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Abstract

The microstructure, corrosion resistance, and stress corrosion cracking behavior of an as-
cast and solid-solution Mg-1.8Zn-0.5Zr-1.5Gd biomagnesium alloy after extrusion deformation
were studied. Results show that when the extrusion ratio was 7.7 and the extrusion tempera-
tures were 350 and 360 °C, the as-cast and solid-solution alloys underwent complete dynamic
recrystallization, and the grains were significantly refined. The precipitated phase in the ex-
truded alloy is mainly composed of a nano-scale (Mg, Zn)3sGd and an MgsZni1 phase. A small
amount of undissolved and broken micron-sized (Mg, Zn)sGd phase particles appeared in the
as-cast extruded alloy. The electrochemical corrosion produced during the stress corrosion
process peeled off the (Mg, Zn)3Gd phase particles and induced rapid dissolution of the adja-
cent matrix. As a result, stresses were accumulated, and stress corrosion sensitivity occurred.
At the same time, some larger-sized cracks appeared in the tensile fracture of the alloy. The
difference in grain size and orientation in different regions of the solid-solution extruded alloy
leads corrosion fracture to be composed of parallel grooves in different directions. Solution
treatment of the magnesium alloy was found to reduce the stress corrosion susceptibility of
extruded magnesium alloy and make it promising as a biodegradable implanting material.
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Mg-1.8Zn-0.5Zr-1.5Gd magnesium alloy in a simulated body fluid
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1. Introduction

Among modern implant materials such as stainless
steel, titanium alloy, and cobalt alloy, magnesium al-
loy owns the closest mechanical properties to human
bones regarding the density (1.7-2.4 g cm~3) and elas-
tic modulus (41-45 GPa). At the same time, it also
has good biocompatibility and degradability, and its
degradation products can induce the formation of new
bone and promote the healing of damaged bone tissue.
Therefore, magnesium alloy has received extensive at-
tention from scientific researchers and has been con-
sidered the next-generation medical implant material
[1-3]. However, magnesium alloy still faces practical
challenges in clinical applications as a typical implant.
The degradation rate of medical magnesium alloy in
vivo is too fast and prone to local corrosion. Under
the action of stress, its degradation rate will be even

faster [4]. The excessively fast degradation rate and
local corrosion will lead to the loss of the integrity of
the graft material’s mechanical properties before the
tissue heals [5]. At the same time, it easily induces in-
creases in the pH value around the graft material, yet
affects the healing of the tissue [6]. For medical mag-
nesium alloy materials used in treating fractures, the
mechanical properties must meet the requirements of
yield strength (YS) higher than 200 MPa, and elonga-
tion (EL) greater than 10 %. For medical magnesium
alloy materials for cardiovascular stents, the YS must
be higher than 200 MPa, and the EL must be greater
than 20 %. Moreover, the corrosion rate should be less
than 0.5 mmy~! for the alloy immersed in simulated
body fluid (SBF) at 37°C, and the corrosion should be
uniform [7, 8]. Currently, it is difficult for most med-
ical magnesium alloys to meet all these performance
requirements simultaneously.
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Refining the grain of a magnesium alloy can im-
prove its mechanical properties and corrosion resis-
tance in vivo and achieve uniform corrosion [9]. Extru-
sion deformation is one of the main methods used to
refine the grains of magnesium alloys [10, 11]. The ul-
timate tensile strength (UTS) and EL of an Mg-2.5Zn-
-0.7Y-0.7Gd-0.4Zr alloy refined by extrusion deforma-
tion increased from 217 MPa and 12.8% to 278 MPa
and 18.7 %, and the corrosion rate decreased from 3.49
to 0.629 mmy~! after the extrusion treatment [12].
The YS and EL of an Mg-4.0Zn-0.5Ca-0.5Ce alloy in-
creased from 125 MPa and 7.5 % to 200 MPa and 27 %,
respectively [13]. Moreover, the corrosion rate of an
Mg-3.0Gd-2.7Zn-0.4Zr-0.1Mn alloy in SBF decreased
from 2.36 to 0.461 mm y ! [14]. The mechanical prop-
erties and corrosion resistance of an Mg-6.0Gd-1.0Zn-
-0.4Zr alloy were significantly improved through extru-
sion deformation, and the UTS, YS, EL, and corrosion
rate of the alloy were 252 MPa, 186 MPa, 24.5 %, and
0.34mm y !, respectively [15]. These research results
showed that the mechanical properties and corrosion
resistance of medical magnesium alloys can be effec-
tively improved through extrusion deformation.

