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Abstract

The microstructure, mechanical and corrosion properties of Mg-2.0Zn-0.5Zr-3.0Gd alloys
in four different states (as-cast, solid solution, as-cast extrusion, and solid solution extrusion)
were studied. Results show that the microstructure of alloys in different states is mainly com-
posed of equiaxed a-Mg matrix and (Mg, Zn)sGd precipitates with different sizes. Among
them, a small number of nano-sized (Mg, Zn)3Gd precipitates with a semi-coherent relation-
ship with the matrix appeared in the solution-treated alloy. A large number of nano-elliptical
Mg>Zn11 precipitates was found in the two extruded alloys. The temperature for dynamic
crystallization of solid solution extruded alloy is higher than that of as-cast extruded alloy.
The extruded solution-treated alloy exhibits the best mechanical properties and anticorrosive
ability, which could be attributed to a more homogeneous microstructure, grain refinement,
and the presence of nanometric secondary phase particles. Grain refined solution-treated alloy
could have potential applications in metallic biomaterials.
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Enhanced mechanical and corrosion properties of grain refined

1. Introduction

Magnesium (Mg) alloys are attractive as new gen-
eration biomedical temporary implant materials for
orthopedic applications due to their good biocompat-
ibility and biodegradation, similar mechanical proper-
ties to natural bone, and lower densities compared to
other metallic biomaterials [1-4]. However, a rapid Mg
corrosion rate in the human body, as well as a non-
uniform corrosion mode, result in a premature loss of
mechanical integrity that can lead to a collapse of the
implant before the tissue is sufficiently healed [5]. Yet,
Mg alloys with high mechanical properties, low corro-
sion rate, and uniform corrosion mode are crucial in
biomedical applications [6].

Grain refinement improves mechanical properties
and corrosion resistance. Realized via hot extrusion,
the grain-refined Mg alloys were endowed with higher
mechanical properties and corrosion resistance than
the untreated ones [7-9]. For instance, high ultimate
tensile strength (UTS) of 252.8 + 8.6 MPa, yield
strength (YS) of 204.7 = 10.3 MPa, elongation (EL)

of 14.6 + 0.4 %, and low corrosion rate were reached
in as-cast Mg-2%Ca alloy after hot extrusion [10],
and the values turned to 320, 268 MPa and 16.6 %
respectively for the extruded Mg-5.3Zn-0.2Ca-0.5Ce
alloy [11]. Even higher mechanical properties were
reported for the extruded Mg-8.90Gd-5.11Y-3.10Zn-
-0.47Zr alloy, whose UTS and YS topped at 378 and
283 MPa, despite a relatively low EL of 11.5% [12].
The as-cast Mg-Gd-Zn-Zr-Mn alloy exhibits a YS of
315.2 MPa, EL of 21.3 %, and corrosion rate of less
than 0.5 mm y~! after hot extrusion [13].

Despite this progress, a drawback is the undis-
solved secondary phase particles with a banding distri-
bution along the extrusion direction (ED), impacting
the mechanical properties and corrosion resistance [14,
15]. To eliminate such distribution of the secondary
phase, the alloy is treated by solution heat treatment
before hot extrusion. The advantage of solid-solution
Mg alloys subjected to hot extrusions is that many
secondary phases have been dissolved into the alloy
matrix before being extruded. The secondary phases
in alloys will re-precipitate as nanoscaled secondary
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phase particles in the process of extrusion, distributed
homogeneously in the matrix, with the result that the
mechanical properties and corrosion resistance of al-
loys get greatly improved.

Considering the biological safety, a low Gd con-
tent Mg-2.0Zn-0.5Zr-3.0Gd alloy was designed in this
paper. A hot extrusion process was first introduced
to solution-treated Mg-2.0Zn-0.5Zr-3.0Gd alloy to en-
hance the mechanical properties and corrosion resis-
tance. The influence of the secondary phase distribu-
tion, morphology, and size on the dynamic recrystal-
lization (DRXed) temperature, structure, mechanical
properties, and corrosion resistance of the alloy during
extrusion were analyzed, with particular emphasis on
the grain refinement mechanisms, morphology evolu-
tion mechanisms, and secondary phase strengthening
mechanisms. It is hoped that the knowledge provided
here will benefit bio implant materials design.

