains and sub-
grains. The corresponding misorientation, local
misorientation and recrystallization distribution
maps are shown in Fig. 5. The frequency of
low-angle grain boundary (LAGB, 2°-15°) and
average KAM value are 30.2% and 1.37°, relatively.
The frequencies of recrystallized, sub-structured
and deformed grains in ZK20—0.4Sc alloy wire are
2.3%, 10.7% and 87.0%, respectively. This
indicates higher contents of sub-structured and
deformed grains than that of recrystallized grain.
As seen in Fig. 4(d), {0001} basal and relatively
weak {1120} prismatic textures are presented in
7ZK20—0.4Sc alloy wire. As seen in Fig. 4(e),
relatively strong (1120) and weak (1010) fiber
texture components are paralleled to the drawing
direction (//DD) are formed.

3.2 Mechanical properties

Tensile tests of the ZK20—0.4Sc alloy wire
at room temperature were carried out and the
stress—strain curve is shown in Fig. 6(a). The
tensile strength (Rm), yield strength (Ro2) and
elongation (4) of the alloy wire are (329+2) MPa,
(287+£2) MPa and (14.2+0.5)%, respectively.
Figure 6(b) shows the comparison of the
mechanical properties with other Mg-based alloy in
some references [10,34,43,44]. The ZK20-0.4Sc
alloy wire has a higher tensile strength than that
of most Mg-based alloy wire with a diameter
of 0.5mm, such as Mg0.8Ca, AX30 [43] and
ZM21 [44]. The ZK20—-0.4Sc alloy wire shows a
remarkably higher elongation than ZEKI100 [43]
and Mg37Zn0.3Ca [34]. Figure 7 shows the fracture
morphologies of ZK20—-0.4Sc alloy wire. As seen in
Fig. 7(a), the area of fracture surface is remarkably
smaller than the original diameter of the wire,
indicating an obvious necking in the tensile process.
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Fig. 3 TEM images of as-drawn ZK20—-0.4Sc alloy wire: (a—d) Bright-field images; (e, f) Two-beam dark-field images

under g=0002 and g=1120 conditions, respectively

Some dimples can be seen in Figs. 7(b, ¢), where
some fine second phases are separated from
the Mg matrix, displaying a ductile fracture. This
phenomenon is mainly attributed to the elastic and
plastic difference between the second phases and
the matrix. The size of the dimples reflects
the magnitude of the material’s elongation.
Amounts of small and deep dimples reflect higher
ductility [45,46]. When the second phases are finer,

the dimples are smaller. Therefore, the elongation
of ZK20—0.6Sc alloy wire is relatively high.

The grain size, dislocation density and texture
of alloy wire change before and after plastic
deformation. These factors affect the mechanical
properties of the alloy. Based on the Hall-Patch
relationship, the increment of yield strength (A zggs)
because of the grain refinement effect can be
calculated as follows [47,48]:
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Fig. 5 Misorientation (a), local misorientation (b) and recrystallization distribution (c) maps of ZK20—0.4Sc alloy wire
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Fig. 6 Stress—strain curve of ZK20—-0.4Sc alloy wire (a), and comparison of mechanical properties ZK20—0.4Sc alloy

wire with various Mg alloy wires in some literatures (b)

A TGBS=Kd71/2 ( 1 )
where K is the Hall-Petch coefficient (slope); d is
the average grain size of the alloy. With the
decrease of grain size, the yield strength of the
alloy increases gradually. According to Fig. 2, the d

values on the LS and TS planes are approximately
8.2 and 7.3 um, respectively. Therefore, the
contribution of grain refinement to the yield
strength of ZK20-0.4Sc alloy wire on the TS and
LS planes are 57 and 61 MPa, respectively.
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Fig. 7 Fracture morphologies of ZK20—-0.4Sc alloy wire:
(a, b) SE images; (c) BSE image

Secondly, a certain dislocation density is
introduced into the alloy after extrusion and drawing.
The contribution of dislocation strengthening (A ms)
can be expressed as follows [49]:

A Ds= (ZMGbp 172 (2)

where « is a constant (0.2); M is the Taylor factor;
G is the shear modulus (16.5 GPa); b is the
amplitude of Burger vector (0.32nm); p is the
dislocation density. The geometric required
dislocation density (pgnps) calculated from the
average KAM value is expressed as follows [49]:

PGNDs=20/(ub) (3)

where 6 is the average KAM value (rad); u is the
scanning step set by EBSD measurement (um). In
Fig. 5(b), the & value of ZK20-0.4Sc alloy wire
is 1.37°, thus the dislocation density is 3.0x10™*nm .
According to Eq.(2), the contribution value of
dislocation strengthening (Aps) is about 55 MPa. It
can be seen that increasing the dislocation density
will increase the yield strength of the alloy.
Combined with the microstructure of ZK20—
0.4Sc alloy wire, precipitation strengthening has a
significant effect. The precipitation strengthening
contribution (zps) because of the formation of Orowan
loops around the second precipitates in Mg—Zn
system alloy can be calculated as follows [40,50]:

@l (4)

_21t/1 (1—1)) Ty

Tps

where G is the shear modulus (=16.6 GPa for Mg);
v is Poisson’s ratio (=0.33); d (nm) and A (nm) are
the mean particle diameter and the effective inter-
particle spacing on the basal plane, respectively, 7o
(nm) is the core radius of dislocation (assume
ro=|b|). The mean particle diameter of the second
precipitates is approximately 0.02 pm. The mean
particle diameter can be computed as follows [51]:

A= /\/%d (5)

where f is the volume fraction of the precipitates,
and the value is approximately 3.83%. According to
the A values, zps of the second phases in ZK20—
0.6Sc alloy wire is around 32 MPa.

Besides, the strength of Mg—Zn—Sc—Zr alloy
can be improved by solid solution strengthening,
and the contribution of solid solution effect (Azss)
can be expressed as follows [52,53]:

ATss=kx2/3 (6)
where k 1s a constant, and x is molar fraction of
solid solution atom in the Mg matrix. According to
Table 2, the molar fractions of Sc and Zr atoms in
the Mg matrix are 0.47% and 0.49%, respectively.
The solid strengthening effects of Sc and Zr atoms
can be negligible. The molar fraction of Zn in the
Mg matrix is 5.37%. Thus, the Args value is
calculated to be about 11 MPa. Therefore, the
increase of mechanical properties of Mg—Zn—
Sc—Zr alloy wires is mainly contributed to the grain
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refinement strengthening, dislocation strengthening
and precipitation strengthening.

Since biomedical implant materials such as
biodegradable stents and anastomosis nails are
made of Mg alloy wires, further examination of the
formability of the alloy wire is required. Tensile test
was carried out on the ZK20—0.4Sc alloy wire after
tying (one knot). The tensile stress—strain curve and
the macro fracture morphology are shown in Fig. 8.
After tying a knot, the knot strength of the alloy
wire is (163+12) MPa, and the elongation is
(13.6£2.0)%. The fracture of the alloy wire is at the
knot site (in Fig. 8(b)). The results show that
ZK20—-0.4Sc alloy wire has good formability and
knotting strength as a potential biodegradable
material. It meets the requirements of toughness for
surgical sutures [54].

3.3 In vitro degradation behavior

Figure 9 shows the surface morphologies of
7ZK20—0.4Sc alloy wire immersed in the Hank’s
solution at 37 °C for different time. In the early
immersion time of 7d, a uniform degradation
occurred on the alloy wire. During the following
immersion time of 12 and 14 d, several corrosion
pits are observed on the side of the alloy wire.
After the immersion time of 14 d, its degradation
rate calculated from the mass loss is Dm=
(0.85+0.05) mm/a.