Magnesium alloys are prone to localized corro-
sion in an environment containing chloride ions, and
the resulting corrosion pits usually become the ori-
gin of crack propagation [16]. Therefore, stress cor-
rosion cracking is prone to occur in magnesium alloy
graft materials under both human body fluid corro-
sion and an external mechanical load, leading to rapid
failure of the alloy [17, 18]. When the strain rate was
3.6 x 1074s7!, the UTS, YS, and EL of an Mg-4Zn
alloy in SBF, compared with these in air, decreased
by 10.0, 23.5, and 11.2 %, respectively [19]. When the
strain rate was 3.1 x 107 s~ !, the UTS and EL of an
Mg-2.0Zn-1.0Zr alloy in SBF were lower than those in
the air by 20.5 and 62.7 %, respectively [20]. When the
strain rate was 3.5 x 1079571, the UTS and EL of an
AZ31 alloy in SBF reduced by 8.9 and 75.1 %, respec-
tively, compared with those in the air [21]. These stud-
ies found that under stress, localized corrosion leads
to a significant decrease in the mechanical properties
of the alloy. Therefore, it is necessary to study the
stress corrosion cracking behavior of magnesium al-
loys to justify the long-term suitability of magnesium
alloys for biological implants.

Based on the principle of medical magnesium al-
loy’s biological safety and the previous research of the
author [22-24], the grains of as-cast and solid-solution
Mg-1.8Zn-0.5Zr-1.5Gd alloys were refined by hot ex-
trusion, and the effect of the microstructure on the
corrosion resistance of the alloy was characterized. At
the same time, a slow strain rate stress corrosion ex-
periment in SBF was used to explore the effect of the
microstructure on the stress corrosion cracking behav-
ior of the alloy.

2. Experimental procedure
2.1. Sample preparation

With pure magnesium (99.9 %), pure zinc (99.9 %),
Mg-20Gd (wt.%), and Mg-25Zr (wt.%) alloys used as
the raw materials, an Mg-1.8Zn-0.5Zr-1.5Gd alloy was
melted under the protection of mixed gas (CO2 +
2%SF¢) in a ZGJL0.01-40-4 intermediate frequency
induction furnace [25]. Inductively coupled plasma
atomic emission spectroscopy (Optima 8000) was used
to test that the actual composition of the molten alloy
was Mg-1.847Zn-0.53Zr-1.51Gd (wt.%). The as-cast al-
loy went through solution treatment at a temperature
of 480°C for 6 h, then was cooled in water at 60°C.
After the as-cast and solid-solution alloys were pro-
cessed into cylindrical ingots of ¢ 50 mm X 35 mm,
they were extruded into ¢ 18 mm round rods at tem-
peratures of 350 and 360°C, respectively, and the ex-
trusion rate was about 5 mms~!. The extruded sam-
ple was air-cooled, then subjected to a stress-relieving
annealing treatment at 200°C for 4 h. The as-cast and
solid-solution extruded alloys are referred to as E1.5
and Eg1.5, respectively.

2.2. Characterizations

Each sample was cut parallel to the extrusion di-
rection to observe the microstructure and test the
corrosion resistance. A metallographic microscope
(OLYMPUS), a scanning electron microscope (SEM-
-EBSD, JSM-7800F), a transmission electron micro-
scope (TEM-2100), and an attached energy spectrom-
eter (EDAX) were used to observe the microstructure
and analyze the organization, fracture morphology,
phase structure, and micro-area composition.

A weightless corrosion experiment, a hydrogen evo-
lution corrosion experiment, and an electrochemical
experiment were all carried out in SBF at 37°C [26].
The ratio of the surface area of the sample to the vol-
ume of SBF was 1 cm?:30 mL in all three experiments,
and the sample size was ¢ 16 mm x 3 mm. During the
experiment, to ensure the stability of the SBF, it was
refreshed every 8 h. Hydrogen was collected and mea-
sured through a funnel and burette covering the test
sample, and the amount of hydrogen evolution was
recorded [27]. After the experiment, a 20%CrOs +
1%AgNOj3 solution was used to remove the corrosion
products on the alloy’s surface, and the mass of the
samples before and after corrosion was weighed. Three
parallel samples were taken to analyze the results. The
formulae used to calculate the weight loss corrosion
rate P, (mmy~!) and the hydrogen evolution corro-
sion rate Py (mm y~!) are shown in Egs. (1) and (2),
respectively [28]:

P, = 8.76 x 10* x Aw/pAt, (1)
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Py = 95.36 x Vir/pAt, (2)

where Aw is the weight loss of the alloy (mg), p is the
density of the test sample (gcm™2), A is the surface
area of the test sample (cm?), ¢ is the immersion time
(h), and Vy is the volume of hydrogen collected (mL).