2. Experimental procedure
2.1. Sample preparation

Alloy ingot with a nominal composition Mg-2.0Zn-

-0.5Zr-3.0Gd (wt.%) was fabricated by melting at a
temperature of 710°C high-purity Mg (99.93 wt.%)
and Zn (99.93 wt.%) in an electronic induction furnace
under the protection of COy + 1% SFg mixed gas,
with the addition of Mg-25Zr (wt.%) and Mg-20Gd
(wt.%) master alloys. The molten alloys were held at
730°C for ~ 5 min, then poured into a mild steel mold
preheated to 300°C. The as-cast ingots were solution-
treated at 480°C for 8h, followed by quenching into
the water at about 60°C. The as-cast and solution-
treated ingots were machined into cylinders 50 mm in
diameter and 35 mm high. The extrusion die was pre-
heated to 300°C. The as-cast and solution-treated in-
gots were extruded into rods with a diameter of 18 mm
at 350 and 360 °C, respectively, and air cooled. The ex-
trusion speed was set at 5mms~!. Here, the former
and latter were denoted as E350 and E360, respecti-
vely. All the extruded rods were annealed at 200 °C for
4 h.

2.2. Characterization
The as-extruded specimens for microstructure ob-

servation were cut to the ED. The characterization of
samples was performed by optical microscopy (OLYM-

Fig. 1. The optical images of the Mg-2.0Zn-0.5Zr-3.0Gd alloy: (a) as-cast, (b) as-solution, (c) E350, and (d) E360.
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Fig. 2. Microstructure of the as-cast Mg-2.0Zn-0.5Zr-3.0Gd alloy: (a) BF TEM image of fishbone eutectic phase, (b) SAED
pattern corresponding to (a), (c) BF TEM image of the long strip eutectic phase, (d) SAED pattern corresponding to (c),
(e) BF TEM image of the granular eutectic phase, and (f) SAED pattern corresponding to (e).

PUS) and electronic scanning microscopy (SEM,
VEGA3SBH, TESCAN) with Energy Disperse Spec-
troscopy (EDS). A JEM-2100 transmission electron
microscope (TEM) was used for detailed investiga-
tions. Thin foils for TEM observation were punched
into discs of 3mm in diameter, electropolished in
an electrolyte of 3% perchloric acid in ethyl alco-
hol at —40°C and 0.1 A after mechanical grinding, and
then ion-milled using an ion polishing system (Gatan,
model 691).

The extruded rods were machined into tensile spec-

imens of bmm gauge diameter and 25mm gauge
length parallel to the ED. All tensile tests were con-
ducted with an AG-1250KN (SHIMADZU) machine
at a speed of 1 mmmin~—!. To control the precision,
at least three samples per group were tested. UTS,
YS, and EL of tensile specimens were deuced from
the stress-strain curves.

Cylindrical samples for the electrochemical test
were molded into epoxy resin with only one side of
1 cm? exposed for the test. Potentiodynamic polariza-
tion was carried out at 37 & 1°C in a beaker containing
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250 ml of simulated body fluid (SBF) with an electro-
chemical workstation (Autolab PGSTAT128N) [16].
In the electrochemical test, the three-electrode con-
figuration was adopted. The alloys were used as the
working electrode, and a saturated calomel electrode
(SCE) and graphite sheet were used as the reference
and auxiliary electrodes, respectively. The polariza-
tion measurements began after the samples had been
dipped in the SBF for 1h. The potential was scanned
from —0.25 to +0.4 'V relative to the open circuit po-
tential at a scan rate of 1 mV s~!. Three polarization
tests were conducted for each condition.