Figure 10 shows the surface morphologies
after removing degradation products of ZK20-
0.4Sc alloy wire immersed in Hank’s solution at
37 °C for different time. Its corrosion type is mainly
filament corrosion and pitting corrosion. The
formation of filament corrosion is initiated at micro
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pits. The hydrolyzed and acidified filament head
acts as the anode of the corroded filament, and the
passivated filament tail as the cathode expands
forward [55]. The filament corrosion occurred
on various Mg and its alloys, such as pure Mg,
AZ31 [56], Mg—3Zn [57], and AZ91 alloys [58].
These corrosion pits generally become the active
corners of filament corrosion, and the Mg matrix as
micro-anode is dissolved. This promotes the
extension toward outside in the filament corrosion
process. In the early immersion period, a slight
pitting corrosion and a characteristic of filament
corrosion with the width approximately 8 pm occur
on the surface of the alloy wire. With the immersion
time prolonging to 3d, the width of filament
corrosion enlarges to approximately 11 pm and the
corrosion areas obviously increase. After the
immersion time of 7 d, the corrosion surface of
alloy wire is non-uniform. The filament width
increases to approximately 40 um and remarkable
corrosion pits appear. The corrosion mechanism of
pitting corrosion is mainly considered as selective
adsorption of chloride ions (CI7) [59]. This
phenomenon is also found in other Mg-based
alloys [55,60—62]. After the immersion time of 14 d,
the depth and areas of pitting corrosion further
increase and the path of filament corrosion
disappears. This displays severe localized corrosion.
Moreover, as seen in Fig. 10(d2), the corrosion
depth between adjacent grains is different. That is,
selective degradation of grains occurs. Overall,
obvious uneven degradation occurs in the ZK20—
0.4Sc alloy wire. It is mainly due to the introduction
of defects such as dislocations during the cold
drawing plastic deformation process. It makes the
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Fig. 8 Tensile tress—strain curve of ZK20—-0.4Sc alloy wire after knotting (a), and its macro fracture morphology (b)
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0 min 30 min

Fig. 9 Surface morphologies of ZK20—0.4Sc alloy wire immersed in Hank’s solution at 37 °C for different time

Fig. 10 Surface morphologies after removing degradation products of ZK20-0.4Sc alloy wire immersed in Hank’s
solution at 37 °C for different time: (a, a2) 1 h; (by, b2) 3 d; (c1, ¢2) 7d; (dy, d2) 14 d
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overall energy of the alloy wire unstable, and the
chloride ions in the solution will preferably adsorb
in the deformation area with high energy, thus
leading to uneven degradation of the alloy wire and
the following premature mechanical failure. A
proper heat treatment is suggested to eliminate the
residual stress generated in the drawing process to
improve the comprehensive properties of the alloy
wire.

4 Conclusions

(1) A novel biodegradable Mg—27Zn—0.4Sc—
0.2Zr (ZK20-0.4Sc) alloy wire with a diameter of
0.5 mm is prepared by multi-pass cold drawing
and annealing. Large-scale irregular Mg(Zn,Sc,Zr)
second phase and fine particles are dispersedly
distributed in the grains without obvious banded
structure. The average size and the volume fraction
of the second phases are approximately 0.02 um
and 3.83%, respectively.

(2) The weak {0001} basal texture and strong
(1120)//DD fiber texture components are formed
in ZK20—-0.4Sc alloy wire. The ZK20—0.4Sc alloy
wire is mainly composed of 2.3% recrystallized,
10.7% sub-structured and 87.0% deformed grains,
with a large number of low angle grain boundaries.

(3) The tensile strength, yield strength and
elongation of ZK20—0.4Sc alloy wire are (329+2) MPa,
(28742) MPa and (14.2+0.5)%, respectively. This
is mainly attributed to the grain refinement
strengthening, dislocation strengthening and
precipitation strengthening. The relatively high
elongation is relevant to the fine second phases.

(4) The main corrosion types of ZK20—0.4Sc
alloy wire are filament corrosion and pitting
corrosion. It is mainly due to the introduction of
defects such as dislocations during the cold drawing
plastic deformation process. Therefore, proper heat
treatment is suggested to eliminate the residual
stress generated in the drawing process to improve
the comprehensive mechanical properties of the
alloy wire.
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