An electrochemical workstation (Autolab PG-
-STAT128N) was used for the polarization curve test.
The experiment used a three-electrode system: the
test sample was the working electrode, a graphite
sheet was the counter-electrode, and a saturated
calomel electrode was the reference electrode. After
the sample had been immersed for 1h, the polariza-
tion curve was tested. The test rate was 1 mV s~ !, and
the scanning range was — 0.25-0.45 + 0.3V from the
open circuit potential (OCP)

A stress corrosion test with a slow strain rate was
used to evaluate the stress corrosion cracking suscep-
tibility of different samples. The samples were pre-
pared according to the GB/T 15970.7-2000 standard
and tested on an MFDL-100 strain tensile machine.
The tensile direction was parallel to the extrusion di-
rection, the tensile rate was 1 x 107%s~! with three

Fig. 1. Size of the tensile sample (mm).

parallel samples, and the test environment was room
temperature air and 37°C SBF. The dimensions of a
tensile specimen are shown in Fig. 1.

3. Experimental results
3.1. Microstructure
Figure 2 shows the metallurgical organization of

the Mg-1.8Zn-0.5Zr-1.5Gd alloy in different states. It
can be seen from Fig. 2a that the as-cast alloy is

Fig. 2. Optical micrographs of the Mg-1.8Zn-0.5Zr-1.5Gd alloy in different states: (a) as-cast, (b) solid-solution, (¢) E1.5,
and (d) Es1.5 alloys.
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3 um

Fig. 3. SEM images in backscattered mode (a), (b), and the corresponding EDX maps (c)—(f) for the E1.5 alloy.

mainly composed of an a-Mg matrix, a black net-
work, and a granular second phase, and the average
grain size is about 103 pm. The solid solution alloy has
a relatively uniform grain structure, with an average
grain size of about 123 um (Fig. 2b). It can be inferred
that the second phase in the original as-cast alloy has
dissolved relatively well into the alloy matrix during
the solid solution process. In Figs. 2c,d, the grains
of the E1.5 and E41.5 alloys have been refined. Com-
plete dynamic recrystallization has occurred, and the

grain size is about 6.2 um and 7.3 um. This indicates
that the extrusion temperature and the amount of de-
formation met the conditions for complete dynamic
recrystallization of the alloy. At the same time, small
amounts of undissolved second phase particles are dis-
tributed in strips in the direction of extrusion in the
E1.5 alloy matrix.

Figure 3 shows SEM images of the E1.5 alloy and
surface scanning analysis images of Mg, Zn, Gd, and
Zr. It can be seen in Fig. 3a that the second phase in
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Fig. 4. TEM images and corresponding SAED patterns of (a), (b) the E1.5 alloy, and (c), (d) the Es1.5 alloy.

the alloy is mainly distributed in the form of particles
or strips along the direction of extrusion. Figure 3b
shows an enlarged image of Area A in Fig. 3a and
Figs. 3c— show the distribution of the elements Mg,
Zn, Gd, and Zr in Fig. 3b. It can be seen in Figs. 3c—
f that the second phase in the E1.5 alloy is mainly
composed of three elements: Mg, Zn, and Gd, and the
Zr is uniformly distributed in the alloy.

Figure 4 shows transmission electron microscopy
(TEM) images and selected area electron diffrac-
tion (SAED) spots of the E1.5 and E1.5 alloys. In
Figs. 4a,b, the second phase in the E1.5 alloy is
mainly composed of densely distributed micron-sized
broken second-phase particles and nano-scale precip-
itated phase particles with a diverse distribution.
The micron-level second-phase particles in Area A in
Fig. 4a were calibrated by SAED. The second-phase
particles had a face-centered cubic structure. The in-
terplanar distances of the SAED spots are 0.2578,
0.1484, and 0.2578 nm, which correspond well to the
(220), (242), and (022) crystal planes of the standard
Mg3zGd phase. At the same time, the second-phase
particles are mainly composed of Mg, Zn, and Gd
(Table 1). Therefore, it was inferred that the micron-