3. Experimental results
3.1. Microstructure

Figure 1 shows the microstructures of the as-cast,
solution-treated, and extruded Mg-2.0Zn-0.5Zr-3.0Gd
alloy. The microstructure of the as-cast alloy was com-
posed of equiaxed a-Mg grains surrounded by a eu-
tectic phase, as shown in Fig. 1a. The mean grain size
of the as-cast alloy was approximately 25 um using
the linear intercept method. Figure 1b shows the mi-
crostructure of the solution-treated alloy. It can be
seen that most of the eutectic regions are dissolved
into the a-Mg matrix. The alloy has a uniform grain
structure, and the average grain size is about 150 um.
Figure 1c shows the optical micrograph of the E350
alloy. Compared to the microstructure of the as-cast
alloy, the grain size of E350 was remarkably refined.
The area fraction of fine DRXed microstructure and
grain size of E350 alloy are estimated to be about
95% and ~ 5 um, respectively. The eutectic as-cast
alloy was mainly changed into black parallel stripes
distributed along the ED. The microstructure of the
E360 alloy was composed of a lot of fine DRXed grains
(~5um) and a small amount of elongated coarse un-
recrystallized (unDRXed) deformed grains, as shown
in Fig. 1d.

Figure 2 depicts the bright-field (BF) TEM images
and their selected area electron diffraction (SAED)
patterns of the as-cast alloy. Network fish-bone shaped
eutectic phase on triple boundary junctions, long
stripe eutectic phase on the grain boundary, and gran-
ular eutectic phase in the interior of the grains are
shown in Figs. 2a,c,e, respectively. The correspond-
ing SAED patterns with the electron beam parallel to
[031], [121], and [001] are shown in Figs. 2b,d,f, respec-
tively. From the SAED patterns analysis, these eutec-
tic regions are found to be a face-centered cubic (fcc)
MgsGd with Zn dissolved in the structure. A similar
phase distribution is also observed in the Mg-Gd-Zn
alloys [17]. The analysis shows that the lattice pa-
rameters of three eutectic phases are 0.7246, 0.7243,
and 0.7304 nm, respectively. They are smaller than the
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Fig. 3. Microstructure of the solution-treated Mg-2.0Zn-

-0.5Z1-3.0Gd alloy: (a) BF TEM image of the granular

second phase, (b) SAED pattern corresponding to (a), and
(c) BF TEM image of the rod-like second phase.

ideal value of 0.7324nm (Mg3;Gd). Moreover, small
variations in the lattice parameters of (Mg, Zn);Gd
phase concerning various Zn and Gd contents were
observed, as reported by Xu et al. [18]. The lattice
parameter of the (Mg, Zn)3Gd phases significantly in-
creases with the Mg/Zn ratio in the (Mg, Zn);Gd.
Figure 3 presents BF TEM images and their SAED
patterns of the solution-treated alloy. The BF image
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Fig. 4. TEM images of the solution-treated Mg-2.0Zn-0.5Zr-3.0Gd alloy: (a), (b) BF TEM images, (c) HRTEM image, (d)
HRTEM image of the C zone, (e) FFT image of (d), (f) HRTEM image of the D zone, and (g) FFT image of (f).
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Fig. 5. The microstructure of the E350 alloy: (a) and (b) BF and dark-field TEM images of the rod-like precipitates,
(c) corresponding SAED pattern of (a) and (b), (d) and (e) are BF and dark-field images of the granular precipitates, and
(f) corresponding SAED pattern of (d) and (e).

of the granular secondary phase and its SAED pattern
are shown in Figs. 3a,b, respectively. The SAED pat-
tern corresponding to the granular secondary phase is
similar to that of the as-cast alloy with an fcc struc-
ture (Mg, Zn)3Gd. The calculated lattice constant of
the (Mg, Zn)3Gd phase is 0.7308 nm. The BF image
shows dispersed rod-like particles 50-100 nm in length
and 10-20 nm wide (Fig. 3c). The secondary phase be-
comes less and smaller obvious with decreasing parti-
cle size and the increase of the lattice constant, indi-

cating that a mass of Zn and Gd are solid solution
into the a-Mg matrix from the eutectic phase after
solution treatment. This is why the large size of the
eutectic phase in the as-cast alloy changed into the
nanoscale granular or rod-like second phase.