Table 1. EDS analyses of the second phases with differ-
ent morphologies marked in Fig. 4

Mass fraction (%)

Position
Mg Zn Gd Zr
A 55.68 17.14 27.18 0
B 98.34 1.66 0 0
C 70.83 12.44 16.73 0
D 98.62 1.38 0 0

-sized second-phase particles are the (Mg, Zn)3Gd
phase. SAED spot calibration of the nano-scale spher-
ical precipitated phase particles in Area B (Fig. 4b)
showed that the precipitated phase particles had a cu-
bic crystal structure, and the interplanar distances of
the SAED spots were 0.3814, 0.2278, and 0.3815 nm.
The interplanar distances correspond well with the
(021), (231), and (210) crystal planes in the stan-
dard MgyZn;;1 phase. At the same time, the nano-scale
spherical precipitated phase particles are mainly com-
posed of Mg and Zn (Table 1). Therefore, it was in-
ferred that the nano-scale precipitated phase particles
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Fig. 5. TEM images of the E1.5 and E¢1.5 alloys: (a) and (b) E1.5; (c) and (d) Es1.5.

belong to the MgoZn;; phase. Similar (Mg, Zn)3Gd
phases and MgsZni; phases are also found in other
Mg-Zn-Zr-Gd alloys [29, 30].

In Figs. 4c,d, the second phase in the Eg1.5 alloy is
mainly composed of dispersed nano-scale rod-shaped
precipitated phase particles and nano-scale spherical
precipitated phase particles. SAED spot calibration
was performed on the nano-scale rod-shaped precipi-
tated phase particles in Area C in Fig. 4c. The nano-
-scale rod-shaped particles have a face-centered cu-
bic structure. The interplanar distances are 0.2579,
0.2199, and 0.4218 nm, which corresponds to the
(220), (311), and (111) crystal planes. The nano-scale
rod-shaped precipitated phase particles are mainly
composed of Mg, Zn, and Gd (Table 1). Therefore, it
was inferred that the nano-scale rod-shaped second-
phase particles belong to the (Mg, Zn)3;Gd phase.
SAED spot calibration of the nano-scale spherical pre-
cipitated phase particles in Area D in Fig. 4d was car-
ried out. The nano-scale spherical precipitated phase
particles have a simple cubic structure. The inter-
planar spacing of the SAED spots is 0.6041, 0.4272,
and 0.6041 nm, which corresponds well with the (110),
(200), and (110) crystal planes of standard MgsZn;;.

The nano-scale spherical precipitated phase particles
are mainly composed of Mg and Zn (Table 1). There-
fore, it was inferred that the nano-scale spherical pre-
cipitated phase particles belong to the MgsZn1; phase.

Figure 5 shows a TEM image of the E1.5 and
Es1.5 alloys after the stress corrosion test in SBF. In
Figs. ba,c, after the stress corrosion test, there were
a large number of dislocations of different densities
in the matrix of the E1.5 and Egl1.5 alloys. Figures
5b,d show partly enlarged images of Areas A and B
in Fig. 5a and Fig. 5c, respectively. It can be seen in
Figs. 5b,d that there are high-density dislocation plug-
ging products in local areas of the E1.5 and E;1.5 al-
loys after the stress corrosion test. The stress corrosion
test of the E1.5 and Eg1.5 alloys considered the plastic
deformation behavior of each alloy at room tempera-
ture. When the deformation temperature is low, dense
dislocation accumulation will form in the magnesium
alloy’s structure, and the alloy relies only on the dislo-
cation slip of the base surface to coordinate the entire
plastic deformation process [31]. As the amount of de-
formation increases, the dislocation density continues
to proliferate, and the movement and proliferation of
dislocations will cause them to tangle with each other
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Fig. 6. Polarization curves P, and Py for the E1.5 and
Es1.5 alloys.

Table 2. Ecorr, Icorr, and P; of the E1.5 and Eg1.5 alloys
derived from the polarization curves

Material Fcorr (VvS.SCE) Icorr (WA cm_2) P (mm y_l)

E1.5 -1.306 + 0.012
Es1.5  -1.276 + 0.013

2.551 £ 0.014 0.099 + 0.007
2.480 £+ 0.013 0.086 £ 0.007

during the deformation process to form a high-density
dislocation zone [32]. Therefore, after the stress cor-
rosion test, the E1.5 and E¢1.5 alloys had a higher
density of dislocations in parts of the microstructure.