Figure 4 shows the TEM micrographs of the gran-
ular secondary phase region of the solution-treated al-
loy. As shown in Fig. 4a, the secondary phase parti-
cles with a size less than 50 nm are distributed in the
a-Mg matrix. Figure 4b is an enlargement of region
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Table 1. Mechanical properties of the as-cast, as-solution, E350 and E360 alloys

Material As-cast As-solution E350 E360

UTS (MPa) 204.2 + 3.2 215.4 + 2.6 246.9 + 3.4 249.3 + 3.2
YS (MPa) 155.2 £ 2.5 175.3 + 3.3 214.4 + 3.2 2279 + 2.8
EL (%) 10.6 £+ 0.6 12.1 + 0.5 26.7 £ 1.1 29.8 £ 0.8

A in Fig. 4a, and Fig. 4c is the HRTEM image of re-
gion B in Fig. 4b. The fast Fourier transform (FFT)
was carried out in the C region of the matrix and
D region of secondary phase region in Fig. 4c. The
magnified HRTEM images and corresponding FFT
images are depicted in Figs. 4e,f,g. The a-Mg ma-
trix oriented along [011], is identified from the SAED
of Fig. 4e, which is the FFT from Fig. 4d. The sec-
ondary phase of (Mg, Zn)3Gd phase is oriented along
[012], as deduced from SAED of Fig. 4g (the FFT
from Fig. 4f), identified as a hexagonal structure with
a = 0.64nm and ¢ = 0.51 nm [19]. The HRTEM image
of Fig. 4c, FFT images of Figs. 4g,e illustrate the ori-
entation relationship between the (Mg, Zn)3Gd phase
and a-Mg matrix: it appears that (100), | (200),,
(11, | (021),. (011), | (221),, o1, || [oi2]:.
The lattice mismatch was calculated according to
0= Q(XA — XB)/(XA +XB) [20] While d(lil)a =
0.245nm and d(021), = 0.259 nm, the calculated mis-
match 47 is 5.4 %, which, being greater than 5 %, leads
to an incoherent interface [21]. These results indicate
that the (Mg, Zn)3;Gd phase has a semi-coherent rela-
tionship with the a-Mg matrix.

Figure 5 illustrates the TEM micrographs of the
E350 alloy. In Fig. 5a, the BF image shows loosely
dispersed rod-like particles with 50-300 nm length and
20-30nm width, and these particles (marked A) are
mainly composed of Mg, Zn, and Gd elements by EDS
analysis. Rod-like particles are oriented along the ED
in the dark field image in Fig. 5b. Two kinds of lat-
tice structures were derived from the SAED patterns
(Fig. 5¢). One was the hexagonal close-packed lattice
of the a-Mg matrix, and another was the fcc struc-
ture of the rod-like phases. Based on the EDS and
SAED analysis, the rod-like phases were identified to
be made of (Mg, Zn)3Gd phase (¢ = 0.726 nm), similar
to those observed in the as-cast alloy (see Fig. 2). Some
nanoscale elliptical particles composed of Mg and Zn
elements (marked B) are seen randomly distributed
within the a-Mg matrix (Figs. 5d,e). Based on SAED
(Fig. 5f), the elliptical particles appear to have a prim-
itive cubic lattice structure with a lattice constant of
0.8571 nm. According to the EDS and SAED analysis,
it was identified as MgsZn;; with their axis parallel to
the [293] direction. The MgsZn;; phase has not been
found in the as-cast and solution-treated alloy. This
may be due to partial Zn element precipitation from
(Mg, Zn)3Gd, and then Zn bonds with the Mg to form

MgsZny; during the extrusion process.

Figures 6a,b,c show typical TEM BF images of the
E350 alloy. It can be seen that a certain amount of
granular precipitates is distributed in the interior of
DRXed grains or some DRXed grains boundary, in-
dicating that these granular precipitates were effec-
tive to hinder the movement of dislocations when the
basal slip occurred. Besides, high density dislocations
were observed within individual DRXed grains. Fig-
ures 6d,e,f show typical TEM BF images of the E360
alloy. It can be seen that the rod-like form of (Mg,
Zn)3Gd phase and elliptical MgoZn;; phase particles
were mainly distributed in different regions of the
a-Mg matrix, and fine second phase particles were dy-
namically precipitated at the DRXed grain boundaries
and within the grains.

3.2. Mechanical properties

The engineering stress-strain curves of the as-
cast, solution-treated, and as-extruded alloys tested
at room temperature and corresponding UTS, YS,
and EL are summarized in Table 1. The mechanical
properties of the different alloys ordered from least to
most significant are as-cast < solution-treated < E350
< E360 alloys. The E360 alloy exhibits the highest
UTS of 249.3 + 3.2 MPa, YS of 227.9 + 2.8 MPa, and
EL of 29.8 + 0.8 %.

3.3. Fracture characteristics

Figure 7 shows the fracture surface images of the
as-cast, solution-treated, and as-extruded alloys. As
shown in Fig. 7a, there are some large-sized cleavage
facets and deep cracks on the fracture surface of the
as-cast alloy. For the solution-treated alloy, small sized
cleavage planes and a small number of shallow dim-
ples dominate the fracture surface. The fracture sur-
face images indicate that the general fracture regime
transforms from cleavage fracture (Fig. 7a) to quasi-
cleavage fracture (Fig. 7b). The tensile fracture sur-
face of the E350 alloy in Fig. 7c consists of uniform
small dimples and short and small tearing edges, indi-
cating it as a ductile fracture mode. For the E360 spec-
imen, the fracture surface with large and deep dimples
exhibits a better ductility, as shown in Fig. 7d. It in-
dicates more dislocation pile-ups before the formation
of the cracks.
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Fig. 6. Typical TEM BF images of the E350 and E360 alloys: (a), (b), and (c) E350; (d), (e), and (f) E360.

3.4. Polarization curves

Figure 8 presents the typical potentiodynamic po-
larization behavior of the as-cast, solution-treated,
and as-extruded alloys in SBF. The corrosion poten-
tial (Ecorr), corrosion current density (Igorr), and cor-
rosion rate (P,) are derived directly from these po-
larization curves by Tafel region extrapolation. The
corresponding results are summarized in Table 2. Gen-
erally, the cathodic polarization curves were ascribed
to the reduction of water mainly occurred near the
cathode phase. From Fig. 8, the cathodic branch of

the specimen E350 is a little higher than that of other
alloys; it may be caused by the difference of formation
and distribution of the second phase. Compared with
other alloys, the coarse second phase in the E350 alloy
becomes fine granular particles uniformly distributed
after extrusion treatment, increasing the contact area
between the cathode phase and the corrosive medium.
Under the condition of cathode polarization, the in-
creased contact area of the cathode phase is helpful in
improving the electrochemical reaction kinetics and
the current density of the cathode area [22]. A similar
phenomenon is also reported by other research [23].
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Fig. 7. SEM images of fracture surfaces of the Mg-2.0Zn-0.5Zr-3.0Gd alloys: (a) as-cast, (b) as-solution, (c) E350, and
(d) E360.

The anode polarization curves are mainly related to
the dissolution of Mg, and thus reflecting the corrosion
rate of the alloy. As shown in Fig. 8, the E360 alloy
owns the most positive Fcor of —1.3932 + 0.0034V
vs. SCE, the lowest I.op of 2.5754 4 0.0033 pA cm ™2,
and the minimal P of 0.11594 0.0027 mm y~'. The
corrosion resistance of tested samples can be ranked in
the following order: E360 > E350 > solution-treated
> as-cast alloys.

4. Discussion
4.1. Microstructure evolution

Compared with the microstructure of as-cast and
solution-treated alloys (Figs. la,b), the grain size of
as-extruded alloys is refined remarkably, indicating
that during extrusion, DRXed occurs in E350 and
E360 alloys. The results from TEM in Figs. 5, 6
show that precipitation in the E350 and E360 alloys
mainly consists of a large number of rod-like form of
(Mg, Zn)3Gd phase and elliptical MgaZny; phase. The
change of size and shape of (Mg, Zn)3;Gd phase from
as-cast and solution-treated to as-extruded alloys in-