3.2. Corrosion resistance

Figure 6 shows the polarization curves of the
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Fig. 7. Engineering stress-strain curves of the E1.5 and
Es1.5 alloys in air and SBF at a strain rate of 1 x 107671,

E1.5 and E¢1.5 alloys after immersion in SBF for 1h
(Fig. 6a) and P, and Py in the E1.5 and E¢1.5 al-
loys after 120 h of immersion (Fig. 6b). Table 2 shows
the self-corrosion potential (E¢o,y), the self-corrosion
current density (Icorr) and the self-corrosion rate (P)
obtained by Tafel extrapolation from Fig. 6a. In Fig. 6
and Table 2, the E.o, of the Egl.5 alloy was higher,
and the values of I.o., P, Py, and Py were smaller,
indicating that the Egl1.5 alloy has better corrosion
resistance.

3.3. Slow strain rate tensile testing

Figure 7 shows the slow strain rate tensile stress-
strain curves of the E1.5 and Egl1.5 alloy samples in
air and SBF. The corresponding UTS, YS, and EL val-
ues are shown in Table 3. In air and SBF, the E¢1.5
alloy had better mechanical properties than the E1.5
alloy. Compared with that in air, the UTS, YS, and
EL of the E1.5 and Eg1.5 alloys in SBF decreased sig-
nificantly, those of the E1.5 alloy by 18.9, 24.1, and
60.9 %, and those of the Eg1.5 alloy by 11.9, 9.4, and
54.9 %, respectively. The UTS, YS, and EL of the
E1.5 alloy decreased severely, indicating that it is more
prone to stress corrosion in SBF.

Figure 8 shows the tensile fracture morphology of
the E1.5 and Eg1.5 alloys in the air. Figures 8a,c show
the macroscopic morphologies of the tensile fractures

Table 3. Mechanical properties of the E1.5 and Eg1.5 alloys in air and SBF

Material E1.5 (air) Es1.5 (air) El.5 (SBF) Es1.5 (SBF)
UTS (MPa) 248.4 + 3.6 256.3 + 3.5 201.5 + 3.5 2256 + 3.4
YS (MPa) 211.3 £ 3.5 220.2 + 3.3 160.4 £+ 3.2 199.6 &+ 3.2
EL (%) 387+ 14 40.4 £ 1.3 15.1 £ 1.2 18.2 + 1.3
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Fig. 8. Fractures of the E1.5 and E;1.5 alloys at a strain rate of 1 x 107%s™! in air.

Table 4. EDS of the surface of the fractures in the E1.5
and Es1.5 alloys in SBF

Position Mg (0] C Zn Ca P
B 46.6 42.1 9.4 1.2 0.4 0.3
C 453 419 105 1.5 05 04

of the E1.5 and Eg1.5 alloys. These are similar in that
they both show an apparent necking phenomenon,
which corresponds well with the extension process.
The microscopic morphologies of the tensile fractures
of the E1.5 and E41.5 alloys appear similar, as shown
in Figs 8b,d. These fractures mainly consist of many
dimples, tearing edges, and quasi-cleavage surfaces,
showing the typical characteristics of ductile fracture.
Compared with the E1.5 alloy, the proportion and size
of the dimples in the fractures of the E¢1.5 alloy are
larger, and the proportion of quasi-cleavage planes is
smaller. As shown in Fig. 8b, there are micron-sized
second-phase particles in the central area of some of
the dimples in the fractures of the E1.5 alloy.

Figure 9 shows the tensile fracture morphologies
of the E1.5 and El.5 alloys in SBF. Figures 9a,d

show the macroscopic morphologies of the tensile frac-
tures of the E1.5 and Egl.5 alloys. Compared with
Figs. 8a,c, the necking phenomenon is not apparent,
and the fracture is relatively flat, which corresponds
well with the reduced elongation. Figures 9b,e show
the microscopic morphologies of the tensile fractures
of the E1.5 and E41.5 alloys without removing the cor-
rosion products. It can be seen from the figures that
the fractures are similar, and they are mainly discon-
tinuously corrugated. If we enlarge Areas A and B in
Figs. 9b,e, the corrosion products are all in the form of
flakes and are perpendicular to the fracture. EDS anal-
ysis of Areas A and B in Table 4 shows that the prod-
ucts of corrosion are mainly composed of Mg, O, C, Zn,
Ca, and P in different proportions, which are the com-
position elements of Mg(OH)3, Caq9(PO4)(OH),, and
(Ca, Mg)3(PO4),. After the magnesium alloy was im-
mersed in SBF for a specific time, the corrosion prod-
ucts mainly comprised Mg(OH)z, Caio(PO4)(OH)2,
and (Ca, Mg)3(POy4)2. Generally, the morphology of
the corrosion products will vary with soaking time
and changes in the corrosion rate [33, 34]. Figures
9c,f show the tensile fracture micromorphologies of
the E1.5 and E¢1.5 alloys after removing the corrosion
products. As shown in Fig. 9c, the E1.5 alloy had many
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Fig. 9a—c. Fractures of the E1.5 and E1.5 alloys at a strain rate of 1 x 107%s™" in SBF.

cleavage planes perpendicular to the tensile direction,
hydrogen-induced transgranular fracture characteris-
tics in some areas along the cleavage plane [35, 36],
and some larger corrosion cracks in the fracture area.
It can be seen from Fig. 9f that a large number of par-
allel groove structures with different orientations ap-
peared in the tensile fracture of the Eg1.5 alloy, and a
small number of shallow dimples and microcracks also
appeared in the fracture. The E1.5 and Eg1.5 alloys
both showed typical brittle fracture characteristics.

4. Discussion
4.1. Microstructure evolution

During the thermoplastic deformation of a mag-
nesium alloy, the stress is mainly concentrated in
the grain boundary and the second-phase particle
(> 1pm) region. As a result, the accumulation and
density of dislocation in the grain boundary and the
second-phase particle regions increase. The accumula-
tion and increase in dislocation density will promote
the nucleation and growth of dynamically recrystal-
lized grains in this area. At the same time, the forma-

tion and growth of dynamically recrystallized nuclei
will also absorb a certain amount of dislocations and
reduce dislocations in the alloy. Decreasing the density
of dislocations and releasing the accumulated stress
can improve plasticity and facilitate the progress of
deformation [37]. As shown in Fig. 2a, a certain num-
ber of larger-sized second-phase particles appear in the
as-cast Mg-1.8Zn-0.5Zr-1.5Gd alloy. The deformation
process can cause dislocations to accumulate, caus-
ing, in turn, the alloy to have a greater deformation
storage energy, thereby increasing the driving force of
recrystallization to promote the further occurrence of
dynamic recrystallization. During the process of ex-
trusion deformation, some of the larger second-phase
particles in the original as-cast alloy were broken and
refined, and dispersed in the alloy matrix. These dis-
persed second-phase particles (> 1 um) can promote
the occurrence of dynamic recrystallization through
particle excitation nucleation [38]. It can also be seen
from Fig. 2a that the as-cast alloy has a smaller grain
size, indicating that the as-cast alloy contains a larger
number of grain boundaries per unit of volume, and
that the more dynamic recrystallization nucleation ar-
eas that can be provided during the deformation pro-
cess, the more favorable the dynamic recrystalliza-
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Fig. 9d-f. Fractures of the E1.5 and E1.5 alloys at a strain rate of 1 x 107%s™* in SBF.

tion [39]. When the solution temperature and time
are 480°C and 6 h, respectively, the second phase in
the Mg-1.8Zn-0.5Zr-1.5Gd alloy mainly exists in the
form of dispersed nano-scale particles [40]. The fine
and dispersed second-phase particles usually have a
strong pinning effect on the alloy’s grain and sub-grain
boundaries, hindering their migration, and thus in-
hibiting the dynamic recrystallization nuclei and the
occurrence of dynamic recrystallization [41]. Increas-
ing the extrusion temperature can reduce the acti-
vation energy of the migration of atoms in the alloy
and drive their rapid diffusion. Besides, increasing the
temperature also makes dislocation movement easier
and increases the nucleation rate of dynamic recrystal-
lization and the migration ability of grain boundaries,
thus promoting the occurrence of dynamic recrystal-
lization [42]. Therefore, it is necessary to increase the
extrusion temperature to promote complete dynamic
recrystallization of the solid-solution Mg-1.8Zn-0.5Zr-
-1.5Gd alloy.

It can be seen from Figs. 4c¢,d that a certain number
of nano-scale rod-shaped (Mg, Zn);Gd precipitated
phase particles and nano-scale elliptical or spherical
MgsoZn;1 precipitated phase particles are dispersed in
the Es1.5 alloy. Therefore, it can be inferred that dur-

ing the solid solution and extrusion process, the al-
loying elements dissolved better into the alloy matrix,
and supersaturated solid solutions formed in some ar-
eas. Furthermore, the difference in the amount and
atomic radius of Gd and Zn caused differences in the
types and morphologies of the nano-scale precipitated
phases during the cooling process [43].