~ 21

g

<

> -44

K7

8

5 6

L:) {A: As-cast

o B: As-solution g &

— -84C:E350 X D
D: E360

18 16 14 12
Potential(Vvs.SCE)

Fig. 8. Potentiodynamic polarization curves of the Mg-
-2.0Zn-0.5Zr-3.0Gd alloys after immersion in SBF for 1 h.

dicates that the rod-like form of (Mg, Zn)3Gd phase
is the dissolution and reprecipitation of the original
(Mg, Zn)3Gd phase during the extrusion process. For
MgsZny; phase, the atomic radius of Zn (~ 0.139nm)
is smaller than the Mg (~ 0.160 nm). This enables easy
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Table 2. Ecorr, Icorr, and P of as-cast, as-solution, E350 and E360 alloys derived from the polarization curves

Material As-cast

As-solution E350 E360

Ecorr (V vs. SCE)
Teorr (RA cm™2)
B (mmy )

-1.5312 £+ 0.0029
7.6861 + 0.0026
0.3432 £ 0.0031

-1.4801 + 0.0031
4.0419 +£ 0.0029
0.1831 £ 0.0031

—-1.4753 + 0.0031
3.9588 + 0.0030
0.1786 £ 0.0030

-1.3932 + 0.0034
2.5754 £ 0.0033
0.1159 +£ 0.0027

diffusion of Zn in the Mg matrix at high extrusion
temperatures. The alloy is accompanied by increased
vibration energy and diffusion coefficient of the atoms
during heating and extrusion, as well as many defects
such as holes, subgrain boundaries, and dislocations.
Therefore, the diffusion and dissolution of Zn atoms
easily occurred at grain boundaries and phase bound-
aries during extrusion. The solid solubility of Zn in the
a-Mg matrix decreases with the temperature decrease.
In the poor Gd region, during the cooling process, the
precipitated Zn first forms a smaller MgsZn;; nucleus
with Mg. With the extension of time, the precipitated
phase of MgsZn1; increases with the continuous diffu-
sion of Zn atoms through the grain boundary. Due to
the transient extrusion process, the precipitated phase
of MgyZny; is finally distributed in the a-Mg matrix
by fine, diffused elliptical particles.

As seen in Fig. 1a and Fig. 2, many (Mg, Zn);Gd
regions exist in the as-cast alloy. Obviously, (Mg,
Zn)3Gd phase particles play an important role in pro-
moting DRX and refining DRXed grains (Fig. 1c). It
is well known that secondary phase particles play a
significant role in DRX. Coarse constituent secondary
phase particles can accelerate DRX by particle stim-
ulated nucleation due to a large amount of stored en-
ergy in the deformation zone [24].

On the other hand, the broken secondary phase
particles can also act as nucleation sites for DRX dur-
ing hot extrusion and play a role in promoting DRX.
As an alloying element, Gd can effectively reduce the
stacking fault energy of the a-Mg matrix [25]. The
low stacking fault energy will promote the formation
of wider stacking faults, which makes the dislocation
constriction and cross slip more difficult [26]. For Mg-
2.0Zn-0.5Zr-3.0Gd alloy, it is thus difficult to form
subgrain structures during deformation; instead, de-
formation store energy increases to a high level, and
local dislocation density becomes large enough to over-
come the capillary term to allow the formation of
new grains [27]. Therefore, DRX becomes easier when
3.0% of Gd is added to the Mg-2.0Zn-0.5Zr alloys.
Generally, the dislocations are easily generated during
hot extrusion, resulting in a certain amount of residual
dislocations in the E350 alloy (Figs. 6a,b,c). As shown
in Fig. 1c, when the extrusion temperature is 350°C,
the fine and uniform DRX grain microstructures are
formed. Besides, part of the undissolved (Mg, Zn)3;Gd
phase particles is broken up and forms a band struc-
ture along the ED.