4.2. The influence of microstructure on
corrosion behavior

The corrosion resistance of Mg-Zn-Zr-Gd alloys in
SBF is mainly related to the grain size, the amount
of alloying elements dissolved in the matrix, and the
second-phase parameters (morphology, size, and vol-
ume fraction) [44]. When the size of the alloy’s grains
is similar, the amount of alloying elements dissolve in
the alloy matrix, and the number, size, and volume
fraction of the second-phase particles play a leading
role in its corrosion resistance [45]. It can be seen from
Figs. 2—4 that the E1.5 alloy contains some second-
phase particles larger than 1 um. The second-phase
particles usually act as a cathode during the corro-
sion process, which accelerates the corrosion of the
alloy matrix and increases the alloy’s corrosion rate
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[46]. The E1.5 alloy contains a small amount of dis-
persed nano-scale precipitated phase particles, indi-
cating that extrusion deformation after the solution
treatment makes the alloying elements dissolve better
and more uniformly into the alloy matrix. The alloy
elements dissolved in the matrix increase the E.opr of
the matrix, reducing the potential difference between
the matrix and the second phase. At the same time,
the dissolution of a large amount of alloying elements
into the matrix also reduces the volume fraction of
the cathode phase in the alloy, reduces the power of
electrochemical corrosion, and improves the corrosion
resistance of the alloy [47]. Therefore, the E1.5 alloy
has better corrosion resistance than the E1.5 alloy.

4.3. Stress corrosion cracking

From the point of view of dislocation, the smaller
the alloy grains, the more grain boundaries and the
greater the resistance are needed to overcome the
nearby dislocation network when dislocations move
during the stretching process. Macroscopically, the
strength of the alloy increases with grain refinement.
The smaller the grain size, the greater the number of
grains per unit of volume, and the stress will be dis-
persed across more grains during the stretching pro-
cess, which improves the uniformity of deformation
and reduces stress concentration [48]. At the same
time, the fine grain boundaries are easy to slide and
rotate during plastic deformation, which improves the
plasticity of the alloy [49]. Therefore, the E1.5 and
Es1.5 alloys had high strength and elongation in the
slow strain rate tensile test in air.

As seen in Figs. 2-4, some large undissolved
second-phase particles (> 1pm) are densely dis-
tributed along the direction of extrusion in the E1.5
alloy. The second-phase particles usually have a non-
coherent interface relationship with the matrix, lead-
ing to a weaker atomic bonding force between the
second-phase particles and the matrix. Therefore, the
interface area between the second-phase particles and
the matrix usually becomes the source of crack initi-
ation and propagation channels during the stretching
process, reducing the mechanical properties of the al-
loy [50]. Compared with the E1.5 alloy, more Zn and
Gd elements were dissolved in the Eg1.5 alloy. Because
of the great differences in the atomic radius and elastic
modulus of Zn, Gd, and Mg, they can create a better
solid-solution strengthening effect [51]. The dispersed
nano-scale precipitated phase particles in the Eg1.5
alloy can play a dominant role in strengthening the
second-phase particles [52]. Therefore, the Es1.5 alloy
has better mechanical properties, and the change in
the mechanical properties corresponds well with the
change in fracture morphology.

In the initial stage of stress corrosion of a mag-
nesium alloy in SBF, a corrosion product film first

forms on the surface of the alloy. Larger second-phase
particles (> 1um) appear in E1.5 alloy. Under ex-
ternal stress, the contact area of the larger second-
phase particles and the matrix is prone to cracks [49],
which leads to cracking of the corrosion product film
on the surface of the second-phase particles. The prod-
uct film ruptures, and the bare metal substrate and
surrounding corrosion product film act as an anode
and cathode, respectively, in the electrochemical cor-
rosion process, forming a small anode-large cathode
system. A large instantaneous current can be gener-
ated between the two to accelerate the corrosion of
the alloy matrix, which generates pitting and forms
the source of cracks [53]. The stress is concentrated
at the crack tip, accelerating the dissolution of the al-
loy matrix in the crack area and propagation of the
crack. When the crack expands to a critical size, it
will cause the alloy to fracture. At the same time,
the larger second-phase particles will accelerate the
corrosion of the nearby alloy matrix under the ac-
tion of micro galvanic corrosion. The hydrogen that
is too late to overflow during the corrosion process
will be adsorbed on the crack tip and diffuse into the
alloy, forming a hydrogen concentration gradient en-
riched at the crack tip. When the hydrogen concen-
tration exceeds a critical value, a certain hydride will
be formed at the crack tip, thus reducing the bond-
ing force between atoms in the crack area and causing
hydrogen embrittlement [54]. During the stress corro-
sion process, shedding of the second-phase particles
and dissolution of the nearby alloy matrix will also
form larger corrosion pits (Fig. 9¢), resulting in stress
concentration, intensified corrosion, and, finally, rapid
fracture of the sample. Therefore, the larger size of the
second-phase particles in the E1.5 alloy is the main
factor leading to its higher susceptibility to stress cor-
rosion.