By contrast, fine second phase particles tend to
hinder boundary motion and slow down recrystalliza-
tion and grain growth through a Zener drag effect
[28]. As seen in Fig. 1b and Figs. 3-5, a small num-
ber of nanoscale particles (particle size < 0.5 pm) ex-
ist in the solution-treated alloy. It has been reported
in the literature that fine particles smaller than 1 um
contribute to restraining recrystallization rather than
promoting it by impeding the formation of the lat-
tice curvatures necessary for nucleation via bound-
ary pinning [29]. As shown in Fig. 4, the secondary
phase particles in solution-treated alloy have a semi-
coherent relationship with the a-Mg matrix. The sec-
ondary phase particle/matrix character also affects
DRX behavior. DRX takes place less easily in al-
loys containing coherent precipitated particles than
in alloys with incoherent particles [30]. Recrystalliza-
tion kinetics accelerates with increasing deformation
temperature [26, 31]. Therefore, due to the differ-
ence of microstructure between the as-cast alloy be-
fore extrusion and the alloy after solution treatment,
the temperature of complete dynamic recrystalliza-
tion that occurs during the extrusion process is dif-
ferent.

4.2. Microstructure influence on mechanical
properties

The cleavage planes and dominant tearing ridges,
which are typical of brittle fracture, can be seen
on the tensile fracture surface of the as-cast alloy
(Fig. 7a). Rather large secondary phase regions ex-
ist within the matrix, resulting in poor mechanical
properties. As shown in Fig. 7b, the tensile fracture
surface of the solution-treated alloy consisted of cleav-
age planes, tearing ridges, and small dimples. It is a
mixed type with cleavage fracture and quasi-cleavage
fracture. The mechanical properties of the solution-
treated alloy are slightly improved due to solid so-
lution strengthening and precipitation strengthening.
As seen in Fig. 4, due to the semi-coherent interface
relationship of the second phase with the a-Mg ma-
trix, the second phases formed after solution treat-
ment contribute to the excellent plasticity and high
strength.

By hot extrusion, most of the large-sized secondary
phases in the as-cast alloy disappeared, and micro-
cracks would not initiate easily by the fracture of eu-
tectic particles. More importantly, the predominant
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elliptical MgsZn;; and rod-like (Mg, Zn)sGd precipi-
tates acted as strong pinning points hindering (001),
glide, which could reduce the mobility of dislocations
in the grain [32]. Thus, the room temperature mecha-
nical properties of the as-extruded alloy have signif-
icantly been improved under the combined action of
fine grain strengthening and secondary phase precipi-
tation strengthening.

The structures of the fracture surface and failure
mode are quite similar for E350 and E360 alloys. The
fracture surfaces consist mainly of a large number of
dimples and tearing edges with the features of plas-
tic fracture. The grain refinement caused by hot ex-
trusion can make the migration, slip, and rotation of
grain boundary become easier, as the cracking direc-
tion can frequently change during the crack propaga-
tion. Hence, the fracture mode of the E350 and E360
alloys is a ductile fracture.

The excellent ductility of the E350 and E360 alloys
can be mainly attributed to the following 3 factors:
(1) Grain refinement achieved by hot extrusion gives
high deformation coordination capability, which can
enhance the ductility; (2) the weakened recrystalliza-
tion basal texture facilitates the basal slip, which can
also improve the ductility [25]; (3) the finer grains con-
tribute to non-basal slip system activations which can
enhance the ductility of the alloy [33]. The E360 alloy
has higher mechanical properties relative to E350 al-
loy. This may be due to the parallel stripes distributed
along the ED of the second phase in the E350 alloy.
These second phase stripes may become the source of
cracks during a tensile strength test.

4.3. Grain refinement impacts on corrosion
behavior

In the present study, the as-cast alloy is mainly
composed of equiaxed a-Mg grains and coarse (Mg,
Zn)3Gd phase at the grain boundaries (Fig. 1). Al-
though the electrochemical potential of (Mg, Zn)3;Gd
phase has not been reported to date, it is reported that
the (Mg, Zn)3Gd phase is nobler than the a-Mg ma-
trix [34]. These noble (Mg, Zn)3Gd phase precipitates
with larger size, and can cause micro-galvanic corro-
sion in the as-cast condition and lead to high corrosion
rate and localized corrosion [35].