For the Eg1.5 alloy, which has a relatively uniform
structure distribution, the dislocations on the slip sur-
face are activated by applying stress, resulting in slip
steps. In magnesium alloys, the continuity between the
larger crystal grains and the MgO layer and Mg(OH),
layer on the surface is poor. During the stretching pro-
cess, the corrosion product film in this area is likely
to rupture and accelerate the rapid dissolution of the
exposed matrix in this area. Crack tips or corrosion
pits then form; at the same time, the newly formed
corrosion product film will quickly cover the surface
of the exposed substrate, preventing the dissolution
process from occurring [55]. However, under the ac-
tion of external stress, stress will be concentrated in
the area of the crack tips and corrosion pits, which
can easily cause the newly formed corrosion product
film to rupture again. When the corrosion product
film ruptures, rapid local dissolution repeatedly oc-
curs, resulting in the formation and propagation of
stress corrosion cracks. As shown in Fig. 9f, discon-
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tinuous crack propagation during the slow stretching
process leads to the appearance of a parallel groove
structure, and the difference in grain orientation in
different regions leads to differences in the direction
of the parallel grooves [56]. Therefore, the region with
a larger grain size in the bimodal grain structure of
Es1.5 alloy is the main factor leading to its stress cor-
rosion cracking.

For the E1.5 and E¢l1.5 alloys, during the stress
corrosion process, a large number of high-density dis-
location regions will also be generated in the alloy
(Fig. 5). These high-density dislocation regions can
provide a channel for the diffusion of corrosion prod-
uct hydrogen, which will accelerate the occurrence of
hydrogen embrittlement [36]. At the same time, the
high-density dislocation area usually acts as an an-
ode during the corrosion process, which easily leads
to localized corrosion and accelerates the fracturing of
the alloy [57]. Therefore, in the stress corrosion experi-
ment, the combined effect of microcracks and localized
corrosion caused the mechanical properties of the alloy
in SBF to decrease significantly.

5. Conclusions

This work studied the microstructure, corrosion re-
sistance, and stress corrosion cracking behavior of as-
cast and solid-solution Mg-1.8Zn-0.5Zr-1.5Gd alloys
after hot extrusion. The main conclusions are as fol-
lows:

1. Both the E1.5 and Eg1.5 alloys underwent com-
plete dynamic recrystallization. Their microstructure
was significantly refined, and the grain sizes reduced
from 103 um and 123 um before extrusion to 6.2 and
7.3 um, respectively. The precipitated phases in the
E1.5 and E¢1.5 alloys were mainly composed of nano-
scale (Mg, Zn)sGd and MgsZn;; phases. At the same
time, some densely distributed broken micron-scale
(Mg, Zn)5Gd phase particles were still distributed in
the E1.5 alloy.

2. When the strain rate was 1.0 x 1075571, com-
pared with that in the air, the UTS, YS, and EL of the
E1.5 alloy treated with SBF decreased by 18.9, 24.1,
and 60.9 %, and those of the Eg1.5 alloy treated with
SBF decreased by 11.9, 9.4, and 54.9 %, respectively.
The presence of larger second-phase particles in the
E1.5 alloy resulted in a greater susceptibility to stress
corrosion.

3. In the E1.5 alloy, the rapid dissolution of the
matrix in the area near the micron-sized second-phase
particles and the shedding of the second-phase parti-
cles led to the presence of large corrosion cracks in the
corrosion fractures. In different regions of the Eg1.5 al-
loy, the difference in grain size and orientation made
the directions of the microcracks and their propaga-
tion differ during the stress corrosion process, result-

ing in the corrosion fracture comprising different par-
allel grooves.
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