The micro-galvanic effect due to the secondary
phase reduces the corrosion resistance of Mg-RE-Zn
alloy, and the corrosion properties improve drastically
when the secondary phases are dissolved into the Mg
matrix by solution treatment [36]. Compared with the
micro-sized (Mg, Zn)3Gd phase particles in the as-cast
alloy, the nano-sized (Mg, Zn)3Gd phase particles in
the solution-treated alloy are much smaller. The gal-
vanic corrosion rate decreased sharply with the de-
crease of the volume ratio of the cathode to anode,
and the dissolution rate of the Mg matrix around the

nanometer second phase decreased significantly [37].
Therefore, the possible micro galvanic corrosion be-
tween the nano-sized (Mg, Zn)3Gd phase particles and
the a-Mg matrix is inhibited because of the small size
of the (Mg, Zn)3Gd phase. The alloy elements dissolve
in the a-Mg matrix, which can increase the F¢o, and
improve the corrosion resistance of the alloy. Consis-
tent with the result of Table 2, the solution-treated
alloy has a better corrosion resistance than as-cast al-
loy.

In a passivating environment, grain refinement
leads to an enhancement in corrosion resistance, while
this trend turns into the opposite in a non-passivating
active environment [38]. In an SBF environment which
elicits an inert reaction, the grain refinement is likely
to improve corrosion resistance in three ways of (1)
physical corrosion barriers from grain boundaries [39],
(2) accelerating the passivation kinetics, and (3) re-
duce the intensity galvanic couple between grain
boundary and grain interior [40]. Therefore, the grain
refinement leads to the formation of closely spaced
electrochemical batteries of cathodic-anodic regions.
The difference between the rates of cathodic and an-
odic reactions is thus expected to decrease signifi-
cantly, which leads to better corrosion uniformity and
lower rates [41]. The grain boundary area increases
considerably with reduced grain size; therefore, the
corrosion rate of the E350 and E360 alloys shows con-
siderable reduction over as-cast and solution-treated
alloys. The equilibrium potential in the vicinity of dis-
location is reduced, which with a higher density of dis-
location, probably accelerates the anodic metal disso-
lution [42]. Compared with the E360 sample, a high
density of dislocation and parallel stripes of the sec-
ondary phase are present in the E350 sample. Still,
the grain size did not change significantly, resulting in
a relatively high corrosion rate.

The above results, therefore, show that grain re-
finement of Mg alloys by hot extrusion is an al-
ternative means to improve the mechanical strength
and corrosion resistance compared to the known al-
loying method. Hence, grain refined solution-treated
Mg-2.0Zn-0.5Zr-3.0Gd alloy could potentially have
useful benefits when used as metallic biomaterial.

5. Conclusions

The effect of the hot extrusion on microstructure,
mechanical properties, and corrosion resistance of the
as-cast and solution-treated Mg-2.0Zn-0.5Zr-3.0Gd al-
loy have been investigated. The following conclusions
are drawn:

1. The microstructure of as-cast and solid solu-
tion alloys is mainly composed of equiaxed a-Mg ma-
trix and (Mg, Zn)sGd precipitates with different sizes.
In solid solution alloys, the nanoscale granular (Mg,
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Zn)3Gd precipitates have a semi-coherent relationship
with the a-Mg matrix.

2. The temperature of complete dynamic crystal-
lization of solid solution extruded alloy is about 360 °C,
which is higher than that of as-cast extruded alloy.
The extruded alloys are composed of massive refined
DRXed grains and a very tiny amount of elongated
coarse unDRXed deformed grains. There are many
nano-rod-like (Mg, Zn)3Gd precipitates, and elliptical
MgsZny; precipitates in the two extruded alloys.

3. The mechanical properties and corrosion resis-
tance of tested samples can be ranked in the follow-
ing order: E360 > E350 > solution-treated > as-cast
alloys. The E360 alloy exhibits the highest UTS of
249.3 £ 3.2MPa, YS of 227.9 + 2.8 MPa, and EL of
29.4 + 0.9 %. Both fine-grained strengthening and the
second phase strengthening play essential roles in im-
proving the mechanical properties of the E360 alloy.
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